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Abstract 

Background: Pleomorphic adenoma (PA) is the most common benign salivary gland tumour, with 

PLAG1 proposed to play a critical role in its development. The true involvement of PLAG1 in 

tumorigenesis is not fully understood, particularly regarding its potential dual role in both 

promoting and inhibiting tumour progression. 

Aims and Objectives: The aims of this project were to investigate the role of PLAG1 in PA by 

exploring its impact on downstream gene expression, identifying novel PLAG1-interacting 

proteins, and assessing the effect of PLAG1 on cell behaviour. 

Approach: HEK293 cells were transfected with PLAG1 or a mock vector, after which transcriptomic 

analysis was conducted using RNA sequencing to identify altered gene expression profiles. Gene 

set enrichment analysis provided insights into the affected pathways. PLAG1-proximal proteins 

were identified through biotin-based proximity labelling, followed by IPA analysis to elucidate the 

interaction networks and pathways. Functional assays, including proliferation, colony formation, 

migration, invasion, and apoptosis assays, were performed to examine the biological impact of 

PLAG1 on cell behaviour. 

Results: Transcriptomic analysis revealed significant changes in pathways related to extracellular 

matrix remodelling, growth factor binding, and signalling pathways such as Hedgehog and Wnt. 

IPA analysis indicated that PLAG1 interacts with key upstream regulators such as MYB and JUN, 

influencing tumorigenic pathways. Functional assays demonstrated increased cell proliferation 

and colony formation following de novo  PLAG1 expression but no effect on migration or invasion 

was determined. The apoptosis assay yielded inconclusive results, potentially due to the short 

post-transfection time used for this assay. 

Conclusion: The of findings of this study suggest that PLAG1 plays a multifaceted role in PA, 

influencing various tumorigenic processes. While it supports cell proliferation and colony 

formation, its effect on migration and apoptosis remains unclear. This study provides a foundation 
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for further exploration of PLAG1's dual role and its implications in tumour progression and 

transformation. 
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1 Chapter 1 Literature Review 

1.1 The Normal Salivary Glands  

The human salivary glands are exocrine glands that produce and secrete saliva into the oral cavity 

through a specialised ductal system. Salivary glands (SG) are categorised into two main groups: 

major and minor. The major salivary glands, including the parotid, submandibular (SM), and 

sublingual glands (SL), occur in pairs. In contrast, the minor salivary glands are small clusters of 

glands dispersed throughout the oral mucosa. 

 

Figure 1.1 Anatomy of the Major Salivary Glands. 
The illustration depicts the three major salivary glands and their respective ducts within the human head. 
The parotid gland, the largest salivary gland, is located near the cheek and secretes saliva through the 
parotid duct into the oral cavity. The submandibular gland, situated beneath the lower jaw, produces both 
serous and mucous secretions and drains saliva through the submandibular duct. The sublingual gland, 
found beneath the tongue, primarily produces mucous secretions and releases saliva through multiple 
small ducts.. Image taken from www.parotidsurgerymd.com 

1.1.1 Development and Gross Anatomy  

The salivary glands develop in sequential order during embryogenesis. The parotid glands are the 

first to form, beginning around 6-7 weeks of gestation, and they originate from ectodermal tissue. 

The submandibular glands develop shortly after, starting around 7 weeks of gestation, and are of 
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endodermal origin. The sublingual glands are the last of the major salivary glands to develop, 

starting their formation between 8-12 weeks of gestation, and they also originate from the 

endoderm. The minor salivary glands, which are scattered throughout the oral cavity in areas such 

as the lips, cheeks, tongue, and palate, begin to develop later during fetal life, around the 12th to 

13th weeks of gestation, and their development continues postnatally. These glands are primarily 

of endodermal origin, although some ectodermal contributions may occur depending on their 

location (Som and Miletich, 2015; Priya et al., 2020). 

The parotid gland is by far the largest and it may weigh up to 30 g. It is triangular and its apex lies 

just below the angle of the mandible with the upper base of the triangle being located near the 

zygomatic arch (Figure 1.1). The submandibular SM, the second largest, weighs 7 to 15 g and 

occupies a large part of the triangle that is bordered by the inferior border of the mandible 

(superiorly), the anterior belly of the digastric muscle (anteriorly) and the posterior belly of the 

digastric muscle (posteriorly). The almond-shaped SL is the smallest, weighing around 2 to 4 g, 

and lies just below the mucosa of the floor of the mouth between the tongue and the sublingual 

fossa of the mandible (Holsinger and Bui, 2007). 

1.1.2 Acinar cell types in major and minor salivary glands  

Salivary fluid is composed primarily of water, accounting for approximately 99% of its total 

volume. The remaining 1% consists of a complex mixture of electrolytes, proteins, glucose, 

nitrogenous substances like urea and ammonia, and other components (Humphrey and 

Williamson, 2001). This unique fluid is produced and released by the acinar lobules, the 

fundamental units of the salivary glands. Acinar cells within these lobules are classified into 

serous or mucous types, each with distinct cellular and intracellular characteristics, based on their 

secretory function (Table 1.1). 
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Table 1.1 Acinar cell type in the major and minor salivary glands. 

Major Salivary Glands Type of Acinar Cells 

Parotid Pure serous 

Submandibular Mixed serous and mucous 

Sublingual Mixed mucous and serous 

Minor Salivary Glands Type of Acinar Cells 

Palate Pure mucous 

Tongue Mixed mucous and serous 

Lip Pure mucous 

Buccal mucosa Pure mucous 

1.1.3 Histology  

• Acini  

The secretory portion of the serous acini consists of 8 to 12 pyramidal cells surrounded by a 

basement membrane. The serous cells are arranged in a small spherical structure surrounding a 

tiny central lumen, through which the salivary secretion drains into the ducts (Figure 1.2). The 

nuclei of these cells are round and basally located in the cytoplasm. The most distinctive feature 

of the serous acini is the presence of many cytoplasmic secretory granules which are found mainly 

in the apical part of the cell (Berkovitz et al., 1992). The secretion of the serous cells is marked by 

elevated levels of the digestive enzyme ‘amylase’, ions and water. Nonspecific antimicrobial 

lysozyme and lactoferrin have also been found in the cytoplasm of these cells. 
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Figure 1.2 Representation of a fully developed mixed salivary gland. 
The diagram represents the structural organization of a mixed salivary gland, which contains both serous 
and mucous acini responsible for producing different types of secretions. Serous acini (depicted with dark-
staining cells) secrete a watery, enzyme-rich fluid, while mucous acini (depicted with pale-staining cells) 
produce a thicker, mucus-rich secretion. The myoepithelial cells (shown in yellow) are contractile cells that 
surround the acini and help propel secretions into the ductal system. The ductal system consists of: 

• Intercalated ducts (small, simple cuboidal epithelium) that collect secretions from the acini. 
• Striated ducts (lined with columnar cells with basal striations) that modify saliva by actively 

reabsorbing sodium and secreting potassium and bicarbonate. 
• Excretory ducts (larger ducts lined with stratified epithelium) that transport the final saliva mixture 

into the oral cavity. Source: www.anatomypubs.onlinelibrary.wiley.com 

 

The cross-section of the mucous acini shows large mucous cells which are arranged in a tubular 

pattern surrounding a central lumen that is larger than the lumen of the serous acini. The mucous 

cells have flat nuclei located in the basal part of the cell, and abundant cytoplasm with significant 

quantities of mucin granules in the apical portion of the cytoplasm. The basic function of the 

viscous mucous saliva is to form a lubricating and protective covering of the oral mucosa (Nanci, 

2013). In mixed serous and mucous glands, serous cells are attached to the periphery of mucous 

acini in a crescent-shaped structure called the serous demilune. The secretions of the serous 

demilunes reach the mucous acini lumen via intercellular canaliculi found between the mucous 

cells. 

http://www.anatomypubs.onlinelibrary.wiley.com/
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• Myoepithelial Cells  

Myoepithelial or “basket” cells are contractile cells that lie between the basement membrane of 

the acinar cells and the intercalated ducts and in some cases the striated and excretory ducts. 

They resemble smooth muscle cells but originate from the epithelium. The myoepithelial cells 

which are attached to the secretory portion are stellate in shape and have long cytoplasmic 

processes to embrace the secretory end piece. Cells present around the intercalated ducts are 

fusiform in shape and have fewer processes (Figure 1.3). 

 

 

Figure 1.3 Myoepithelial cells. 
Histological representation of a secretory unit, showing secretory end pieces (acini) and associated ducts. 
Secretory cells (green) are surrounded by myoepithelial cells (purple), which have a contractile function 
aiding in secretion. Myoepithelial cells attached to the secretory portion are stellate in shape, with long 
cytoplasmic processes that embrace the secretory end piece. Those around the intercalated ducts are 
fusiform with fewer processes. The basal lamina (yellow) provides structural support. Image taken from 
Antonio Nanci: TenCate's Oral Histology: Development, Structure, and Function, 8th edition. Elsevier 
Mosby. 
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Contraction of these cells is thought to give support to the secretory acini end portion at the time 

of active secretion of the salivary fluid. Moreover, the cells may promote excretion and movement 

of the fluid from the acinar end piece towards the ducts. In addition to their initial contractile 

role, it has been suggested that myoepithelial cells can perform other important functions. They 

pass signals to the functional excretory cells essential for preserving the secretory acini's 

structural organisation and cell polarity. It has also been claimed that myoepithelial cells produce 

numerous proteins such as proteinase inhibitors and antiangiogenesis factors that have tumour 

suppressor potential (Shah et al.,2016). Furthermore, myoepithelial cells participate in the 

synthesis of the basal lamina proteins such as laminin, fibronectin, and type III collagen, and thus 

provide a protective barrier against the invasion of epithelial neoplasms. It has also been 

suggested that myoepithelial cells are essential during salivary gland development and may act 

as a progenitor cell source (Ogawa, 2003; Ianez et al., 2010; Chitturi et al., 2015).  

In some salivary gland neoplasms, due to their dual properties, altered myoepithelial cells may 

manifest epithelial, mesenchymal or both characteristics. Variable myoepithelial cell 

morphologies have been demonstrated in several salivary neoplasms such as pleomorphic 

adenoma (Dardick, et al., 1983), clear cell carcinoma (Corio, et al., 1982), myoepithelioma 

(Crissman, et al., 1977), adenocarcinoma (Dardick, et al., 1985), monomorphic adenoma (Dardick, 

et al., 1984), adenoid cystic carcinoma (Chaudhry, at al., 1986) and mucoepidermoid carcinoma 

(Dardick, et al., 1984). Altered myoepithelial cells exhibit four different morphological patterns 

(Table 1.2). 

Table 1.2 The different morphological patterns of altered myoepithelial cells. 

Cell type Salivary gland tumour 

Stellate or myxoid Chondromyxoid areas of pleomorphic adenoma 

Spindle-shaped or myoid Pleomorphic adenoma and some types of myoepithelioma 

Hyaline or plasmacytoid Pleomorphic adenoma and may be seen in myoepithelioma 

Clear or epithelial cells Epithelial-myoepithelial carcinoma 
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• Ducts  

The duct system of human salivary glands comprises a diverse network made up of small tubules 

which increase in diameter, starting within the secretory end pieces and ending in the oral cavity. 

Further to its initial role in transporting saliva, this complex system is actively involved in the 

synthesis and modification of primary saliva.  

There are three types of ducts: intercalated, striated and excretory. The intercalated and striated 

ducts are “intralobular” lying entirely within the secretory lobules. They are referred to as 

“secretory ducts” because of their contribution to the production of saliva, whereas the excretory 

ducts are interlobular. 

The saliva secreted from the secretory acini end pieces initially passes via the intercalated ducts 

that are directly connected with the secretory acini end pieces. The lumen of these ducts is lined 

by a simple cuboidal epithelium and an outer layer of contractile myoepithelial cells that are 

situated along the basal surface. Several ducts may join to form a bigger duct before passing 

primary saliva to the striated ducts. Intercalated ducts are of great importance for the 

regeneration and replenishment of salivary glands as their undifferentiated cells are thought to 

proliferate, differentiate and give rise to new acinar, ductal and myoepithelial cells (Ellis & Auclair, 

2008).  

Striated ducts comprise the largest part of the ductal complex. Their cells are columnar with 

central nuclei. The diameter of the striated ducts is larger than the diameter of secretory acini 

end pieces, and their lumen is wider than that of the intercalated ducts. In addition to 

transporting primary salivary fluid from the intercalating ducts to the excretory ducts, striated 

ducts help regulate the secretion and reabsorption of electrolytes.  

The interlobular excretory ducts are situated within the connective tissue that lies between 

glandular lobules. These ducts serve an important role in modulating the inflow and outflow of 

some elements such as potassium and sodium and delivering the final salivary fluid to the mouth. 

Excretory ducts are composed of pseudostratified epithelium which may change to stratified 
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while getting closer to the oral opening. Furthermore, varied columnar epithelial cells 

demonstrate microvilli protruding from the cells towards the duct lumen and they are thought to 

play a part in the sensitivity, secretion or reabsorption of saliva (Berkovitz et al., 1992; Nanci, 

2013).  

1.1.4 Function  

Saliva serves a crucial function in the preservation and maintenance of oral health and has been 

utilised as a non-invasive diagnostic and prognostic tool in many oral and systemic diseases. The 

function of saliva can be classified into five main categories: (1) protection and lubrication (2) 

buffering effect (3) preserving tooth integrity (4) taste and digestion (5) antimicrobial action 

(Moss, 1995; Mandel, 1987). 

1.2 Head and neck cancer  

Head and neck cancer is a broad term encompassing malignancies arising from various 

anatomical sites, including the oral cavity, pharynx, larynx, nasal cavity, paranasal sinuses, and 

salivary glands. The most prevalent subtype, accounting for approximately 90% of cases, is oral 

squamous cell carcinoma (OSCC) (Johnson et al., 2011). Despite advancements in diagnostic and 

therapeutic modalities, the overall survival rate for head and neck cancer remains unsatisfactory, 

highlighting the need for a comprehensive understanding of its pathogenesis and the 

development of novel treatment strategies (Muzaffar et al., 2021; Eberly et al., 2024). 

A complex interplay of genetic, environmental, and lifestyle factors contributes to the 

development of head and neck cancer. Tobacco smoking and excessive alcohol consumption are 

well-established risk factors, although the etiological landscape is expanding to include human 

papillomavirus (HPV) infection, particularly in oropharyngeal cancers (Hammond et al., 2009). 

Clinical manifestations vary depending on the primary tumour site but commonly include 

persistent sore throat, hoarseness, difficulty swallowing, and oral ulcers. Early detection is crucial 

for optimal outcomes, as localised disease is often amenable to curative treatment. 
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Given its predominance, oral squamous cell carcinoma (OSCC) warrants specific attention. As 

previously mentioned, OSCC accounts for the majority of head and neck cancers, with an 

estimated 500,000 new cases diagnosed annually worldwide (Matta and Ralhan, 2009). In 2020, 

there were 377,713 cases of OSCC reported globally. The Global Cancer Observatory (GCO) 

predicts a 40% increase in OSCC incidence by 2040, along with a rise in mortality (Tan et al., 2023). 

Despite advances in treatment, the 5-year survival rate has plateaued, underscoring the need for 

improved therapeutic strategies. 

1.3 Salivary Glands Tumours  

Salivary gland tumours constitute a heterogeneous group of neoplasms arising from the salivary 

glands. Although the majority of salivary gland tumours are benign, a significant proportion 

exhibits malignant potential, emphasising the importance of accurate diagnosis and timely 

management.  

The incidence and prevalence of salivary gland tumours vary across different populations and 

geographic regions. While precise global estimates are challenging due to variations in diagnostic 

practices and reporting systems, it is generally accepted that these tumours are relatively 

uncommon. In the United Kingdom, the annual incidence of salivary gland tumours is estimated 

to be approximately 2.5 to 3 cases per 100,000 population (Speight and Barrett, 2020).  While 

specific prevalence data is less commonly reported, salivary gland tumours make up 6% to 8% of 

all head and neck cancers and less than 0.5% of all cancers in the human body; (Barnes, 2005; Lin 

et al., 2018).  

They are more common in major than minor salivary glands with only around 9-23% originating 

from the minor salivary glands. About 64-80 % arise in the parotid gland and between 7 to 11% 

in the SM gland. The SL gland, the less commonly affected site, accounts for less than 1% of 

salivary neoplasms (Auclair, et al., 1991; Eneroth, 1971; Guzzo et al., 2010). 

Approximately 20% to 25% of salivary gland tumours are malignant. This means that one in five 

to one in four salivary gland tumours are cancerous, while the majority are benign. The probability 
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of malignancy ranges from 15 to 32% in patients with parotid gland tumours, around 41-45% in 

those with SM gland lesions, 50% with minor salivary tumours and up to 90% in patients who 

present with SL gland tumours. Salivary gland tumours are particularly challenging to surgeons 

and pathologists due to their variable clinical and histological characteristics (Leegaard and 

Lindeman, 1970; Barnes, 2005; Guzzo et al., 2010). 

The exact aetiology of most salivary gland tumours remains elusive. However, several risk factors 

have been identified, including exposure to ionising radiation, certain viral infections, genetic 

predisposition, diet, history of childhood benign salivary gland tumour, and exposure to 

chemicals. Chronic inflammation has also been implicated in the development of some salivary 

gland tumours (Batsakis, 1979.; Auclair et al., 1991; Guzzo et al., 2010).  

1.3.1 Histopathology  

The World Health Organization (WHO) classification provides a standardised framework for 

categorising salivary gland tumours based on their histological features (Wenig et al., 2023). The 

classification distinguishes between benign, malignant, and borderline tumours. 

• Benign tumours: Pleomorphic adenoma (PA) is the most common benign salivary gland 

tumour. Other common benign tumours include Warthin's tumour, canalicular adenoma, 

and myoepithelioma. 

• Malignant tumours: The spectrum of malignant salivary gland tumours is diverse, with 

mucoepidermoid carcinoma, adenoid cystic carcinoma, and carcinoma ex-pleomorphic 

adenoma (Ca Ex PA) being the most frequent subtypes. 

• Borderline tumours: This category includes tumours with intermediate biological behaviour, 

such as basal cell adenoma, a benign tumour that can sometimes show features suggestive of 

malignancy, and polymorphous adenocarcinoma (previously known as Polymorphous Low-

Grade Adenocarcinoma), which is considered low-grade malignant but often behaves in a less 

aggressive manner, making it borderline in terms of malignancy. 
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1.3.2 Molecular Aspects of Salivary Gland Tumours 

Advances in molecular biology have provided insights into the pathogenesis of salivary gland 

tumours. The molecular underpinnings of salivary gland tumours have been the focus of intensive 

research in recent years. A comprehensive understanding of the genetic and epigenetic 

alterations driving tumorigenesis is crucial for developing targeted therapies and improving 

patient outcomes.  

• Genetic aberrations constitute a cornerstone in the pathogenesis of salivary gland tumours. 

A prime example is the overexpression of Pleomorphic Adenoma Gene 1 (PLAG1), a 

transcription factor implicated in tumour development and growth, commonly observed in 

PA. This overexpression often arises from chromosomal translocations (Abdel-Hafiz et al., 

2012). Chromosomal rearrangements resulting in fusion genes like ETV6-NTRK3 in secretory 

carcinoma and MYB/MYBL1-NFIB in adenoid cystic carcinoma highlight the intricate genetic 

landscape of these tumours (Chicoteka et al., 2019; Zhang et al., 2020). The broader spectrum 

of genetic alterations, encompassing amplifications and deletions, underscores the complex 

nature of salivary gland tumorigenesis. 

• Epigenetic modifications, such as DNA methylation and histone modifications, complement 

the genetic alterations. Aberrant DNA methylation patterns silence tumour suppressor genes 

while activating oncogenes (Zhang et al., 2015). Histone modifications, including acetylation 

and methylation, influence chromatin accessibility and subsequent gene expression. 

• Signalling pathway dysregulation, particularly in the PI3K/AKT/mTOR, EGFR, Wnt/β-catenin, 

and Notch pathways, is a hallmark of salivary gland tumorigenesis. These pathways 

orchestrate cellular processes like proliferation, survival, angiogenesis, and differentiation 

(Carlsson et al., 2009). 

• MicroRNAs (miRNAs), as post-transcriptional regulators, contribute to the intricate web of 

molecular alterations. Their dysregulation influences proliferation, apoptosis, invasion, and 

metastasis (Liu et al., 2018). 
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1.3.3 Fusion Genes in Salivary Gland Tumours  

Fusion genes, formed by aberrant chromosomal rearrangements, play a critical role in the 

pathogenesis of several cancer types. In recent years, significant advancements in molecular 

techniques have unveiled the importance of these genetic alterations in salivary gland tumours. 

1.3.3.1 History of fusion genes 

Acquired abnormalities of the human chromosomes were first proposed by Boveri in 1914 to be 

the causative factor in the development of cancer. However, this only remained an appealing 

hypothesis until the discovery of the Philadelphia chromosome in chronic myeloid leukaemia 

(CML) in 1960 (Nowell and Hungerford, 1960). With the introduction of more advanced molecular 

cytogenetic technologies, many specific chromosome aberrations have been identified in 

multiple tumour types, including some solid tumours. The molecular characterisation of the 

Philadelphia chromosome translocation in CML revealed the BCR-ABL1 gene fusion, and the MYC 

gene in Burkitt’s Lymphoma improved our perception of the importance of translocations and 

their end products, gene fusions, in the initiation of cancers, and subsequently increased interest 

in cytogenetics of cancer as an effective means of identifying genes potentially involved in the 

initial steps of carcinogenesis (Rowley, 2001). Advanced cytogenetic techniques have led to the 

detection of more than 337 distinct fusion genes involved in benign and malignant tumours 

(Futreal et al., 2004). A more recent analysis identified 420 known oncogenic fusions and 25 

unclassified gene fusions across 26 different cancer types (Darabi et al., 2023). 

1.3.3.2 Definition and mechanism 

Fusion proteins are formed by the joining of two different genes, initially coding for separate 

proteins, resulting in chromosomal structural rearrangements such as translocation (Figure 1.4). 

They mediate their oncogenicity through a number of mechanisms that can result in (1) the 

deregulation of the involved genes as a result of promoter swapping (e.g., overexpression of 

structurally normal proteins), (2) the formation of a new chimeric, novel, proteins when gene 

breakpoints and fusions take place in the coding region in one or both of the relevant genes (e.g., 
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hyperactive kinase) or (3) the premature truncation of protein products that are caused by the 

presence of a termination codon as a result of gene mutation (Mitelman et al., 2007; Latysheva 

and Babu, 2019). 

 

Figure 1.4 Fusion transcripts. 
Fusion transcripts are mRNAs formed by the joining of two parts of different genes due to chromosomal 
rearrangements, such as translocations, inversions, or deletions. In the diagram, Gene A and Gene B, each 
consisting of multiple exons, undergo DNA breaks at specific points, represented by lightning bolt symbols. 
These breaks allow fragments from the two genes to join together, forming a fusion gene at the DNA level. 
This fusion gene is then transcribed into a fusion transcript, which contains exons from both genes. The 
junction point in the RNA marks the exact location where exons from Gene A and Gene B have been fused. 

 

1.3.3.3 Significance of fusion genes  

While fusion genes have been extensively studied in haematological malignancies and solid 

tumours such as lung and prostate cancer, their role in salivary gland tumours is relatively less 

explored. However, emerging evidence suggests their potential significance in these neoplasms. 

Fusion oncogenes have been recognised for their importance in the development of head and 

neck tumours and have been demonstrated in malignancies arising from the maxilla, 

nasopharynx, salivary glands, lacrimal glands, auditory meatus, oesophagus, and thyroid gland 
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(Persson et al., 2009; Chen et al., 2014; Skálová et al., 2024). They set targets for therapies that 

can be beneficial to patients with unresectable malignancies while offering valuable contributions 

to the understanding of tumorigenesis, diagnosis, and prognosis. Additionally, as a result of their 

tumour-specific expression, fusion genes and their products have proved useful as tumour 

subtype biomarkers (Latysheva and Babu, 2016). Table 1.3 lists examples of fusion genes that 

have been identified in salivary gland tumours with their potential role in pathogenesis. 

Table 1.3 Examples of fusion genes in salivary gland tumours and their role in pathogenesis (Stenman, 
2013) 

Fusion Gene Tumour Type Potential Role in Pathogenesis 

PLAG1 Pleomorphic adenoma Overexpression of PLAG1 leads to increased cell 

proliferation and tumour growth  

HMGA2 Pleomorphic adenoma Disrupts normal chromatin architecture, leading to 

uncontrolled cell growth 

MYB–NFIB Adenoid cystic 

carcinoma 

Drives tumorigenesis by dysregulating MYB transcription 

factor activity 

CRTC1–MAML2 Mucoepidermoid 

carcinoma 

Activates CREB-mediated transcription, promoting cell 

proliferation and survival 

ETV6–NTRK3 Mammary analogue 

secretory carcinoma 

Leads to constitutive activation of the TRK signalling 

pathway, driving oncogenesis 

 

Salivary gland tumours exhibit significant molecular heterogeneity, necessitating a 

comprehensive understanding of the underlying genetic and epigenetic mechanisms driving 

tumorigenesis. This study focuses on elucidating the molecular landscape of PA, specifically 

investigating the role of PLAG1 overexpression, potentially driven by gene fusions, in 

tumorigenesis. 

1.3.4 Pleomorphic Adenoma       

PA is the most common benign salivary gland neoplasm. It accounts for about 60% of all salivary 

gland tumours and affects both major and minor salivary glands. The parotid gland is the most 
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common site and accounts for 85% of the cases followed by SM accounting for 8%, while the SL 

gland is rarely affected. About 7% of PA arise in the minor salivary glands mainly in the palatal 

glands. PA may affect glands at other sites in the body such as the lacrimal glands and breast. The 

tumour has female predilection (2:1 ratio) and occurs in people of all ages including young adults 

and children, although it is more common in the 3rd to 6th decades (Zhan et al., 2016).  

PA are typically slow-growing asymptomatic swellings. They are usually mobile and commonly 

present in the superficial lobe of the parotid gland with swelling just underneath and in front of 

the ear. According to Riad et al (2011) the mean diameter of PA is 32 mm, but it can grow to more 

than 4 cm, especially if left unattended.  

Microscopically, PA is made up of epithelial (ductal) and myoepithelial cells. These cells have been 

found to have the potential to undergo mesenchymal metaplasia, thus giving rise to the 

development of a wide array of stromal tissue ranging from myxoid, chondroid, chondromyxoid 

or less frequently to osseous or adipose tissue. As a result of the broad spectrum of stromal tissue 

type and the mixture of epithelial and myoepithelial cells, this tumour is referred to as 

pleomorphic’ or ‘mixed tumour’ (Enescu et al., 2014). 

The origin of PA was first thought to be the multiple germ layers, but this was proven inaccurate. 

The different stromal tissues are developed due to the mesenchymal metaplasia of the altered 

epithelial and myoepithelial cells (Noguchi et al., 1996). Various factors, including genetic 

alterations, epigenetic modifications, and interactions with the tumour microenvironment likely 

influence this process. Moreover, cytogenetic studies have demonstrated alteration in the long 

arms of chromosomes 8 and 12 in areas encoding for PLAG1 (pleomorphic adenoma gene) and 

HMGA2 (High Mobility Group AT-Hook 2) genes, respectively. PLAG1 and HMGA2 gene 

rearrangements have been demonstrated in PA as well as its malignant counterpart Ca ex PA 

(Matsuyama et al., 2011). 

The ductal or epithelial cells, which are cuboidal in shape, generally proliferate in three different 

patterns: ducts, tubules or solid sheets. The lumen of these ducts may contain some eosinophilic 

secretions. The epithelial cells could also undergo squamous, oncocytic or mucous metaplasia. 
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The oncocytic cells appear as deep eosinophilic cells filled with mitochondria. Spindle-shaped 

myoepithelial cells can be seen surrounding the ductal or tubular structures. They can also 

proliferate separately as sheets. Myoepithelial cells may become altered and oval-shaped with 

eosinophilic cytoplasm and eccentric nuclei and, as they resemble plasma cells, they are referred 

to as plasmacytoid cells. The stroma of this tumour varies from myxoid (loose stroma), to fibrous 

or, sometimes, hyalinized. Other mesenchymal elements can also be seen including chondroid, 

osseous and adipose tissue (Enescu et al., 2014) (Figures 1.5 & 1.6). Most importantly, PA is 

encapsulated and has surrounding fibrous tissue, although under the microscope it may appear 

with incomplete capsule, capsular penetration, finger-like projections (pseudopodia) or satellite 

nodules (Figures 1.7 & 1.8).  

The primary treatment for PA is surgical removal. The preferred surgical approach depends on the 

location and size of the tumour. Local resection with minimal surrounding tissue is often possible, 

especially in the submandibular and minor salivary glands. For tumours in the parotid gland, the 

standard treatment is a superficial parotidectomy, which involves removing the affected portion 

of the gland while preserving the facial nerve. This approach is associated with low recurrence 

rates of 3-4%. Enucleation, a less extensive procedure that involves removing the tumour capsule, 

is no longer recommended due to its higher recurrence rate of 40% reported in earlier studies 

(Witt, 2002; Kanatas et al., 2018). 

It has been hypothesised by Dulguerov et al (2017) that the recurrence of pleomorphic adenoma 

can be categorised into pathology-related factors such as the thickness of the capsule, lack of 

capsule, pseudopodia, satellite nodules and multicentricity of the tumour (Figure 1.7 & 1.8), or 

surgery-related factors which include; rupture of the tumour, spillage of tumour contents, 

inadequate resection of the tumour mass margins, because of the proximity of the branches of 

the facial nerve, and insufficient excision due to the sort of surgical procedure. 
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Figure 1.5 Pleomorphic Adenoma. 
A) Myoepithelial cells in chondromyxoid stroma. B) Randomly scattered ductal structures in richly 
epithelial areas. 

 

Figure 1.6 PA stroma. 
A) Chondromyxoid area contains islands and strands of epithelial cells. B) Myoepithelial cells in dense 
hyalinised stroma. 
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Figure 1.7 Integrity of PA capsule. 
A) Intact capsule. B) Ruptured capsule. 

 

Figure 1.8 Potential causes of PA recurrence. 
A) Finger-like projection (pseudopodia). B) Stellate nodule. Distinct tumour nodule in the vicinity of the 
main tumour mass but separated from it. Images taken from Dulguerov et al., 2017. 
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• Metastasizing Pleomorphic Adenoma 

While the majority of PA are benign and well-behaved, a rare subset can exhibit aggressive 

behaviour, leading to the development of metastasising pleomorphic adenoma (MPA). MPA is a 

rare occurrence, with reported incidence rates varying widely. Metastasis typically occurs years 

after the initial diagnosis of PA, often following multiple local recurrences. The most common 

sites for metastasis include bone, lung, and cervical lymph nodes. However, other sites such as 

the liver, skin, and central nervous system have also been reported. 

Histologically, MPA is indistinguishable from conventional PA, exhibiting a biphasic pattern of 

epithelial and myoepithelial cells embedded in a myxoid stroma. This paradox of benign histology 

with malignant behaviour has led to the term "mixed malignant tumour." 

The molecular mechanisms underlying the metastatic potential of PA remain incompletely 

understood. While genetic alterations and epigenetic modifications are likely involved, specific 

driver mutations associated with MPA have not been consistently identified. Some studies 

suggest that alterations in cell adhesion molecules and extracellular matrix components may 

contribute to the invasive and metastatic phenotype (Scarini et al., 2023). 

The treatment of MPA is challenging due to its unpredictable behaviour. Surgery remains the 

primary modality, with complete excision being the goal. However, recurrence and metastasis are 

common, even after multiple surgeries. Radiotherapy and chemotherapy may be considered in 

advanced cases, but their effectiveness is limited. Prognosis for patients with MPA is generally 

poor, with survival rates significantly lower compared to patients with conventional PA (Manucha 

and Ioffe, 2008; Knight and Ratnasingham, 2015; Fonseca et al., 2022). 

1.3.5 Carcinoma ex pleomorphic adenoma (Ca ex PA) 

Ca ex PA is a rare, aggressive malignancy arising from a primary (de novo) or recurrent PA. Despite 

its low incidence, Ca ex PA poses a significant clinical challenge due to its aggressive behaviour 

and potential for metastasis. Ca ex PA accounts for 5-15% of all malignant salivary gland tumours 
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and is seen predominantly in the 6th to 8th decades of life and at a slightly higher rate in females 

than males (Gnepp, 1993; Antony et al., 2012; Tondi-Resta et al., 2023).  

Nouraei et al (2005) and Zbären et al (2008) noted that 21% to 25% of Ca ex PA patients had a 

previously treated benign PA. A delay in the treatment of long-standing PA can significantly 

increase the risk of malignant transformation into Ca ex PA, with approximately 12% of recurrent 

PAs potentially progressing to this aggressive malignancy. The diagnosis of Ca ex PA mainly relies 

on the recognition of a previously existing component of PA, or a history of prior surgical excision 

of a PA at the site of the lesion.  

The parotid and the submandibular glands are the most commonly affected sites, although minor 

salivary glands of the hard and soft palate may be involved (Damm and Fantasia, 2001) in which 

case the lesion tends to be smaller in size. Apart from the salivary glands, Ca ex PA has been 

observed in other locations such as the breast, nasal cavity, lacrimal glands and trachea (Cho et 

al., 1995; Baredes et al., 2003; Hayes et al., 2005; Hu et al., 2016).  

Ca ex PA, by definition, is made up of a combination of PA and carcinoma (Figure 1.9). Lewis et al 

(2001) found that the malignant (carcinomatous) components of the tumour comprised more 

than 50% of the tumour tissue in 84% of the 73 Ca ex PA cases involved in their study. The 

proportion of malignant tissue within a tumour can vary significantly as it can occupy the whole 

tumour mass leaving no trace of benign PA components. Alternatively, the tumour can be 

composed predominantly of benign PA components with only a few scattered malignantly 

transformed foci characterised by nuclear pleomorphism, atypical mitotic figures and areas of 

haemorrhage and necrosis. This often poses a challenge for the pathologists and may lead to a 

misdiagnosis. The malignant component of the tumour is most often adenocarcinoma not 

otherwise specified or undifferentiated carcinoma; however, it can be any other subtype of 

salivary gland carcinoma (SGC). This may include salivary duct carcinoma (SDC), mucoepidermoid 

carcinoma (MEC) or adenoid cystic carcinoma (ACC) (El-Naggar et al., 2017). 
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Figure 1.9 Carcinoma ex Pleomorphic Adenoma. 
(A) Histological transition from benign PA to carcinoma: The left side shows a well-defined pleomorphic 
adenoma (PA) composed of myxoid stroma and glandular structures, while the right side displays 
malignant transformation into carcinoma. This highlights the coexistence of benign and malignant 
components. (H&E, original magnification ×10). (B) Higher magnification of the PA component: The PA 
area consists of glandular structures lined by myoepithelial cells, radiating into an abundant myxoid 
stromal background. Luminal spaces, indicative of secretory activity, are also present. (H&E, original 
magnification ×40). (C) Higher magnification of the carcinoma component: The malignant region exhibits 
a poorly differentiated adenocarcinoma with significant nuclear pleomorphism, atypical mitotic figures, 
and disrupted glandular architecture. Only sparse glandular formations and lumens remain, reflecting the 
loss of normal glandular differentiation. (H&E, original magnification ×40).. Source: Antony et al., 2012. 

 

Olsen and Lewis (2001) reported that the degree of invasion beyond the capsule varied from 2 to 

100 mm and based on this, Ca ex PA is referred to as non-invasive (intracapsular including in situ 

carcinoma), minimally invasive (< 1.5mm capsular penetration) or widely invasive (> 1.5mm 

extracapsular invasion) (Barnes et al., 2005). However, the 2017 WHO classification of salivary 

gland tumours introduced several significant changes regarding Ca ex PA. Most notably, it clearly 

stated that Ca ex PA should not be considered a standalone diagnosis. Instead, the histological 

type of the malignant component must be specified in the diagnostic report. Additionally, the 
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classification proposed a preliminary threshold of 4-6 mm for minimal invasion, recognising the 

need for further research to validate this cutoff (Speight and Barrett, 2020). Differentiation 

between the three categories is predictive of the prognosis and survival rate as widely invasive 

tumours are highly aggressive with a poor prognosis.  

Wide resection of the tumour is the treatment of choice, but patients may also be offered a 

combination of radiotherapy and chemotherapy. There is limited data, however, surrounding the 

efficiency of chemotherapy in the treatment of Ca ex PA. 

1.3.6 PA and Ca ex PA fusion genes  

The typical genomic feature or hallmark of PA is translocations affecting the PA gene1 (PLAG1) 

and high mobility group A2 (HMGA2) oncogenes (Figure 1.10). Cytogenetic studies of PA tumours 

have demonstrated a high chromosomal abnormality rate (70%). Approximately 40%-50% have a 

chromosomal translocation involving band 8q12 targeting the developmentally regulated 

transcription factor PLAG1 while around 8% 15% have translocations in band 12q14-15 targeting 

the transcriptional regulating factor HMGA2. A small percentage of PA cases have other 

chromosomal abnormalities, however, around 30% of PA cases have a normal karyotype 

(Kandasamy et al., 2007; Stenman, G., 2013; Stenman et al., 2022).  

 As a transcription factor, PLAG1 is involved in regulating gene expression by binding to specific 

DNA sequences and influencing the transcription of target genes involved in cell growth and 

differentiation. It belongs to the PLAG family of zinc finger proteins, which are known for their 

involvement in developmental processes and tumorigenesis. PLAG1 is normally expressed in 

several tissues during development. Studies of gene expression have revealed that PLAG1 is 

expressed in high levels in the foetal liver, kidney and lung. PLAG1 is also expressed in developing 

salivary glands, where it plays a role in glandular development and differentiation. In adult tissue, 

however, expression levels are below the limits of detection or absent (Kas et al., 1997; Voz et al., 

2000). 
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PLAG1 was first identified through positional cloning while scientists were investigating salivary 

gland PA (Kas et al., 1997). The role of PLAG1 in different cancers has been meticulously studied 

since then. PLAG1 has also been found to play a role in types of tumours other than pleomorphic 

adenoma of the salivary glands. This includes hepatoblastoma, lipoblastoma, and acute myeloid 

leukaemia (AML) (Åström et al., 2000; Zatkova et al., 2004; Landrette et al., 2005). Additionally, 

PLAG1 ectopic expression has been detected in uterine leiomyoma, leiomyosarcoma and tumours 

of smooth muscles (Åström et al., 1999).  

One of the main causes of PLAG1-induced human neoplasms is thought to be an event of 

chromosomal translocation. This leads to the exchange of the PLAG1 promoter region with 

ubiquitously expressed partner genes in a process known as promoter swapping. 

 In PA and Ca ex PA, PLAG1 has been found to have at least eight translocation partner genes, as 

shown in Figure 1.10, including CTNNB1 (encoding β-catenin), LIFR (which encodes the leukaemia 

inhibitory factor receptor) and the transcription elongation factor SII gene (Kas et al., 1997; Voz 

et al., 1998; Åström et al., 1999; Dalin et al., 2017). The breakpoints of the chromosomes are 

localised between the promoter and the coding region of the involved translocation genes, 

maintaining the coding sequence of both genes. As a result of promoter swapping, PLAG1 

expression comes under the control of the ubiquitously expressed partner gene, leading to 

ectopic overexpression of PLAG1. This in turn leads to the up or down-regulation of PLAG1 target 

genes and subsequent tumour formation (Voz et al., 2000, 2004). 

PLAG1 exerts its oncogenicity via the deregulation of target genes that modulate cell growth, 

proliferation and apoptosis. It has been demonstrated that PLAG1 can control cell proliferation 

by regulating the expression of several growth factors such as insulin-like growth factor 2 (IGF2), 

cytokine-like factor 1 (CLF1), bone-derived growth factor (BDGF), vascular endothelial growth 

factor (VEGF) and placental growth factor (PGF). IGF-2 is upregulated in several types of neoplasia, 

stimulating cell proliferation via paracrine or autocrine mechanisms, which has led to the 

hypothesis that the oncogenicity of PLAG1 is very likely to be mediated through the activation of 

the IGF-2 mitogenic pathway. Therefore, insulin-like growth factor receptors (IGF1R), crucial for 
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mediating the biological effects of IGF-1 and IGF2, such as promoting cell growth and inhibiting 

apoptosis, could be potential therapeutic targets and a subject of research with therapeutic 

purposes (Dyck et al, 2007; Juma et al, 2016; Stenman et al., 2022).  

 

Figure 1.10 Schematic representation of the breakpoints in fusion genes involving PLAG1 and HMGA2. 
This diagram illustrates fusion gene events resulting from chromosomal rearrangements, where exons 
from different genes are joined to create hybrid genes with potentially altered functions. Exons are 
represented as numbered boxes, with arrows indicating transcription direction. Several genes, including 
CTNNB1, CHCHD7, LIFR, and TCEA1, undergo rearrangement and fuse with PLAG1, a transcription factor 
frequently implicated in tumorigenesis. These fusion events can lead to the dysregulation of PLAG1, 
contributing to abnormal cell growth. Similarly, HMGA2, a chromatin-modifying gene, is shown fusing with 
different partners such as FHIT, NFIB, and WIF1, which may disrupt tumour suppressor functions or 
activate oncogenic pathways. The fusion of these genes can have significant biological implications, 
particularly in cancer development, by altering gene expression and functional protein interactions. 
. Image source:  Matsuyama et al., 2011. 

Unsurprisingly, the malignant Ca ex PA shares the same translocation events and fusion genes as 

PA. This includes PLAG1 and HMGA2 and their gene fusions. However, the high-grade tumours 

are, in most cases, characterised by gene instability and may suffer copy number alterations. de 

Brito et al (2016) found that expression of PLAG1 was maintained in the minimally invasive Ca ex 

PA but lost in the more aggressive forms indicating the activation of other pathways. Thus, the 

loss or lack of PLAG1 gene expression could be a potential hallmark of Ca ex PA carcinogenesis.  
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The progression of malignant Ca ex PA is preceded by a carcinogenesis process of multiple steps 

demonstrating a gradual loss of heterozygosity (LOH, loss of one parental copy of a genome) firstly 

at chromosomal arm 8q, followed by 12q, and eventually 17p. El-Naggar et al (2000) studied the 

genetic material of PA and Ca ex PA cases and found that PA and the benign part of Ca ex PA 

demonstrated greatest loss on chromosomal arm 8q, with less frequent losses on 12q and 17p. 

Nevertheless, the carcinoma elements in particular displayed exactly the same or insignificantly 

increased LOH at chromosome 8q and considerably higher degrees of LOH on 12q and 17p. 

Therefore, LOH on chromosomal arm 8q could be suggestive of early or initial events in PA, while 

loss on chromosomal arm 12q could identify the category of benign PA with increased likelihood 

for becoming malignant carcinoma. Chromosome arm 17p alterations were detected in the 

advanced stages of carcinogenesis. As previously mentioned, alterations of chromosomal arm 8q 

in PA generally involve PLAG1 (8q12.1) and MYC (8q22.1–q24.1) (Röijer et al., 2002; Martins et 

al., 2005). However, the process of malignant transformation of a PA to Ca ex PA could be 

attributed to the 12q genes (HMGIC, HMGA2 and MDM2). These genes may interact and 

synergize to drive tumorigenesis. For example, PLAG1 and MYC overexpression may cooperate to 

promote cell proliferation and invasion. Additionally, alterations in MDM2 could contribute to the 

malignant transformation of PA by inactivating p53, allowing for uncontrolled cell growth (Zhang 

et al., 2020). 

Given the frequent occurrence of chromosomal aberrations involving band 8q12, targeting the 

transcription factor PLAG1, in approximately 40-50% of PA cases, this study aimed to investigate 

the role of PLAG1 in the development and progression of salivary gland PA. To elucidate the 

functional consequences of PLAG1 overexpression, we will conduct in vitro experiments by 

transfecting primary salivary gland cells or established cell lines with PLAG1 expression vectors. 

1.4 Project hypothesis, aims and objectives 

1.4.1 Hypothesis 

Previous studies have demonstrated that chromosomal translocations frequently lead to PLAG1 

overexpression in PA. In this study we hypothesise that PLAG1 overexpression is a key driver of 
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PA pathogenesis. The specific molecular signature associated with PLAG1 overexpression, 

including altered gene expression patterns and downstream signalling pathways, contributes to 

the unique phenotypic characteristics of PA. Investigating the function and mechanism of action 

of PLAG1 would enable a better understanding of the biological effects of its de novo expression, 

the pathogenesis of PA, and may potentially identify novel diagnostic and therapeutic targets. 

1.4.2 Aims 

The overall aim of this project is to investigate the role and mechanism of action of PLAG1 

overexpression in the tumorigenesis of PA, focusing on the associated molecular signature and 

downstream signalling pathways and altered functions. This study specifically examines PLAG1 

overexpression in human primary salivary gland cells and the HEK293 cell line. 

1.4.3 Objectives 

1. Investigate the effects of de novo PLAG1 expression on gene expression patterns and 

downstream pathways in transfected cells. 

o Conduct transcriptomic analysis to identify differentially expressed genes and 

affected pathways. 

2. Identify novel protein interactions with PLAG1 and study their downstream effects on 

cellular pathways and biological processes. 

o Utilise biotin-based proximity labelling to identify interacting proteins. 

o Analyse the impact of these proteins on signalling pathways and cellular functions. 

3. Investigate the effects of PLAG1 overexpression on cell behaviour. 

o Perform functional assays to assess the impact of PLAG1 on cell proliferation, survival, 

migration, invasion, colony formation and apoptosis. 
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2  Chapter 2 Materials and methods 

2.1 Cell culture work 

2.1.1 Ethics  

Normal salivary gland tissue was collected from patients undergoing surgery for the excision of 

salivary gland tumours in the parotid, submandibular and sublingual salivary glands. The request 

for the isolation and use of primary salivary gland cells was approved by the National Research 

Ethics Committee NREC (approval number 13/NS/0120). 

2.1.2 Cell culture reagents 

Table 2.1 details frequently used cell culture supplements, sourced from Sigma-Aldrich, 

Gillingham, UK unless otherwise specified. 

Table 2.1 Cell culture reagents. 

Reagent  Catalogue number Uses 

Dulbecco’s modified Eagle’s medium 

(DMEM) 

D5546 Routinely used for growing  

L-glutamine G7513 Routinely used for growing  

Dulbecco’s phosphate-buffered saline (PBS) P4417 Routinely used for washing  

Trypsin/EDTA (ethylenediaminetetraacetic 

acid) 

T3924 Routinely used for expanding  

Foetal bovine serum (FBS) 10270-106 Routinely used for growing  

Nutrient mixture F-12 Ham N4888 Routinely used for growing  

Epidermal growth factor (EGF) E9644 Routinely used for growing  

Human insulin I9278 Routinely used for growing  

Hydrocortisone H0396 Routinely used for growing  

Adenine A2786 Routinely used for growing  

Penicillin/ streptomycin P0781 Routinely used for growing  

Dimethyl sulfoxide (DMSO) D2650 Routinely used for freezing  
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2.1.3 Cell lines and culture media 

All cell culture work was carried out in class 2 laminar hoods under strict aseptic techniques. Table 

2.2 details the cell lines and primary cells used in this study and their corresponding culture 

media.  

Table 2.2 Cell lines and culture media used in this study. 

Cells  Type Culture medium 

Human parotid salivary gland (PG) Primary Keratinocyte Growth 

Medium (KGM) 

Human sublingual salivary gland 

(SLG) 

Primary Keratinocyte Growth 

Medium (KGM) 

Human submandibular salivary gland 

(SMG) 

primary Keratinocyte Growth 

Medium (KGM) 

BMI transduced human foetal 

parotid salivary gland 

Transduced primary cells (extended 

proliferative potential)  

Keratinocyte Growth 

Medium (KGM) 

BMI transduced human foetal 

sublingual salivary gland 

Transduced primary cells (extended 

proliferative potential) 

Keratinocyte Growth 

Medium (KGM) 

HEK293 Immortalised human embryonic 

epithelial kidney cells. 

Low glucose DMEM 

supplemented with 

10% (v/v) FBS 

 

2.1.4 Cell preparation 

Primary salivary gland cells 

The primary cells were cultured from tissues obtained from normal salivary glands during human 

surgical biopsies and isolated by Dr. Lynne Bingle. Briefly, the obtained piece of tissue was cut into 

small pieces using sterile scalpel or scissors. The fragments were then treated with trypsin for 1 

hour at 37°C  in a water bath, with intermittent shaking of the tube, to release individual cells. 

The trypsin was inactivated by incubating the isolated cells and remaining tissue in DMEM with 
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10% FBS for 5 minutes before mechanical dissociation of the tissue by gentle pipetting. The 

resulting cell suspension was filtered to remove clumps, centrifuged to pellet the cells and finally, 

the isolated cells were resuspended in culture medium, plated in a culture dish and incubated 

under optimal conditions for growth and proliferation (37°C with 5% CO2). 

BMI transduced human foetal salivary gland cells  

The transduction experiment outlined below was kindly conducted by our collaborators at the 

Genetic and Genomic Medicine Department, University College London, under the supervision of 

Prof Stephen Harts.  

To enhance their proliferative capacity, human foetal parotid and sublingual salivary gland cells 

were transfected with a lentivirus containing Bmi-1 integrated into a pLVX-Puro vector (Clontech, 

632164) digested with XhoI and BamHI (L-BMI-Puro). 

Primary cells at early passage (P4) were seeded into 6 well plates at a density of 100,000 cells per 

well and incubated overnight at 37°C with 5% CO2. The following day, 1 ml of LV-BMI-Puro solution 

(stock: 2x108 TU/ml) was added to the well at varying multiplicities of infection as follows: 

1. MOI 1 (0.5 μl LV-BMI-Puro in 200 μl OPTI-MEM+ 800 μl ExPlus) 

2. MOI 4 (2 μl LV-BMI-Puro in 200 μl OPTI-MEM+ 800 μl ExPlus) 

3. MOI 16 (8 μl LV-BMI-Puro in 200 μl OPTI-MEM+ 800 μl ExPlus) 

 

The plates were then incubated overnight at 37°C with 5% CO2. The next day, 1 ml of ExPlus media 

was added to each well, bringing the total volume to 2 ml per well. Once the cells reached 

confluency in the 6 well plates, they were transferred to T75 flasks.  

To select successfully transfected cells, in the T75 flasks, puromycin (GibcoTM, Catalogue number 

A1113803) was introduced at concentrations of 2.5 and 5 μg/ml. After 24 hours, the cells were 

washed, and fresh medium containing puromycin was added. The cells were then subjected to 

puromycin treatment for around two weeks.  
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Keratinocyte growth medium (KGM) was used for the cultivation of normal primary and BMI-

transduced salivary glands, including the parotid, submandibular, and sublingual glands. The 

medium comprises Low glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 23% (v/v) Ham’s F12 (Sigma-Aldrich), 10% (v/v) Foetal bovine serum (FBS), 100 μg/ml 

penicillin, 100 U/ml streptomycin, 2 mM L-glutamine, 180 μM adenine (Sigma-Aldrich), 0.5 μg/ml 

hydrocortisone (Sigma-Aldrich), and 10 ng/ml epidermal growth factor (EGF; Sigma-Aldrich). 

HEK293 cells were cultured in low-glucose Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% (v/v) FBS, 100 μg/ml penicillin, 100 U/ml streptomycin, and 2 mM L-

glutamine. 

2.1.5 Thawing of cells 

Upon retrieval from liquid nitrogen storage, the cryovial containing the cells was immediately 

thawed in a water bath maintained at 37°C for less than 1 minute. Next, the cells were aseptically 

transferred to centrifuge tubes and resuspended by the addition of 10 ml of pre-warmed growth 

medium. Following this, centrifugation was performed at 1000 rpm for 5 minutes. The 

supernatant was discarded, and the cell pellet was resuspended in the appropriate growth 

medium. The resuspended cells were then seeded into a T75 flask and placed in an incubator 

regulated at 37°C with 5% CO2. Cells were regularly monitored, and the medium replaced to 

eliminate any dead cells or cell debris.  

2.1.6 Routine culture and maintenance of cells  

All cells were grown as adherent monolayers. Growing cells were monitored on a regular basis 

and the spent medium was changed every two to three days. Cultured cells were passaged after 

reaching 70-80% confluent. Exhausted culture medium was discarded, cells washed twice with 

modified sterile calcium- and magnesium-free Dulbecco’s Phosphate buffered saline (PBS, 2x5ml) 

(catalogue number D8537, Sigma- Aldrich), and then incubated for 3-5 minutes at 37°C with 5% 

CO2 in pre-warmed Trypsin/EDTA (0.05% trypsin/ 0.02% EDTA w/v) (catalogue number T3924, 

Sigma-Aldrich) to completely detach the adherent cells. Pre-warmed fresh medium containing 

10% FBS, double the volume of the trypsin, was added to neutralise the effect of the enzyme. The 
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cell solution was moved to a 50ml conical tube and centrifuged at 1000rpm for 5 minutes. The 

supernatant was decanted, and the cell pellet was re-suspended by adding 10 ml of fresh media. 

Cell counting was carried out using a haemocytometer, and the total number of cells estimated 

as described below. The cells were then split at different ratios based on the seeding density 

needed. Finally, cells were diluted with pre-warmed growth medium and moved to new vessels 

and incubated at 37°C with 5% CO2. 

The number of cells/ml = The number of cells X dilution factor X 10⁴ /4   

2.1.7 Freezing of cells 

The cell pellets were collected as described in section 2.1.6. After discarding the supernatant, the 

pellet was gently mixed with freezing media containing FBS and 10% dimethyl sulfoxide (DMSO) 

(catalogue number D2650-100ML, Sigma Aldrich). 1 ml of the suspension was then transferred to 

cryo-vials and placed in a Nalgene freezing container (ThermoFisher, UK) filled with isopropanol 

to enable slow freezing of the cells in a -80°C freezer for 24 hours. Subsequently, the cryo-vials 

were transferred to liquid nitrogen for long-term storage. 

2.1.8 Cell pellet preparation 

Upon reaching 80% confluency, the used media was removed from the cells, which were 

subsequently subjected to two washes with PBS. Following this, 5 ml of ice-cooled PBS was added, 

and the cells were gently dislodged from the bottom of the flask and pelleted by centrifugation 

at 1000 rpm for 5 minutes. After discarding the supernatant, the resulting cell pellet was re-

suspended in RNA lysis buffer (Monarch® Total RNA Miniprep Kit, New England BioLabs® Inc) 

using RNase-free filtered tips for RNA extraction. For basic protein analysis, the cell pellets were 

lysed directly in RIPA lysis buffer (catalogue number sc-24948A ChemCruz, Santa Cruz 

Biotechnology) supplemented with protease and phosphatase inhibitors (catalogue number 

04693159001, Roche). 
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2.2 Cloning  

2.2.1 Constructs 

2.2.1.1 FLAG Tagged PLAG1 pCDNA 3.1+IREs GFP vector  

The use of pCDNA 3.1+IREs GFP plasmid allows the generation of an expression construct in a 

fused RNA that uses an internal ribosomal entry site so that a single RNA transcript generates two 

different proteins. Essentially this means that all green cells should also co-express the protein of 

interest. A full length human PLAG1 sequence was synthesised by Biomatik Corporation©, 

Ontario, Canada using the PLAG1 RefSeq sequence with NheI and XhoI restriction sites at the 5’ 

and 3’ ends of the sequence. A FLAG Tag was added to the C-terminus immediately before a stop 

codon. The expression vector, pCDNA 3.1+ IRES GFP was obtained from Addgene, USA (catalogue 

number 51406). Both plasmids were cut using NheI and XhoI restriction enzymes to produce 

products with compatible sticky ends. The T4 ligase enzyme (Promega, USA) was used to ligate 

the two DNA fragments, the expression vector and the PLAG1 insert. 

The recombinant plasmids generated in the ligation reaction were transformed into NEB® 5-alpha 

Competent E. coli (High Efficiency) (New England Biolabs, UK) to produce recombinant plasmid 

DNA. A volume of 10-100 μl of transformed bacterial suspension was spread on an LB (Luria-

Bertani) Agar plate (40 grams of LB Agar powder in 1 litre of distilled water) with ampicillin 

resistance and then incubated at 37°C overnight. Single bacterial colonies were picked, cultured 

in autoclaved 2ml LB broth (10 g of LB broth powder in 400 mL of distilled water) (Catalogue 

number 1289-1650, Fisher ScientificTM, UK) supplemented with 50 μg/ml ampicillin, and 

incubated overnight at 37°C on a shaking incubator. 

To extract the PLAG1 plasmid a mini-prep Plasmid Kit (catalogue number SK-PLPU100; 

Eurogenetic, UK) was used according to the manufacturer’s instructions. The successful 

construction of the PLAG1 expression plasmid (FLAG-tag PLAG1 pCDNA3.1+ IREs GFP) was 

confirmed through diagnostic restriction enzyme digestion using an internal restriction enzyme 

(BamHI) and sequencing. 
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2.2.1.2 Flag TurboID PLAG1 construct  

The Flag PLAG1 TurboID pcDNA3.1(+) fusion construct was custom-designed by Biomatik 

Corporation© (Ontario, Canada). An empty Flag TurboID pcDNA3.1(+) vector (EV) was used as a 

negative control.  The recombinant construct was verified by complete sequencing by Biomatik 

and by restriction enzyme digestion using NheI (GCTAGC) - XhoI (CTCGAG) restriction enzymes 

which flanked the synthesised sequence. The gene synthesis reports and detailed sequences of 

both constructs are provided in the appendix. 

2.2.2 Plasmid isolation ‘Midiprep’ 

In order to obtain a sufficient amount of DNA for the transfection and long-term storage of the 

FLAG tag PLAG1 pCDNA 3.1+IREs GFP, a 2 ml aliquot of the previously transformed mixture was 

cultured in sterile LB broth supplemented with 50 mg/ml ampicillin (Sigma-Aldrich, UK) and 

incubated overnight at 37°C in a rotary shaker at 225 rpm. Subsequently, a glycerol stock of the 

bacterial culture was prepared by combining 500 μl of autoclaved 50% glycerol solution with 500 

μl of the bacterial culture in cryo-vials, which were then stored at -80°C. The bacterial cells were 

harvested by centrifugation at 3,400× g for 10 minutes at 20°C. Following this, plasmid DNA 

extraction and purification were conducted using the ZymoPURETM Plasmid Midiprep kit 

(ZymoPURE, USA). The DNA concentration was determined utilising a Nanodrop 

spectrophotometer, and the resultant samples were subsequently stored at -20°C. 

2.2.3 jetOPTIMUS® Transfection  

HEK293 cells were seeded into 6-well plates at a density of 5×105 cells per well in antibiotic-free 

growth media and subsequently incubated overnight at 37°C with 5% CO2. Twenty-four hours 

later, the media was replaced prior to the transfection procedure. The cells were either 

transfected with FLAG-tag PLAG1pCDNA3.1+ IREs or mock-transfected with an empty vector as a 

negative control. Two μg of DNA were diluted in 200μl of transfection buffer jetOPTIMUS® (Cat# 

101000025; Polyplus, UK). A 1:1 ratio of DNA to transfection reagent was previously determined 

to give the best transfection efficiency and so was used for these experiments. The transfection 
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mixture was incubated at room temperature for 10-15 minutes, followed by the addition of 200μl 

of the transfection solution to the designated wells. After 4 hours, the media was replaced with 

fresh media, and the cells cultured for an additional 24-48 hours. Cell viability and green 

fluorescence expression were assessed using an inverted fluorescent microscope (Axiovert 200M, 

Zeiss). Transfection efficiency was evaluated either by fluorescence-activated cell sorting (FACS) 

or through microscopic observation. Subsequently, the cells were lysed directly in RIPA lysis buffer 

supplemented with a protease inhibitor for downstream analysis. 

2.2.3.1 Evaluation of the timeframe of PLAG1 protein expression level 

Before conducting substantial experiments, it was essential to determine the timeframe for 

PLAG1 protein expression. Transfection was carried out following the protocol described above 

with two sets of samples, including a negative control, being prepared and monitored at different 

time points. One set was lysed 24 hours after transfection, while the other was monitored for 

green fluorescence over 7 days before being lysed. PLAG1 protein expression was assessed using 

western blotting to evaluate levels over time. 

2.2.3.2 Large-scale transfection 

When a greater quantity of cells was required for downstream functional analysis, the 

transfection process was conducted in T75 flasks. The protocol was appropriately adjusted to 

accommodate the larger scale, as delineated in Table 2.3. 

Table 2.3 Quantity required for T75 transfection. 

Culture vessel flask 75 cm2 

Volume of medium during transfection 10 mL 

Volume of jetOPTIMUS® buffer 1000 µL 

Amount of DNA added 10 µg 

Volume of jetOPTIMUS® reagent 10 µL (1: 1 ratio) 
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2.2.4 Fluorescence-activated cell sorting (FACS) 

To assess transfection efficiency, transfected and control cells were subjected to flow cytometry 

(FACS) analysis. Cells were initially washed twice with phosphate-buffered saline (PBS), 

trypsinised, and resuspended in growth medium. Subsequently, cell sorting was performed on a 

BD FACS Aria Ilu cell sorter (Research Core Facility, University of Sheffield) to discriminate between 

GFP-positive (transfected) and GFP-negative (control) cell populations. This process was 

conducted by Sue Clark (Flow Cytometry Core Facility technician). Un-transfected and empty 

vector-transfected cells served as controls to establish a baseline fluorescence threshold, 

minimising false positive GFP signals.  

2.2.5 Confirmation of cell identity - STR profiling  

Two different batches of primary adult parotid salivary gland cells (PA-P6 and PA-P12) were 

resuspended in KGM media, spotted onto FTA cards labelled with the culture type and cell 

concentration, and sent to NorthGeneTM, Newcastle, UK, for analysis.  

 

2.3 Gene expression analysis 

2.3.1 RNA extraction, purification and quantification 

HEK293 cells were transiently transfected, as described in section 2.2.3. Total RNA extraction was 

performed using a Monarch total RNA isolation kit (BioLabs, UK).  

Prior to RNA isolation, the cell culture media was discarded, and the cells underwent 2-3 washes 

with ice-cold PBS to minimise sample degradation. Next, 300 μl of RNA lysis buffer was added to 

each well. The resulting lysate was harvested using cell scrapers and transferred into genomic 

DNA (gDNA) removal columns, followed by centrifugation at 16,000 x g for 30 seconds. 

Subsequent to the removal of gDNA columns, an equivalent volume of ethanol (≥95%) was added 

to each flow-through, mixed via pipetting, and then transferred to RNA purification columns, 

which were centrifuged at 16,000 x g for 30 seconds. The following step involved washing each 
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column with 500 μl of wash buffer and centrifuging for 30 seconds at 16,000 x g. A DNase I 

mixture, comprising 5 μl of DNase I with 75 μl of DNase I reaction buffer for each column, was 

applied to ensure complete removal of genomic DNA, followed by incubation at room 

temperature (RT) for 15 minutes.  

After the incubation, each column was loaded with 500 μl of RNA priming buffer and centrifuged 

for 30 seconds at 16,000 x g and then washed with 500 μl of RNA wash buffer. The columns were 

centrifuged twice at 16,000 x g for 30 seconds and 2 minutes, successively. Each column was then 

placed in a sterile and RNase-free Eppendorf tube, loaded with 50 μl of nuclease-free water, 

incubated at RT for at least 1 minute, and centrifuged at 16,000 x g for 1 minute. The columns 

were then discarded, and the flow-through containing RNA was placed on ice.  

The quality and yield of the RNA was assessed using a Nanodrop 1000 spectrophotometer 

(Thermo Scientific) and samples stored at -80°C for long-term storage.  

2.3.1.1 Reverse Transcription (RT) of mRNA to cDNA 

Total RNA was reverse transcribed to cDNA using a High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems, USA) following the manufacturer's protocol with 500 ng of RNA being used 

for each reverse transcription reaction (Table 2.4). Two reaction mixtures were prepared: one 

with reverse transcriptase and the other without reverse transcriptase, which served as a 

negative control. Both reactions were incubated in a thermal cycler (DNA Engine, DYAD) at 25 °C 

for 10 minutes, 37 °C for 120 minutes, and 85 °C for 5 minutes, and then cooled to 4 °C. cDNA 

was used immediately or stored at 80°C for long-term preservation.  
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Table 2.4 Reverse Transcription (RT) master mix reagents. 

Maset mix reagents Volume per sample 

Nuclease free water 4.2 μl 

Deoxynucleotides (dNTPs) 0.8 μl 

Random primers 2 μl 

Reverse transcriptase buffer 2 μl 

Reverse Transcriptase (Multiscribe) 1 μl 

Total volume 10 μl 

 

2.3.1.2 Quantitative Real-Time Polymerase Chain Reaction (qPCR) 

To assess the expression levels of the genes of interest, real-time quantitative polymerase chain 

reaction (qPCR) was conducted using the cDNAs and TaqMan primers purchased from 

ThermoFisher Scientific (Table 2.5). The master mix for each target gene was prepared for each 

sample as per the specifications provided in Table 2.6. 

 

Table 2.5 TaqMan primers. 

Primer Assay ID and catalogue number 

PLAG1 Hs00965049_g1, 4351372 

FLNC Hs00155124_m1, 4331182 

CRABP2 Hs00275636_m1, 4331182 

ARC Hs01045540_g1, 4331182 
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Table 2.6 . Real-time qPCR Taqman master mix reagents. 

Master mix reagents Volume per sample 

Nuclease free water 3.5 μl 

Taqman primer 0.5 μl 

GAPDH endogenous control (catalogue number 4326317E) 0.5 μl 

qPCRBIO Probe Blue Mix Lo-ROX (catalogue number PB20.25-05, 
qPCRBIO) 

5 μl 

Total volume 9.5 μl 

In triplicate, 0.5 μl of each sample was added to a PCR tube (Fisherbrand, catalogue number 

14230225), followed by the addition of 9.5 μl of master mix to achieve a final volume of 10 μl per 

tube. Next, the tubes were inserted into the Rotor-Gene Q PCR system (Qiagen, Germany), and a 

two-step program was initiated, as outlined in Table 2.7. 

The quantification of gene expression was performed using the delta-delta CT (2-ΔΔCT) method 

established by Livak and Schmittgen in 2001. The cycle threshold denotes the cycle number at 

which the fluorescent signal reaches a predetermined threshold. The ΔCT value represents the 

difference in CT values between the target genes and the endogenous controls. The calculated 2-

ΔΔCT values depict the relative fold change in gene expression between the samples. The data 

will be presented as the fold-change in target gene expression in comparison to the endogenous 

controls. 

Table 2.7 Thermal cycle settings for qPCR machine 

Setting Step 1 Step 2 Step 3 Cycle 

40 
Temperature 95°C 95°C 60°C 

Time 10 minutes 10 Seconds 45 Seconds 
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2.4 Protein Expression Analysis 

2.4.1 Protein extraction 

Before extracting protein, tissue culture plates were placed on ice, the cell culture media was 

removed, and the cells were washed 2-3 times with ice-cold PBS to prevent sample degradation. 

After removing the PBS, RIPA lysis buffer (catalogue number sc-24948A from ChemCruz, Santa 

Cruz Biotechnology) supplemented with both protease and phosphatase inhibitors (catalogue 

number 04693159001, Roche) was added to each well. The volume of lysis buffer used differed 

according to plate size and density of the cells. Cell lysates were collected using cell scrapers and 

transferred to sterile 1.5 ml microfuge tubes. After 30 minutes of incubation on ice, the samples 

were centrifuged at maximum speed for 10 minutes at 4°C. The supernatants were then 

transferred to new sterile Eppendorf tubes and kept on ice for the next steps or stored at -80°C. 

2.4.2 Protein quantification 

The total protein concentration was determined using the Pierce bicinchoninic acid assay (BCA) 

(catalogue number 23225, Thermo Fisher Scientific, UK) in accordance with the manufacturer's 

instructions. 2-10 μl of lysate and 190 μl of the mixed BCA reagents were added to each well of a 

96-well plate. Simultaneously, in the same plate, 10 μl of bovine serum albumin (BSA) standards 

and 190 μl of the mixed BCA reagents were added. The protein concentration of the standards 

ranged from 0 mg/ml to 2 mg/ml. The reagent mix was created by combining BCA reagents A and 

B in a 50:1 ratio. The plate was then placed in an incubator at 37°C for 10-15 minutes to allow the 

colourimetric reaction to develop. The protein concentration was estimated using a plate reader 

(Infinite M200, TECAN) at a wavelength of 562nm. The absorbance values were assessed in Excel 

through interpolation, with the absorbance of each sample compared to that of the standards 

plotted in a standard curve. 

2.4.3 Gel preparation 

10-12% SDS-polyacrylamide gels were prepared in plastic cassettes (Invitrogen Ltd, UK) to a 

thickness of 1 mm, as outlined in Table 2.8. 
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Table 2.8 Recipe of 10-12% acrylamide gels. 

Resolving Gel 

Gel% 40% Acrylamide (ml) Lower TRIS Buffer 1.5M Tris 
0.4% SDS 
TRIS BASE 45.425g 
SDS 1g (pH 8.8) (ml) 

H2O (ml) TEMED (μl) APS 10% (μl) 

10 2.475 2.5 4.825 5 350 

12 1.2 2.5 6.1 5 350 

Stacking Gel 

 Acrylamide (ml) Upper TRIS Buffer 0.5M Tris 
plus 0.4% SDS 
TRIS BASE 15.15g 
SDS 1g pH (6.8) (ml) 

H2O (ml) TEMED (μl) APS 10% (μl) 

 1 2.1 4.7 17 100 

 

2.4.4 Sample preparation 

To prepare the protein samples for western blot analysis, the volume of lysate needed to obtain 

the desired amount of protein was calculated by dividing the required protein amount by the 

predetermined concentration of protein samples, and then mixed with distilled water and 5X SDS 

loading dye buffer. The final volume was adjusted based on the capacity and number of wells in 

the gel used for electrophoresis (e.g. 25-30 μl for a 10-well gel, 15-20 μl for a 15-well gel). After 

mixing, the samples were vortexed and briefly centrifuged. They were then heated in a thermo-

block (JENCONS-PLUS) at 95°C for 10 minutes. 

2.4.5 Gel electrophoresis 

SDS-polyacrylamide gels were inserted into the XCell SureLock Mini Cell (Invitrogen, Cambridge, 

UK). The tank and the minicell were filled with 1x SDS-Tris-glycine running buffer (25mM TRIS, 

250mM Glycine, 0.1%SDS) prior to loading protein samples and also 5μl of the protein ladder 

(Prime-StepTM Prestained Broad Range Protein Ladder). An initial gel run at 80 V for 20 minutes 

was followed by a run at approximately 120 V for approximately 60 minutes. 
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2.4.6 Electro-transfer  

The proteins were then transferred onto Trans-Blot Turbo Mini 0.2 µm Nitrocellulose Transfer 

Packs (catalogue number 1704158; Bio-Rad, UK) using the Trans-Blot Turbo Transfer System (Bio-

Rad, UK) with mixed molecular weight settings. After the transfer was complete, and to assess 

protein transfer, the nitrocellulose membrane was stained with Ponceau solution (catalogue 

number 27195, Sigma Aldrich), followed by washing with distilled water. 

2.4.7 Immunodetection and development 

To prevent non-specific binding, the membrane was incubated with 5% skimmed milk (catalogue 

number 84615.0500; VWR Prolabo Chemicals, UK) dissolved in 1× 10 mM Tris-buffered saline 

(1×TBS) for 1 hour at room temperature on a shaker.  

The blocking buffer was discarded and the membrane incubated overnight at 4°C with primary 

antibody diluted in fresh blocking solution as shown in Table 2.9. The membranes then underwent 

three 10-minute washes with TBS-T (Tris-Buffered Saline with 0.1% Tween-20) before probing 

with secondary antibody diluted in 5% TBS-T milk for 1 hour at room temperature on a rocking 

platform (Table 2.9). 

Table 2.9 List of primary and secondary antibodies. 

Primary Antibody Dilution Details Secondary Antibody 

Anti-PLAG1 1:1000 Mouse monoclonal antibody 

(M02), clone 3B7 Catalogue 

number H00005324-M02; 

Abnova, UK. 

Anti-mouse IgG, HRP-linked 

Antibody #7076 – Cell 

Signalling Technology 1:3000 

 

Anti-GAPDH 1:3000 Mouse monoclonal antibody 

Catalogue number 60004-1Ig; 

ProteinTech, USA.  

 

Anti-mouse IgG, HRP-linked 

Antibody #7076 – Cell 

Signalling Technology 1:3000 
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Anti-StrepTactin 1:5000 Precision Protein StrepTactin-

HRP Conjugate, 125 µl #1610381 

-BIO-RAD, UK. 

NA 

The membrane was then subjected to a triple wash using TBS-T followed by incubation with 

enhanced chemiluminescent (ECL) Clarity Western ECL substrates (catalogue number 1705060, 

BioRad) for 1-2 minutes at room temperature. Activation of this substrate is facilitated by the HRP 

bound to the secondary antibody. The protein was identified utilising a Li-Cor C-Digit Western Blot 

Scanner and Image Studio Software. In the case of re-probing with alternative antibodies, the 

membranes were washed with 1× TBS-Tween prior to stripping with 10 ml of stripping buffer 

(Thermo Fisher Scientific, Cambridge, UK) while being agitated for 15-30 minutes at room 

temperature. 

2.5 TurboID proximity labelling  

 

Figure 2.1 Workflow of the proximity labelling technique. 
The experiment begins by generating large quantities of plasmid DNA (midiprep). Next, HEK293 cells are 
transfected with the bait protein (PLAG1) fused to TurboID. After that, the cells are treated with exogenous 
biotin, and the biotinylated proteins are isolated on streptavidin beads for purification. This process 
prepares the samples for mass spectrometry analysis. 
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2.5.1 Optimisation of experimental conditions 

A preliminary small-scale experiment was undertaken in a 6-well plate to optimise conditions 

prior to a large-scale experiment being performed to generate samples for proteomic analysis.  

The initial designation of this sample was "sample one," and was not included in the current 

study; the four biological replicates analysed are thus denoted as samples 2, 3, 4, and 5. 

2.5.2 Transfection  

HEK293 cells were seeded into T75 flasks in DMEM supplemented with 10% FBS and incubated 

at 37°C with 5% CO2. When the cells reached 70-80% confluency, the old media was replaced with 

fresh antibiotic-free media and the transfection carried out as described in section 2.2.3. One 

flask was transfected with 10 μg of TurboID PLAG1 DNA, while the other flask was transfected 

with an empty TurboID (EV) construct, serving as a negative control. To visualise green 

fluorescence and assess transfection efficiency, both flasks were co-transfected with 0.2 μg of a 

pEGFP-N1 reporter gene (ClonTech Laboratories); transfection efficiency was evaluated after 

24hrs using an inverted fluorescent microscope (ZOE Fluorescent Cell Imager – Bio-Rad – UK). 

2.5.3 Biotin treatment and Protein extraction 

Following successful transfection, the cells were treated with 0.5 mM biotin (Sigma-

Aldrich/USA—CAS no. 58-85-5) for 20 minutes and total protein isolated by adding 500 µL of RIPA 

buffer supplemented with a protease inhibitor, as indicated in section 2.4.1. The total protein 

concentration of the samples was quantified using a BCA assay as described in section 2.4.2, and 

the samples were stored at -80°C. 

2.5.4 Streptavidin purification (enrichment) 

PierceTM Streptavidin Magnetic Beads were used for labelled protein purification. 100 µl of 

magnetic beads were washed with 500 µl of RIPA buffer without protease inhibitor, placed into a 

magnetic stand (EasySepTM Magnet – Stem Cell Technologies, Catalogue number 18000 - UK) to 

allow the beads to attach to the sides of the tube, and the supernatant collected and discarded. 
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This process was repeated three times and then500 µg of whole cell lysate was added to the 

magnetic beads and incubated with end-to-end rotation at 4°C overnight. The remaining material 

from the whole cell lysate (WL) was saved and stored at -20°C for subsequent western blot 

analysis. The beads were then pelleted using the magnetic stand, and the supernatant (flow-

through) was collected in fresh microcentrifuge tubes for western blot analysis. The beads were 

then washed with 1 ml of the following solutions:  

1. 2% SDS/50 mM Tris pH 7.4 

2. Lysis buffer 

3. 2M Urea/50 mM ammonium bicarbonate (x2 washes) 

4. 50 mM ammonium bicarbonate  

Steps 1 and 2 are to remove nonspecific interactions and break up protein complexes, while steps 

3 and 4 are to remove detergents. For each wash, the samples were incubated with end-to-end 

rotation for 5 minutes at room temperature, briefly spun down, and then placed in a magnetic 

stand to collect and discard the wash buffer. Finally, 100 µl of fresh 50 mM ammonium 

bicarbonate was added to the beads, and the enriched samples (ES) were then stored at -80°C. 

The recipe for all buffers is detailed in Table 2.10.  

Table 2.10 Streptavidin Beads Washing Buffer Components. 

Lysis Buffer – 50 ml 

50 mM Tris-HCL pH8.0 2.5 ml of 1M stock 

150 mM NaCl 16.6 ml of 0.5M stock 

1% Triton-X100 500 µl of 100% stock 

0.1% SDS 250 µl of 20% stock 

0.5% sodium deoxycholate 0.25g 

Protease Inhibitor 1:200 dilution 

Wash buffer 1 – 50 ml 

2%SDS 100 µl of 20% stock 

50 mM Tris pH 7.2 50 µl of 1 M stock 

Wash buffer 2 – 50 ml 
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2% SDS in ddH2O 5 ML of 20% stock 

Wash buffer 3 – 50ml 

2 M Urea 25 ml of 4 M stock 

50 mM Ambic 5 ml of 0.5 M stock 

Wash buffer 4 – 50 ml 

50 mM Ambic 5 ml of 0.5 M stock 

 

2.5.5 Western blot 

The efficiency of each experimental step in this protocol was evaluated through Western blot 

analysis, as detailed in section 2.4. Following transfection, PLAG1 protein expression was detected 

using an anti-PLAG1 antibody (catalogue number H00005324-M02; Abnova, UK) and protein 

biotinylation was assessed using an anti-streptactin antibody (StrepTactin-HRP Conjugate; 

catalogue number 1610381, BIO-RAD, UK). Finally, the efficiency of the protein purification 

process was evaluated by comparing the expression profiles of the three sample sets: the residual 

whole lysate (WL) samples, the supernatant (SN) obtained after an overnight bead incubation, 

and the enriched or purified samples (ES) probed with an anti- StrepTactin-HRP Conjugate 

antibody. 

10% of the final volume of the ES was mixed with 5 µL of 5X SDS lysis buffer, briefly spun, and 

warmed at 37-45°C for 20 minutes to elute the sample from the beads. 5 µl of 5X SDS lysis buffer 

was also added to each WL and SN, followed by brief centrifugation and heating at 95°C for 10 

minutes. 

To ensure that only the eluted proteins were loaded, the tubes of the ES were placed in a magnetic 

stand to keep the beads attached to the bottom of the Eppendorf tube and then three sets of 

protein samples, along with 5 μl of the protein ladder (Prime-StepTM Prestained Broad Range 

Protein Ladder), were loaded onto the gel. The Western blot procedure was continued according 

to the established protocol outlined in section 2.4. 
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2.5.6 Immunofluorescence staining 

Immunofluorescence staining was conducted to confirm the expression of PLAG1 protein post-

transfection using an anti-PLAG1 antibody and to verify protein biotinylation an anti-Streptavidin 

antibody was used post-biotin treatment. 

5 x 105 HEK293 cells were plated onto microscope glass coverslips (Chance Propper LTD., England) 

in 6-well plates and a transfection reaction was carried out as described earlier. The cells were 

washed three times with PBS for five minutes each, fixed with methanol for 6 minutes at -20°C, 

washed again three times with PBS for 5 minutes each and stored at 4°C. The plate was sealed 

with parafilm to avoid contamination. 

The cells were incubated with 1 ml of PBST and 3% BSA for 1 hour at room temperature before 

the primary antibody was added and cells incubated in a humid chamber at 4°C overnight. The 

conjugated streptavidin antibody (Table 2.11) was incubated with the cells in the dark in a humid 

chamber at room temperature for 90 minutes.  

Coverslips were washed three times with PBS for 5 minutes each, placed on pre-labelled glass 

slides and mounted with VECTASHIELD® Antifade Mounting Medium with DAPI (©Vector 

Laboratories, Inc., UK). When completely dry, the coverslips were sealed with nail polish and kept 

in the dark for 24 hours before visualisation under a fluorescent microscope (Leica Thunder-

Imager—LAS X software UK). 

Table 2.11 The primary and secondary antibodies used in immunofluorescence staining. 

Primary Antibody Dilution Details Secondary Antibody 

PLAG1 1:100 Rabbit Polyclonal Antibody 

Catalogue number 18018-1-AP-

150UL; Proteintech, UK. 

Cy™3 AffiniPure™ Donkey Anti-

Rabbit IgG (H+L); Catalogue 

number AB_2307443, Jackson 

ImmunoResearch Europe Ltd., 

UK.  
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Streptavidin 

conjugated with 

Alexa 

1:3000 Streptavidin, Alexa Fluor™ 647 

conjugate Catalogue 

number: S21374, Thermo Fisher 

Scientific, UK. 

NA 

 

2.6 Functional Assays 

2.6.1 Proliferation assay 

The CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS; Promega UK (G3580)) was 

employed to measure the proliferation of viable cells. The MTS assay protocol measures the 

reduction of the MTS tetrazolium compound by living cells, producing a coloured formazan dye 

that dissolves in cell culture media. The assay was conducted on both PLAG1 and mock-

transfected cells (empty vector). This experimental design allowed us to compare the influence 

of the PLAG1 ectopic expression on cell proliferation. 

Twenty-four hours following transfection, 30,000 HEK293 cells transfected with PLAG1 and EV 

were seeded in a 96-well plate containing 125μl of growth media and left to settle overnight at 

37°C with 5% CO2. 20 μl of CellTiter 96® AQueous One Solution Reagent was added directly to 

the culture wells, each containing 100 μl of fresh media. Following a one-hour incubation period 

at 37°C with 5% CO2, the absorbance at 490nm was measured using a microplate reader (Infinite® 

M Nano, TECAN). A well containing only media and reagent provided a negative control (blank) 

for the experiment. The quantity of formazan product, determined by measuring the absorbance 

at 490nm, is directly correlated with the number of viable cells present in the culture. The 

experiment included three biological replicates. 
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Figure 2.2 Proliferation assay.  
Schematic representation of the MTS assay workflow used to assess cell proliferation. (1) HEK293 cells 
transfected with PLAG1 or an empty vector (EV) were seeded in a 96-well plate. (2) The MTS reagent 
(CellTiter 96® AQueous One Solution) was added to the culture wells. (3) The plate was incubated at 37°C 
with 5% CO₂ for one hour to allow the reaction to occur. (4) Living cells reduced the MTS tetrazolium 
compound to a coloured formazan dye. (5) Absorbance was measured at 490 nm using a microplate 
reader, with absorbance levels corresponding to cell viability. The negative control consisted of media and 
reagent without cells. Illustration generated using BioRender. 

 

2.6.2 Transwell migration assay 

The transwell migration assay was employed to investigate the migratory behaviour of cells 

transfected with PLAG1. This assay involved the use of ThinCertMT cell culture inserts, with 0.8 

μm pores and designed for 24-well plates (Cat# 662 838; Greiner Bio-one, UK). Twenty-four hours 

after transfection, 10,000 HEK293 cells transfected with either PLAG1 or EV were seeded onto the 

ThinCertMT tissue culture inserts in 400 μl of normal growth media. 700 μl of the same media 

was placed in the bottom chamber and the plate incubated at 37°C with 5% CO2 for 4 hours. The 

media in the transwell chamber was then replaced with growth media supplemented with 1% 

FBS, while the media in the lower chamber was retained to serve as a chemoattractant for the 
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cells. The cells were then incubated at 37°C and 5% CO2 for 48 hours. On the second day, non-

migrating cells were carefully removed with a cotton bud, and the remaining cells were fixed with 

500 μl of 100% cool methanol for 6 minutes at -20°C. Subsequently, the cells were stained with 

Harris Hematoxylin (Thermo-Scientific) and Shandon Eosin Y (Thermo-Scientific) as outlined in 

Table 2.12. Following staining, the insert membranes were excised using a scalpel blade and 

positioned on SuperFrost Plus slides (Cat # 406/0179/00; VWR International, UK) with migrating 

cells facing upward. The prepared slides were then mounted with EcoMount mounting media and 

sealed with coverslips. The experiment was performed three times in triplicate. 

The membranes were scanned using a Panoramic 250 Slide Scanner and QuPath software was 

employed to accurately count and quantify the number of migrating cells. The average score was 

computed for each membrane, and these values were then subjected to statistical analysis. An 

Unpaired two-tailed t-test was used to compare the average between the two groups using Graph 

Pad prism. 

 

Figure 2.3 Transwell migration assay. 
Schematic representation of the transwell migration assay used to assess the migratory behaviour of 

HEK293 cells transfected with PLAG1 or an empty vector (EV). (1) Cells were seeded in the upper chamber 

of a transwell insert with growth media containing 1% FBS, while the lower chamber contained media with 

10% FBS as a chemoattractant. (2) Cells migrated through the transwell membrane pores toward the 

chemoattractant over 48 hours. (3) Migrated cells were fixed and stained with Harris Hematoxylin and 

Eosin (H&E). (4) Microscopic imaging was performed, and three microscopic fields were analysed for 

quantification. Illustration generated using BioRender. 
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Table 2.12 Haematoxylin and Eosin staining steps for migrating cells. 

Step Time 

PBS 5 min 

PBS 5 min 

Haematoxylin 2 min 

Distilled water 5 min 

Distilled water 5 min 

Eosin 2 min 

Distilled water 5 min 

Distilled water 5 min 

2.6.3 Transwell invasion assay 

The assay was conducted to assess the influence of PLAG1 expression on cell invasiveness with 

the experimental method employed being similar to the transwell migration assay but uses 

specialised invasion assay inserts. These inserts are coated with Matrigel to mimic the 

extracellular matrix (ECM) which the cells must degrade to invade the surrounding structure. 

Following effective transfection, 1x104 PLAG1 and EV-expressing HEK293 cells were seeded onto 

precoated Corning® BioCoatTM Matrigel® Invasion Chambers (Cat# 354480, 354481) in 400 μL of 

growth media with 10% FBS. 700 μL of the same media was then added to the bottom chamber 

and the plate incubated at 37°C and 5% CO2 for 4 hours. The media in the transwell chamber was 

then replaced with growth media supplemented with 1% FBS, while the media in the lower 

chamber was retained as a chemoattractant. The plate was subsequently incubated at 37°C with 

5% CO2 for a period of 3 to 5 days to facilitate cellular invasion. The membranes were fixed, 

stained, and analysed using the same techniques as described in the migration assay (section 

2.6.2). 
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Figure 2.4 Transwell invasion assay. 
Schematic representation of the transwell invasion assay used to assess the invasive behaviour of HEK293 

cells transfected with PLAG1 or an empty vector (EV). (1) Cells were seeded in the upper chamber of a 

Matrigel-coated transwell insert with growth media containing 1% FBS, while the lower chamber 

contained media with 10% FBS as a chemoattractant. (2) Cells invaded through the Matrigel matrix and 

migrated to the bottom of the transwell membrane over 3 to 5 days. (3) Invaded cells were fixed and 

stained with Harris Hematoxylin and Eosin (H&E). (4) Microscopic imaging was performed, and three 

microscopic fields were analysed for quantification. Illustration generated using BioRender. 

 

2.6.4 Colony formation assay 

This assay, also referred to as clonogenic assay, is an in vitro cell survival assay used here to 

evaluate the proliferation potential and survival ability of cells harbouring PLAG1 through the 

assessment of the capacity of a single cell to undergo unlimited division and the formation of a 

visible colony.  

Cells previously transfected with PLAG1 and empty vector were seeded at a density of 500 cells 

per well in standard growth medium in a 6-well plate for ten days. Following incubation, the cells 

underwent two 5-minute washes with PBS and then fixed with 100% Methanol and 100% acetic 

acid in a 7:1 ratio for 5 minutes at room temperature. The fixative was then aspirated, and a 0.2% 

Crystal Violet staining solution was added to each well for 2-minutes. Post-staining, the plate was 

rinsed under running tap water for 3 minutes and allowed to air dry. Colony quantification was 
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performed using the ImageJ software colony counter, and values were then used for statistical 

analysis. The experiment was conducted three times in duplicates. 

 

Figure 2.5 Colony formation assay 
Schematic representation of the clonogenic assay used to evaluate the proliferation potential and survival 

ability of cells harbouring PLAG1. (1) Cells previously transfected with PLAG1 or an empty vector (EV) were 

seeded at a density of 500 cells per well in standard growth medium in a 6-well plate. (2) Cells were 

incubated for ten days to allow for colony formation. (3) Following incubation, cells underwent two 5-

minute washes with PBS, were fixed with 100% Methanol and 100% acetic acid (7:1 ratio) for 5 minutes at 

room temperature, and stained with a 0.2% Crystal Violet solution for 2 minutes. (4) Post-staining, the 

plates were rinsed under running tap water for 3 minutes and allowed to air dry. Colonies were quantified 

using the ImageJ software colony counter. Illustration generated using BioRender. 

 

2.6.5 Apoptosis assay 

The Annexin V-FITC Apoptosis Detection Kit (Cat # 4830-01-K; Bio-Techne, UK) was used to 

identify and measure cellular events linked to programmed cell death (apoptosis) resulting from 

PLAG1 overexpression. 5x105 HEK293 cells were seeded into 6-well plates and allowed to adhere 



72 
 

overnight at 37°C with 5% CO2. The next day, cells were transfected with PLAG1 and an empty 

vector and then incubated for 24 hours under the same conditions. Following successful 

transfection, the apoptosis assay was carried out following the manufacturer's instructions. This 

experiment involved four control samples, as outlined in Table 2.13. Adherent and floating cells 

were collected, washed three times with 500 μl cold PBS, and subsequently resuspended in 100 

μl of Annexin V Incubation Reagent. The Annexin V Incubation Reagent components and volumes 

are detailed in Table 2.14. After a 15-minute incubation at room temperature in the dark, 400 μl 

of 1x Binding Buffer was added to the samples and processed by Cytek® Aurora Flow Cytometer 

within one hour. The resultant values were then used for statistical analysis using GraphPad Prism 

software. The experiment was conducted three times in duplicates.  

Table 2.13 List of control samples 

  

 

 

 
Table 2.14 Annexin V Incubation Reagent Components. 

Reaction Component Volume 

10X Binding Buffer 10 μl 

Propidium Iodide 10 μl 

TACS Annexin V-FITC 1.0 μl 

Distilled water 79 μl 

Total volume* 100 μl 

* The reagent should be kept on ice in the dark once prepared. 

2.7 Statistical analysis 

Data were presented as mean ± standard deviation. An unpaired t-test was used to compare two 

groups, while a Two-Way Analysis Of Variance (Two-way ANOVA) was applied when comparing 

Control sample Purpose 

Untransfected & unstained Cell autofluorescence 

Transfected & unstained  GFP control 

Untransfected & stained with Annexin only FITC (Annexin) control 

Untransfected & stained with Propidium Iodide IP only  PI control 
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groups, considering two factors. A P-value of less than 0.05 was considered statistically significant. 

The number of biological repeats is denoted as 'N='. Statistical significance is indicated by 

asterisks as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and NS for P > 0.05. The 

statistical analysis was performed using GraphPad Prism 10 software. 

 

2.8 Bioinformatics  

2.8.1 Transcriptomic analysis – RNA sequencing 

Following successful transfection, 20µl of RNA from three sets of biological repeats was sent to 

Novogene (Cambridge, UK) for RNA sequencing. The sequencing process and raw data processing 

were performed at Novogene following standardised protocols to ensure high-quality RNA 

sequencing data. Initially, quality control of the samples was conducted using two approaches: 

first, Agarose gel electrophoresis to assess RNA degradation and potential contamination; and 

second, the Agilent 2100 Bioanalyser to evaluate RNA integrity and quantify the RNA.  

For library preparation, mRNA was fragmented by adding a fragmentation buffer. Complementary 

DNA (cDNA) synthesis was then carried out using an mRNA template and random hexamer 

primers. The second-strand synthesis was initiated by adding a custom Illumina second-strand 

synthesis buffer, along with dNTPs, RNase H, and DNA polymerase I. Subsequent processing steps 

included end repair, A-tailing, and sequencing adapter ligation to prepare the double-stranded 

cDNA. The final cDNA library was obtained through size selection and PCR enrichment. 

Library quality control was performed using three methods: Qubit quantification, Agilent 2100 

Bioanalyzer analysis, and qPCR validation. Once the libraries met the required quality standards, 

they were pooled based on their effective concentration and expected sequencing data output 

before being loaded onto an Illumina sequencing platform for high-throughput sequencing. 
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2.8.1.1 Data processing 

Row sequencing data in FASTQ format were cleaned by removing low-quality reads, adapter 

sequences, and poly-N sequences. Quality metrics like Q20, Q30 and GC content were calculated. 

Clean reads were aligned to a reference genome using Hisat2, a mapping tool that leverages gene 

model annotations for improved splice junction identification. Read counts were then mapped to 

genes using FeautreCounts, and FPKM values were calculated to estimate gene expression levels. 

Next, differentially expressed genes were identified using DESeq2 based on statistical significance 

and fold change thresholds. P-value were adjusted using the Benjamini Hochberg method to 

control the false discovery rate (FDR). Gene with an adjusted p-values <= 0.05 were considered 

differentially expressed.  

 Expression data was provided in excel sheets, containing read counts, normalised counts FPKM 

(Fragments Per Kilobase of transcript per Million mapped reads) and statistical analysis results 

(fold change, p-values and FDR). These data were used for subsequent analysis and visualisation. 

Volcano plots and heatmaps of the differentially expressed genes were used for data visualisation.  

2.8.1.2 Gene enrichment and pathway analysis 

To gain insights into the biological significance of our dataset and to identify which biological 

functions, pathways or processes are overrepresented, functional enrichment analysis was 

performed. The analysis was carried out using GSEA software v4.3.3 from the Broad Institute 

(Cambridge, MA, USA) (Subramanian et al., 2005). Normalised expression data was used to 

perform the analysis. This approach ensures that gene expression levels are comparable across 

different samples, providing a robust basis for identifying enriched genes.  

The analysis compares differentially expressed genes with predefined gene sets. In this study, the 

molecular data was assessed using the following gene sets: 

1. C5: ontology gene sets, which includes gene sets based on the Gene Ontology (GO terms) 

providing insights into biological processes (BP), cellular components (CC), and molecular 

functions (MF). 
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2. C2: curated gene sets, KEGG_LEGACY subset, which focuses on metabolic and signalling 

pathways essential for understanding cellular processes. 

3. C6: oncogenic signature gene sets, which includes genes associated with cancer, helping 

to identify oncogenic pathways involved in the development and progression of the 

tumour being studied.  

 

2.8.2 Proteomic analysis – biotin-based proximity labelling 

The enriched protein samples prepared according to the procedures outlined in section 2.5 were 

subjected to Label-Free Quantification (LFQ) Mass Spectrometry analysis at the Biological Mass 

Spectrometry Facility, University of Sheffield. Four independent biological replicates were 

analysed. 

2.8.2.1 Data processing 

MaxQuant quantitative proteomics software was used to analyse the MS data in Sheffield. Label-

free abundance values were log2 transformed to bring them closer to a normal distribution. The 

dataset was filtered such that all proteins contained quantitative information for three replicates 

of at least one group. The data was then imported into Perseus where missing values were 

replaced from a normal distribution of the full matrix (width 0.3, down shift 1.8). No 

normalisation was performed for this data as it is expected that controls and experimental 

samples should pull down differing total protein abundances, with differing distributions. 

2.8.2.2 Statistical analysis 

Statistical significance of the quantitative data was determined by a Student’s t-test between the 

conditions of interest. Imputed values were tracked, and qualitative thresholds for significance 

were applied such that proteins which were identified in all replicates of the condition of interest, 

and in none of the controls, were considered highly significant. FDR correction was initially 

applied but found to be too stringent, identifying only nine significant proteins. Given the risk of 
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excessive false negatives in proteomics, a p-value < 0.05 threshold was used instead to assess 

statistical significance. 

2.8.2.3 Ingenuity Pathway Analysis  

Protein expression data with identifiers, expression levels or fold changes, experimental 

conditions and statistical data were uploaded to Ingenuity Pathway Analysis® (IPA®) (Qiagen Inc.) 

for downstream pathway analysis. To emphasise the importance of enrichment in the IP condition 

of interest, and of exclusive protein identification in the IP condition of interest, proteins which 

were exclusively quantified in the condition of interest were given a p-value of 0, and a LogFC of 

10, and all LogFCs below 0 were removed from the dataset, prior to upload to IPA. Core analysis 

in IPA was performed with the significance cut-off of p-value <0.05 using the IPA Knowledge base 

reference set. 

 

2.9 Protein-protein interaction analysis using open-source tools (STRING and 

SIGNOR) 

The list of candidate genes obtained from the IPA analysis was searched in the STRING (Search 

Tool for the Retrieval of Interacting Genes/Proteins) database and SIGNOR (the SIGnaling Network 

Open Resource) to further investigate and capture any documented interactions between our 

proteins of interest. 
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3 Chapter 3 Investigating the downstream effect of PLAG1 

overexpression on the gene level: Transcriptomic analysis 

 

3.1 Aims and Objectives 

PLAG1, a proto-oncogene, has the potential to trigger the development of pleomorphic 

adenomas in the salivary glands when expressed ectopically. Being a transcription factor capable 

of activating gene expression, its overexpression likely disrupts target genes, leading to 

unregulated cell growth and proliferation. Identifying PLAG1 target genes and exploring their 

impact on biological processes, functions, and pathways is crucial for comprehending the 

molecular mechanisms underlying PLAG1-induced tumour development. To achieve this, we 

examined the alterations in gene expression resulting from PLAG1 overexpression in cell lines. 

The work outlined in this chapter aimed to: 

● Perform gene expression profiling to identify differentially expressed genes (DEGs) 

following PLAG1 overexpression compared to control cells transfected with an empty 

vector (EV).  

● Conduct gene set enrichment analysis (GSEA) to identify the functional relationships 

between PLAG1 and the differentially expressed genes DEGs and determine the enriched 

pathways and biological processes attributed to these genes. 

● Validate the most significant differentially expressed genes by qRT-PCR. 

 

3.2 Methods 

Following successful transfection and confirmation of PLAG1 protein expression by western 

blotting, as outlined in Chapter 2, total RNA was extracted, quantified and sent to Novogene 

(Cambridge, UK) for RNA sequencing and data processing. The list of differentially expressed 

genes (DEGs) was used for functional enrichment analysis using GSEA software v4.3.3 from the 

Broad Institute, USA. 
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3.3 Results 

3.3.1 Generation of FLAG Tagged PLAG1 pCDNA 3.1+IREs GFP vector  

The FLAG Tagged PLAG1 pCDNA 3.1+IREs GFP vector was generated by inserting a PLAG1 

sequence (Biomatik Corporation©, Ontario, Canada) in-frame with the overexpression vector 

pCDNA 3.1+ IREs GFP (Addgene, USA) (Figure 3.1). An empty pCDNA 3.1+ IREs GFP vector (EV) 

was used as a negative control. 

 

Figure 3.1 Synthesis of PLAG1 pCDNA 3.1+IREs GFP clone. 
The FLAG-tagged PLAG1 sequence (represented by the purple arrow) was excised using NheI and XhoI 
restriction enzymes and subsequently ligated into a predigested pcDNA3.1(+)-IRES-GFP expression vector. 
The pcDNA3.1(+) vector contains a CMV promoter, which ensures strong transcriptional activation of the 
inserted PLAG1 gene. The IRES (Internal Ribosome Entry Site) sequence allows for bicistronic expression, 
enabling the simultaneous translation of EGFP (Enhanced Green Fluorescent Protein), which serves as a 
reporter. The vector also carries a Neomycin/Kanamycin resistance gene (NeoR/KanR) under the control 
of an SV40 promoter, allowing for antibiotic selection in mammalian and bacterial cells. Additionally, 
elements such as the f1 origin of replication (f1 ori) and SV40 polyadenylation signal facilitate replication 
and transcription termination, respectively. The lac operator and CAP binding site provide regulatory 
control over bacterial expression. The inserted PLAG1 gene is tagged with a FLAG epitope for easy 
detection via immunodetection assays. This construct allows for efficient expression and functional 
analysis of PLAG1 in mammalian systems while enabling GFP-based visualization of transfected cells. 
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To confirm the correct orientation and integrity of the cloned DNA insert (PLAG1), internal 

diagnostic digestion was performed. The plasmid was initially cut with XhoI and NheI restriction 

enzymes to separate the insert from the expression vector. Subsequently the PLAG1 insert was 

further digested with BamHI, an internal restriction enzyme to cut the insert into 2 smaller 

fragments. The expected size of the three fragments were 6800 bp representing the pCDNA 

3.1+IREs GFP expression vector (Xhol to NheI), 1200 bp (NheI to BamHI) representing the PLAG1 

gene fragment and 250 bp (BamHI to BamHI) representing the internally cut PLAG1 gene 

fragment. The observed band sizes in the gel electrophoresis experiment (Figure 3.2) correspond 

to these expected values, confirming the successful cloning of The FLAG Tagged PLAG1 pCDNA 

3.1+IREs GFP vector. 

 

Figure 3.2 Final confirmation of the construct. 
The FLAG-tagged PLAG1 pcDNA3.1(+)-IRES-GFP expression vector was digested with NheI and XhoI 

restriction enzymes, resulting in the separation of the pcDNA3.1(+)-IRES-GFP plasmid backbone (6800 bp, 

top band) from the PLAG1 insert. To further confirm the presence and integrity of the PLAG1 sequence, a 

secondary digestion with BamHI was performed, which internally cleaved the PLAG1 insert into two 

distinct fragments: PLAG1 restriction fragment 1 (1200 bp, middle band) and PLAG1 restriction fragment 

2 (250 bp, bottom band). Lane Marker represents a DNA ladder for size reference, while Lanes 1–6 

correspond to six independent bacterial colonies screened for successful cloning. The consistent banding 

pattern across all six samples confirms the successful integration of the PLAG1 insert into the pcDNA3.1(+)-

IRES-GFP vector and verifies its correct restriction digestion pattern. 
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3.3.2 Transfection of Human Primary Salivary Gland Cells 

Initial transfection attempts were conducted using primary human (parotid, submandibular and 

sublingual) salivary gland cells to investigate the role of PLAG1 in PA pathogenesis. However, 

multiple transfection efforts across different cell batches and donors yielded inconsistent results. 

Fluorescence microscopy and Western blot analysis failed to detect the expression of the 

transfected gene or its protein product, indicating unsuccessful transfection (Figure 3.3). Notably, 

primary parotid gland cells from a specific donor displayed successful transfection (Figure 3.4) 

and protein expression, but this result was not reproducible across other batches. Further analysis 

using STR identity profiling revealed contamination with HEK293 cells, questioning the validity of 

the observed transfection success. 

 

Figure 3.3. Transfection of primary salivary gland cells. 
Representative fluorescent microscopy images of transfected primary salivary gland cells: parotid (A), 

submandibular (B), and sublingual (C). Lack of GFP fluorescence indicates unsuccessful transfection in all 

three cell types. 
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Figure 3.4. Transfection of primary parotid gland cells from different batches. 
Representative bright-field microscopy images of three distinct primary parotid cell batches, highlighting 
phenotypic variability (top). Corresponding GFP fluorescence images demonstrating variable transfection 
efficiency among the cell populations (bottom). 

 

3.3.3 Transfection of BMI-1 Transduced Parotid and Sublingual Cells 

To circumvent the challenges associated with primary salivary gland cells, BMI-1 transduced foetal 

parotid and sublingual cells, which exhibit extended proliferative capacity while retaining stem 

cell-like properties, were utilised for transfection. GFP expression confirmed successful 

transfection (Figure 3.5); however, Western blot analysis repeatedly failed to detect the 

exogenous protein. Further investigation identified cross-contamination with a GFP-tagged 

construct during the viral transduction process as the likely source of the observed fluorescence. 

Given these challenges, HEK293 cells, known for their high transfection efficiency, were 

subsequently employed for further experimental analyses. 
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Figure 3.5. Transfection of BMI-transduced parotid and sublingual cells. 
Representative fluorescence microscopy images demonstrating successful GFP expression in transduced 

parotid (A) and sublingual (B) gland cells. 

 

3.3.4 Transfection of HEK293 cells 

To investigate the downstream effects of PLAG1 overexpression, RNA extraction was performed 

on transfected HEK293 cells. These experiments were undertaken on multiple occasions (with 

transfection monitored by analysis of GFP) and RNA samples from three different experiments 

were used for our analysis. The transfection efficiency in HEK293 cells was evaluated using flow 

cytometry, which showed an efficiency rate of 63.96% (Figure 3.6A). GFP expression was further 

verified through fluorescence microscopy (Figure 3.6B) and Western blot analysis (Figure 3.6C), 

confirming successful protein expression.  
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Figure 3.6 Transfection of HEK293 cells. 
Assessment of transfection efficiency in HEK293 cells using flow cytometry (A), demonstrating a 
transfection efficiency of 63.96%. Positive GFP expression was confirmed via fluorescence microscopy (B) 
and Western blot analysis (C), indicating successful protein expression. The data is representative of N = 3 
replicate experiments. 

 

3.3.5 RNA quantification  

To ensure the quality and quantity of RNA for downstream analysis, RNA was quantified using a 

Nanodrop 1000 spectrophotometer (Thermo Scientific). The absorbance was measured at 260 

nm and 280 nm to determine RNA concentration and purity (Figure 3.7). The RNA concentration 

was found to be between 900-1212 µg/ml, with an A260/A280 ratio of 2.0, indicating sample 

purity (details in Table 3.1). 

 



84 
 

 

Figure 3.7 NanoDrop measurement of RNA samples. 
Quantitative RNA analysis of HEK293 cells transfected with either PLAG1 or empty vector control. RNA 
concentration (ng/µL) and purity (A260/A280 and A260/A230 ratios) were determined using a NanoDrop 
spectrophotometer. 

 

Table 3.1 RNA sample quantification by Nanodrop spectrometer 

  

 

 

 

3.3.6 Data validation and gene clustering analysis  

Principal component analysis (PCA) was performed on the normalised count data to evaluate the 

degree of similarity between the three biological repeats of the two sets of samples (PLAG1-

expressing cells and mock-transfected cells). The ClustVis online tool (Metsalu and Vilo, 2015) was 

No. Sample RNA concentration ng/uL 

1 PLAG IRES  900 

2 EMPTY IRES  1212 

3 PLAG IRES  1123 

4 EMPTY IRES  944.9 

5 PLAG IRES  990.8 

6 EMPTY IRES  1039 
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used for this analysis. The samples were plotted on a 2D plane using their first two principal 

components (Figure 3.8). This type of plot helps visualise the overall impact of experimental 

variables and batch effects. The x-axis represents the direction with the most variance, while the 

y-axis represents the second most. The data exhibited distinct clustering between control and 

PLAG1-expressing samples, with a slight difference between biological replicates. 

The relationship between all samples was further analysed using clustering analysis based on 

normalised transcript quantification. The heatmap in Figure 3.9 illustrates the distribution and 

grouping of 1148 genes into two distinct molecular clusters, covering all six samples. Cluster 1 is 

represented in orange and includes three PLAG1-expressing samples. Cluster 2, shown in pink, 

consists of the control samples. 

 

Figure 3.8 PCA plot illustrating sample distribution based on PLAG1 expression. 
The PCA plot illustrates the variance in gene expression profiles between PLAG1-overexpressing samples 
(PLAG1: PLAG1, PLAG2, PLAG3, orange) and empty vector control samples (EV: EV1, EV2, EV3, teal). 
Principal Component 1 (PC1) accounts for 87.8% of the variance, effectively separating PLAG1-
overexpressing samples from control (EV) samples, indicating a strong global transcriptional shift due to 
PLAG1 overexpression. Principal Component 2 (PC2) explains 5.3% of the variance, capturing within-group 
variability, particularly among PLAG1-overexpressing replicates. The ellipses represent 95% confidence 
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intervals, highlighting the distinct clustering of the two experimental groups. The clear separation along 
PC1 suggests a substantial impact of PLAG1 overexpression on gene expression patterns. 

 

 

Figure 3.9 Heatmap illustrating unsupervised hierarchical clustering of samples based on gene 
expression patterns. 
Two distinct clusters emerge: Cluster 1, predominantly composed of PLAG1-overexpressing samples, and 
Cluster 2, comprising control samples. Gene expression levels are colour-coded, with red indicating 
upregulation and green indicating downregulation, relative to the average expression across all samples. 
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3.3.7 Differentially expressed genes in response to PLAG1 overexpression 

A comparison was conducted between two distinct clusters: samples expressing PLAG1 versus 

the control samples, as part of the unsupervised analysis. Genes with an FDR < 0.05 and an 

absolute log2 fold change > 1 were identified as differentially expressed genes for each 

comparison.  

The results showed that 1092 genes were significantly upregulated, while 56 were 

downregulated. A volcano plot was created to visualise the differentially expressed genes based 

on their statistical significance (p-value) versus the magnitude of change (fold change) for each 

gene (see Figure 3.11). Table 3.2 presents the top 20 most significantly upregulated and top 10 

downregulated genes. Additionally, to visualise the relationship between the most differentially 

expressed genes within the two molecular clusters, a heatmap clustering of the top 50 genes was 

generated, as depicted in Figure 3.12. 

 

 

Figure 3.10 Volcano plot displaying fold changes (x-axis) against adjusted p-values (y-axis). 
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Each data point in the scatter plot represents a gene. Genes with an adjusted p-value of less than 0.05 and 
a log2 fold change greater than 1 are represented by pink dots, indicating up-regulated genes. Genes with 
an adjusted p-value of less than 0.05 and a log2 fold change less than -1 indicated by green dots, 
representing down-regulated genes. 

 

Table 3.2 Most significantly upregulated and downregulated genes. 

Gene Name log2 Fold Change p-value FDR Regulation 

PLAG1 5.292783855 0 0 upregulated 

ARC 4.975428111 0 0 upregulated 

CRABP2 3.176596654 0 0 upregulated 

FLNC 2.472017119 0 0 upregulated 

PLEC 2.118476879 6.95E-302 3.18E-298 upregulated 

SRPK3 4.089506316 3.47E-279 1.32E-275 upregulated 

NOTCH1 2.436453725 5.06E-266 1.65E-262 upregulated 

AHNAK 2.324579845 8.93E-206 2.55E-202 upregulated 

CHD5 3.625099699 4.42E-187 1.12E-183 upregulated 

MAFA 3.814784847 9.08E-176 2.07E-172 upregulated 

CRLF1 4.078199526 1.67E-140 3.46E-137 upregulated 

CDKN1C 3.222811847 3.37E-140 6.42E-137 upregulated 

UNC13D 4.723296735 7.27E-116 1.19E-112 upregulated 

EPPK1 1.878448427 3.86E-100 5.88E-97 upregulated 

MIDN 1.210698396 8.79E-96 1.25E-92 upregulated 

PRR35 3.970746305 2.75E-94 3.70E-91 upregulated 

FER1L5 5.050608543 2.02E-91 2.57E-88 upregulated 

GATA2 1.135297278 8.67E-91 1.04E-87 upregulated 

CCDC88B 2.37465585 2.15E-90 2.46E-87 upregulated 

FURIN 1.096719238 8.35E-88 8.67E-85 upregulated 

EXO1 -1.19909516 7.83E-121 1.38E-117 downregulated 

H1F0 -1.087762507 5.40E-77 3.98E-74 downregulated 

SNHG12 -1.229978697 1.10E-68 6.80E-66 downregulated 

CNOT10 -1.032081899 3.41E-49 1.28E-46 downregulated 

C6orf48 -1.136112687 8.46E-40 2.10E-37 downregulated 

KIF24 -1.051145732 1.09E-34 2.10E-32 downregulated 

NR1D1 -1.83332953 2.04E-25 2.11E-23 downregulated 

AC093512.2 -1.451270338 1.41E-24 1.35E-22 downregulated 

DHRS2 -1.390816671 4.84E-23 4.11E-21 downregulated 

RANBP17 -1.010653072 5.56E-21 4.15E-19 downregulated 
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Figure 3.11 Heatmap of the top 50 differentially expressed genes. 
Heatmap illustrating the expression patterns of the top 50 differentially expressed genes (DEGs) between 
PLAG1-overexpressing and control samples. Red and blue colour gradients represent up- and 
downregulation, respectively. 
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3.3.8 Functional enrichment analysis 

Functional enrichment analysis was performed to identify key biological processes and pathways 

among the differentially expressed genes, simplifying data interpretation, generating hypotheses 

and highlighting the potential therapeutic targets. By categorising genes into functional groups, 

it reveals critical pathways involved in altered functions such as cell proliferation, survival and 

differentiation. It also facilitates comparative analysis across studies. 

GSEA software was used to conduct gene set enrichment analysis by comparing our DEGs to 

predefined gene sets. These gene sets represent a collection of genes that share common 

biological functions, locations or regulation. The analysis identifies whether the genes in these 

gene sets are overrepresented in our dataset. In our study, GSEA was performed using C2 Curated 

gene sets, C5 Ontology gene sets, and C6 Oncogenic signature gene sets.   

3.3.8.1 C5 subcollection GO: Gene Ontology 

The C5 subcollection includes gene sets from Gene Ontology (GO) annotations: Biological 

Processes (BP), Molecular Function (MF) and cellular components (CC). This help identify 

significant biological roles, activities and locations of genes providing insights into the biological 

relevance of gene expression data.  

The 1148 differential expressed genes were used for comprehensive enrichment analyses based 

on the GO terms. Our findings revealed significant enrichment of terms related to the 

extracellular matrix (ECM) across all three components. This encompassed external encapsulating 

structure, collagen-containing extracellular matrix, and extracellular matrix binding. Additionally, 

there was an enrichment of terms related to growth factor binding and activity in GO molecular 

function terms.  This enrichment suggests that the ECM and growth factor related genes play a 

significant role in the biology of pleomorphic adenoma and may indicate the PA development and 

progression are heavily influenced by the interaction of pathways related to these genes.  

Table 3.3 presents various Gene Ontology (GO) terms that are significantly enriched in our 

dataset. Each term is associated with a specific biological process, cellular component, or 

molecular function, along with the size of the gene set, p-value, and false discovery rate (FDR). 

These terms provide valuable insights into the biological significance of the genes involved, 
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particularly within the context of oncogenesis. Figure 3.12 represents the enrichment plots of key 

GO terms. 

Table 3.3 GO enrichment in phenotype PLAG1. 
Most significantly enriched terms (CC, BP and MF) with a P-value less than 0.05 and FDR less than 0.05. 

Name  Size p-value FDR Description (Kanehisa et al., 2023) 

GOCC_COLLAGEN_TRIMER 74 0.000 0.00

1 

Refers to a trimeric form of collagen, a 
structural protein in the extracellular 
matrix. Collagen alterations can 
influence tumour progression and 
metastasis by modifying the tumour 
microenvironment. 

GOCC_EXTERNAL_ENCAPSULATING_ 

STRUCTURE 

482 0.000 0.00

0 

Encompasses structures like the 
extracellular matrix that encapsulate 
cells. These structures are crucial in 
maintaining tissue integrity and can be 
disrupted in cancer, aiding in tumour 
invasion and metastasis. 

GOCC_COLLAGEN_CONTAINING_EXTRA

CELLULAR_MATRIX 

371 0.000 0.00

1 

Indicates the presence of collagen 
within the extracellular matrix. 
Changes in this matrix can affect cell 
behaviour and contribute to cancer 
progression. 

GOBP_EXTERNAL_ENCAPSULATING_ 

STRUCTURE_ORGANIZATION 

294 0.000 0.01

0 

Involves the organisation of structures 
like the extracellular matrix. Proper 
organisation is essential for tissue 
homeostasis, and its disruption can 
facilitate cancer cell invasion. 

GOBP_CELLULAR_RESPONSE_TO_ 
RETINOIC_ACID 

64 0.000 0.00

7 

Refers to cellular responses to retinoic 
acid, a derivative of vitamin A. Retinoic 
acid can influence cell differentiation 
and proliferation, and its dysregulation 
is implicated in cancer. 

GOMF_EXTRACELLULAR_MATRIX_ 

STRUCTURAL_CONSTITUENT 

144 0.000 0.00

0 

Refers to proteins that are part of the 
extracellular matrix. These proteins 
provide structural support and can 
influence cell signalling pathways 
involved in cancer. 

GOMF_EXTRACELLULAR_MATRIX_    
STRUCTURAL_CONSTITUENT_ 
CONFERRING_ TENSILE_STRENGTH 

43 0.000 0.00

0 

Specific to extracellular matrix proteins 
that provide tensile strength. These 
proteins are crucial for tissue integrity 
and their alteration can promote 
cancer cell invasion. 
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GOMF_EXTRACELLULAR_MATRIX_ 
BINDING 

49 0.000 0.00

3 

Involves proteins that bind to the 
extracellular matrix. These interactions 
are important for cell adhesion and 
migration, processes that are often 
dysregulated in cancer. 

GOMF_GROWTH_FACTOR_BINDING 126 0.000 0.00

3 

Refers to proteins that bind growth 
factors. Growth factors are key 
regulators of cell proliferation and 
survival, and their dysregulation is a 
hallmark of cancer. 

GOMF_GROWTH_FACTOR_ACTIVITY 136 0.000 0.00

3 

Involves proteins with growth factor 
activity. These proteins can stimulate 
cell growth and division, and their 
overexpression or mutation can lead to 
uncontrolled cell proliferation in 
cancer. 

GOMF_NOTCH_BINDING 24 0.001 0.00

4 

Refers to proteins that bind to Notch 
receptors. Notch signalling is involved 
in cell differentiation and proliferation, 
and its dysregulation is linked to 
various cancers. 
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Figure 3.12 Representative GO gene set enrichment plots. 
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The enrichment plot displays the Enrichment Score (ES) as the peak of the green curve, which indicates 
the degree of over- or under-expression of the gene set. The middle section shows the ranked list 
metric, with red and blue bars indicating the positions of the genes in the gene set. The green line 
represents the running enrichment score, and the vertical lines at the bottom indicate the locations of 
the genes in the ranked list. 

 

3.3.8.2 C2 subcollection CP: Canonical pathways (KEGG Legacy Sets) 

To analyse pathways and identify significantly enriched pathways in the dataset, GSEA was 

conducted using the C2 KEGG Legacy Sets. This method utilises curated gene sets, particularly 

canonical pathways, from the KEGG pathway database (Kyoto Encyclopaedia of Genes and 

Genomes), offering insights into the most relevant biological processes and pathways related to 

the data. Our data analysis revealed that 117 out of the 172 gene sets in the C2 Kegg Legacy Sets 

database showed enrichment in the PLAG1 phenotype. Thirty-five gene sets were significantly 

enriched at a false discovery rate (FDR) of less than 25% and thirty-three at a p-value of less than 

5%.  

Table 3.4 summarises the analysis findings and provides a brief explanation of the importance of 

the enriched pathways. The observed significant enrichment pertained to the activation of the 

Basal Cell Carcinoma and Hedgehog signalling pathways (Figure 3.13). These pathways 

demonstrate interconnections with the WNT signalling pathway, which plays a crucial role in PA 

development. This is supported by the common expression of different members of the WNT 

gene family, such as WNT7B, WNT9A, WNT6, and WNT11, by these interacting pathways.  

 

Table 3.4 Enriched pathways in PLAG1 samples using KEGG Legacy Gene Sets. 

Name Description (Kaneshia et al.,2023) 

KEGG_BASAL_CELL_CARCINOMA This pathway, consisting of 54 genes, shows 
significant enrichment with a p-value and FDR of 
0. It is crucial in the development of basal cell 
carcinoma, a common type of skin cancer. 

KEGG_MELANOGENESIS Comprising 95 genes, this pathway is 
significantly enriched with both p-value and FDR 
at 0. Melanogenesis is involved in the production 
of melanin, and its dysregulation can contribute 
to melanoma. 

KEGG_HEDGEHOG_SIGNALING_PATHWAY This pathway, with 53 genes, shows significant 
enrichment with a p-value and FDR of 0. The 
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Hedgehog signalling pathway is essential for cell 
differentiation and proliferation, and its 
aberrant activation is linked to various cancers. 

KEGG_CELL_ADHESION_MOLECULES_CAMS Encompassing 116 genes, this pathway is 
significantly enriched with a p-value of 0 and an 
FDR of 0.002. Cell adhesion molecules are critical 
for cell-cell and cell-matrix interactions, and 
their dysregulation can lead to tumour 
metastasis. 

KEGG_TASTE_TRANSDUCTION This pathway, consisting of 38 genes, shows 
significant enrichment with a p-value of 0 and an 
FDR of 0.009. While primarily involved in taste 
perception, alterations in this pathway can have 
implications in cancer. 

KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION With 213 genes, this pathway is significantly 
enriched with a p-value of 0 and an FDR of 0.008. 
This pathway involves neurotransmitter 
receptors and their ligands, which can influence 
cancer progression through neuroendocrine 
signalling. 

KEGG_HEMATOPOIETIC_CELL_LINEAGE This pathway, comprising 72 genes, shows 
significant enrichment with a p-value of 0 and an 
FDR of 0.011. It is crucial for the development of 
blood cells, and its dysregulation can lead to 
hematologic malignancies. 

KEGG_MATURITY_ONSET_DIABETES_OF_THE_YOUNG This pathway encompasses 24 genes and is 
significantly enriched, with a p-value of 0.001 
and an FDR of 0.017. While primarily related to 
diabetes, alterations in this pathway can also 
impact cancer metabolism. 

KEGG_CALCIUM_SIGNALING_PATHWAY This pathway, with 162 genes, shows significant 
enrichment with a p-value of 0 and an FDR of 
0.026. Calcium signalling is vital for various 
cellular processes, and its dysregulation can 
contribute to cancer. 

KEGG_TYPE_II_DIABETES_MELLITUS Comprising 45 genes, this pathway is 
significantly enriched with a p-value of 0.009 and 
an FDR of 0.032. Type II diabetes is linked to 
cancer through metabolic and inflammatory 
pathways. 

KEGG_NOTCH_SIGNALING_PATHWAY This pathway, consisting of 47 genes, shows 
significant enrichment with a p-value of 0.002 
and an FDR of 0.038. The Notch signalling 
pathway is involved in cell differentiation and 
proliferation, and its dysregulation is associated 
with various cancers. 
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KEGG_COMPLEMENT_AND_COAGULATION_CASCADES  This pathway encompasses 60 genes and is 
significantly enriched, with a p-value of 0.004 
and an FDR of 0.037. These cascades play a role 
in immune response and inflammation, which 
can influence cancer progression. 

KEGG_AXON_GUIDANCE This pathway, with 126 genes, shows significant 
enrichment with a p-value of 0 and an FDR of 
0.038. Axon guidance is crucial for neural 
development, and its dysregulation can 
contribute to cancer metastasis. 

KEGG_DILATED_CARDIOMYOPATHY This pathway comprises 82 genes and is 
significantly enriched, with a p-value of 0 and an 
FDR of 0.042. While primarily related to heart 
disease, alterations in this pathway can also 
impact cancer. 

KEGG_ECM_RECEPTOR_INTERACTION This pathway, consisting of 79 genes, shows 
significant enrichment with a p-value of 0 and an 
FDR of 0.041. ECM (extracellular matrix) 
receptor interactions are critical for cell 
adhesion and migration, and their dysregulation 
can lead to tumour invasion and metastasis. 
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Figure 3.13 Enrichment plots and heatmaps of key pathways. 
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The figures present the enrichment plots of the most significantly enriched pathways, including the Basal 
Cell Carcinoma Pathway, Hedgehog Signalling Pathway, and Cell Adhesion Molecules. Each plot is 
accompanied by a heatmap representing the top 20 genes involved in these pathways. 

 

3.3.8.3 C6 Collection: Oncogenic Signature Gene Sets 

The "oncogenic signature gene set" represents pathways frequently dysregulated in cancer. In 

this category, our findings revealed that 165 out of 187 gene sets exhibited upregulation in the 

PLAG phenotype. Among these, 112 gene sets demonstrated significance at FDR < 25%, indicating 

that gene sets are genuinely involved in the development of pleomorphic adenoma and play a 

critical role in the tumour phenotype, with a relatively low probability of false positives. 

Additionally, 62 gene sets displayed significant enrichment at a nominal p-value < 1% and 82 gene 

sets were significantly enriched at a nominal p-value < 5%. 

 Table 3.5 provides an overview of the top 15 gene sets enriched in the PLAG1-expressing 

samples, highlighting their significance in tumour development. Key pathways identified in this 

analysis include those associated with stemness, DNA damage repair, and oncogenic signalling. 

The ESC_V6.5_UP_EARLY.V1_DN gene set is downregulated in PLAG1-expressing cells, indicating 

a suppression of genes associated with pluripotency and stem-like characteristics. This suggests 

a shift towards differentiation, aligning with the benign and controlled growth pattern of PA, in 

contrast to malignant tumours that maintain a high degree of stemness for invasive potential. 

LEF1_UP.V1_UP and WNT_UP.V1_UP gene sets were significantly enriched, indicating activation 

of Wnt/β-catenin signalling, a pathway critical for cell proliferation, differentiation, and tumour 

maintenance. While this activation may support the structured architecture of PA, excessive Wnt 

signalling has been associated with enhanced tumour plasticity and a potential for recurrence. 

Additionally, the CTIP_DN.V1_UP gene set, linked to DNA damage repair suppression, was 

upregulated, raising concerns about genomic stability. While reduced DNA repair activity may 

limit the adaptability of the tumour, prolonged genomic instability could predispose PA cells to 

malignant transformation. 

KRAS signalling remained subdued, as indicated by the enrichment of the KRAS.600_UP.V1_DN 

gene set. This suggests that KRAS-driven proliferative signals are not dominant in PLAG1-
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expressing tumours, aligning with their slow-growing and well-differentiated nature. Enrichment 

plots derived from this analysis are shown in Figure 3.14. 

 

Table 3.5 Enriched sets in PLAG1 cluster using Oncogenic Signature Gene Set. 

Name Size p-value FDR Description (Liberzon et al.,2011) 

ESC_V6.5_UP_EARLY.V1_DN 148 0 0 This gene set is associated with early 
embryonic stem cell differentiation. 
Dysregulation in these genes can lead to 
uncontrolled cell growth and differentiation, 
contributing to tumorigenesis. 

LEF1_UP.V1_UP 187 0 0 LEF1 is a transcription factor involved in the 
Wnt signalling pathway, which is crucial for 
cell proliferation and differentiation. 
Overexpression of LEF1 can lead to increased 
cell proliferation and cancer development. 

CTIP_DN.V1_UP 108 0 0 CTIP is involved in DNA damage response and 
repair. Downregulation of CTIP can impair 
DNA repair mechanisms, leading to genomic 
instability and cancer. 

KRAS.600_UP.V1_DN 223 0 0 KRAS is a key oncogene in the RAS/MAPK 
pathway, which regulates cell growth and 
survival. Mutations in KRAS are common in 
various cancers, leading to uncontrolled cell 
proliferation. 

KRAS.KIDNEY_UP.V1_DN 107 0 0 This gene set includes genes upregulated in 
kidney cells with KRAS mutations. KRAS 
mutations in kidney cells can lead to renal cell 
carcinoma. 

KRAS.LUNG_UP.V1_DN 112 0 0 This set includes genes upregulated in lung 
cells with KRAS mutations. KRAS mutations 
are common in non-small cell lung cancer. 

KRAS.PROSTATE_UP.V1_DN 111 0 0 This gene set includes genes upregulated in 
prostate cells with KRAS mutations. KRAS 
mutations can contribute to prostate cancer 
development. 

KRAS.LUNG.BREAST_UP.V1_DN 115 0 0.001 This set includes genes upregulated in both 
lung and breast cells with KRAS mutations. 
KRAS mutations can drive tumorigenesis in 
both lung and breast cancers. 

BMI1_DN.V1_UP 135 0.001 0.001  BMI1 is part of the Polycomb group of 
proteins involved in maintaining stem cell 
properties. Downregulation of BMI1 can lead 
to loss of cell cycle control and cancer. 

https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/ESC_V6.5_UP_EARLY.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/LEF1_UP.V1_UP
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/CTIP_DN.V1_UP
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/KRAS.600_UP.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/KRAS.KIDNEY_UP.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/KRAS.LUNG_UP.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/KRAS.PROSTATE_UP.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/KRAS.LUNG.BREAST_UP.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/BMI1_DN.V1_UP


100 
 

KRAS.300_UP.V1_DN 113 0 0.001 This gene set includes genes upregulated in 
cells with a specific KRAS mutation. KRAS 
mutations are significant drivers of cancer. 

ATM_DN.V1_DN 118 0 0.001 ATM is involved in the DNA damage response. 
Downregulation of ATM can lead to impaired 
DNA repair and increased cancer risk. 

KRAS.50_UP.V1_DN 37 0 0.001 his set includes genes upregulated in cells with 
a specific KRAS mutation. KRAS mutations are 
critical in cancer development. 

JAK2_DN.V1_UP 143 0 0.001 JAK2 is involved in the JAK/STAT signalling 
pathway, which regulates cell growth and 
immune function. Dysregulation of JAK2 can 
lead to hematologic malignancies. 

MEL18_DN.V1_UP 133 0 0.001 MEL18 is a Polycomb group protein involved 
in gene silencing. Downregulation of MEL18 
can lead to loss of cell cycle control and 
cancer. 

WNT_UP.V1_UP 158 0 0.001 The Wnt signalling pathway is crucial for cell 
proliferation and differentiation. 
Overactivation of Wnt signalling is common 
in many cancers. 

RELA_DN.V1_UP 133 0 0.001 RELA is a subunit of NF-κB, a transcription 
factor involved in immune response and cell 
survival. Dysregulation of NF-κB signalling can 
contribute to cancer. 

CAHOY_ASTROGLIAL 87 0 0.001 This gene set includes genes specific to 
astroglial cells. Dysregulation in these genes 
can contribute to gliomas and other brain 
cancers. 

IL15_UP.V1_UP 169 0 0.001 IL-15 is a cytokine involved in immune 
response. Overexpression of IL-15 can lead to 
chronic inflammation and cancer. 

PGF_UP.V1_DN 168 0 0.001 PGF (Placental Growth Factor) is involved in 
angiogenesis. Overexpression of PGF can 
promote tumour growth by enhancing blood 
supply. 

TGFB_UP.V1_UP 175 0 0.001 TGFB is involved in cell growth and 
differentiation. Dysregulation of TGFB 
signalling can lead to cancer progression and 
metastasis. 

 

 

 

https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/KRAS.300_UP.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/ATM_DN.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/KRAS.50_UP.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/JAK2_DN.V1_UP
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/MEL18_DN.V1_UP
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/WNT_UP.V1_UP
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/RELA_DN.V1_UP
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/CAHOY_ASTROGLIAL
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/IL15_UP.V1_UP
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/PGF_UP.V1_DN
https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/TGFB_UP.V1_UP


101 
 

 

Figure 3.14 Enriched sets in PLAG1 cluster using oncogenic signature gene set. 
Representative enrichment plots of key enriched gene sets with heatmaps of the most significantly 
enriched genes. 

 

3.3.9 Validation of upregulated genes by qPCR 

To validate the most significantly upregulated genes in response to PLAG1 overexpression, qPCR 

was performed using TaqMan probes (ThermoFisher Scientific). The analysis targeted the three 



102 
 

top statistically upregulated genes—Filamin C (FLNC), Cellular Retinoic Acid-Binding Protein 2 

(CRABP2), and Activity-Regulated Cytoskeleton-Associated Protein (ARC)—along with 

Pleomorphic Adenoma Gene 1 (PLAG1), selected based on their statistical significance in 

differential expression analysis. cDNA samples derived from the three biological replicates used 

for RNA sequencing were subjected to qPCR analysis. Results demonstrated a significant 

upregulation of all four target genes in PLAG1-expressing samples compared to the control group, 

consistent with the RNA sequencing data (Figure 3.15). 

 

 

Figure 3.15 Validation of transcriptomics data by qPCR. 
Relative gene expression levels of PLAG1, FLNC, CRABP2, and ARC in PLAG1-overexpressing cells compared 
to control cells. Gene expression was quantified by qPCR and normalised to a housekeeping gene. Data 
represent mean ± SEM (n = 3 biological replicates). Statistical significance was determined by Student's t-
test. *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.4      Discussion  

The overexpression of PLAG1, a transcription factor, has been identified as a key driver for 

developing pleomorphic adenomas in salivary glands. This abnormal expression disrupts target 

genes, necessitating the identification of these genes and the investigation of the biological 

processes affected by PLAG1 and its downstream targets. This is a crucial step in our ongoing 

efforts to understand the tumorigenic effects induced by PLAG1.  

This study aimed to explore the role of the PLAG1 gene in PA by modelling its tumorigenic process 

in primary human salivary gland cells. Various attempts to transfect these cells failed, as 

confirmed by fluorescence microscopy and Western blot analysis. Transfection of primary salivary 

gland cells from multiple donors produced inconsistent results, and contamination with HEK293 

cells cast doubt on previous findings. To address these issues, BMI-1 transduced cells, with 

extended proliferative capacity, were used but the exogenous protein could not consistently be 

detected. Consequently, the decision was made to employ HEK293 cells, renowned for their 

robust transfection efficiency, as a model system for subsequent analyses. 

RNA sequencing was employed to conduct a comprehensive gene expression analysis following 

the induction of PLAG1 overexpression in HEK293 cells, thereby identifying the altered functions 

contributing to the tumorigenesis of PA. 

Total RNA from three biological repeats was isolated and sequenced. Following the identification 

of differentially expressed genes, dataset validation was confirmed by conducting principal 

component analysis PCA and gene clustering analysis. Our data showed two distinct clusters 

representing PLAG1-treated cells and control cells. A comparison between the two conditions 

uncovered 1148 differentially expressed genes (DEGs). We showed that 1092 genes were 

significantly upregulated, while 56 genes were downregulated. The list of significantly 

upregulated genes includes Filamin C (FLNC), cellular Retinoic Acid Binding Protein 2 (CRABP2), 

and Activity-Regulated Cytoskeleton-Associated Protein (ARC). According to Gene Ontology (GO) 

Annotations, these genes play vital roles in various critical biological processes and functions. 

The FLNC gene is a key component in cell junction organisation. It assists in cross-linking actin 

filaments, which is crucial for cell movement and stability. Changes in FLNC expression can impact 



104 
 

cell motility, a crucial factor in cancer metastasis. Overexpression of FLNC has been linked to 

enhanced invasiveness and poor patient prognosis in certain cancers, including glioblastoma 

multiforme (GBM; (Kamil et al., 2019).  

Changes in FLNC expression can impact cancer cells' ability to degrade and move through the 

ECM, which is essential for cancer cell invasion and metastasis. Additionally, FLNC is involved in 

various signalling pathways, including the MAPK signalling pathway, which is known to impact cell 

proliferation, differentiation, and survival. Dysregulation of these pathways may contribute to 

cancer progression (Yang et al., 2017). 

Gene Ontology analysis revealed that CRABP2 is involved in the transport of retinoic acid (RA) 

from the cytosol to retinoic acid receptors in the nucleus. Retinoic acid is a vital signalling 

molecule that plays a crucial role in the process of cell differentiation during embryonic 

development and tissue maintenance (Yurdakok-Dikmen et al., 2017). It exerts its effects by 

binding to the retinoic acid receptor (RAR) and subsequently inducing the transcription of target 

genes. This, in turn, leads to the differentiation of responsive cells, thereby promoting tissue-

specific functions.  

In the context of cancer, RA has been observed to induce cell differentiation, while research in 

the field of head and neck squamous cell carcinomas has demonstrated that retinoic acid has the 

ability to promote differentiation and prevent growth through the regulation of genes related to 

cell cycle control and apoptosis (Osanai et al., 2023). Interestingly, RA can exhibit dual effects; 

while it promotes cell differentiation in certain contexts, it has also been found to enhance the 

stemness and progenitor cell growth in other cancer cell types. In a study conducted by Mishra 

et al. in 2018, the role of retinoic acid in the proliferation of neural stem and progenitor cells 

(NSPCs) in the adult hippocampus was investigated. The study demonstrated that RA signalling 

plays a crucial role in maintaining NSPC populations and promoting the generation of new 

neurons. It was shown that inhibiting RA synthesis or signalling significantly reduces NSPC 

proliferation by affecting cell-cycle kinetics and regulators. Furthermore, RA contributes to 

apoptosis in specific cell types and is also known to induce cell-cycle arrest, thereby preventing 

uncontrolled cell proliferation (Dobrotkova et al., 2017). In the case of breast cancer, RA has been 
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shown to inhibit breast cancer cell proliferation by blocking cell cycle progression, specifically in 

the G1 phase (Jiménez-Lara et al., 2010). 

ARC was significantly upregulated in this study and although ARC is primarily involved in synaptic 

function and memory consolidation within neurons, some studies have looked into its role in solid 

cancers particularly renal cell carcinoma (RCC) (Toth et al., 2017). ARC plays a crucial role in 

determining cell fate and whilst initially, it was thought to primarily inhibit apoptosis, later studies 

demonstrated that it also has a regulatory role in other types of cell death such as autophagy-

related pathways where cells degrade and recycle their own components (Zhang et al., 2021). 

As mentioned above, ARC expression suppresses tumour cell apoptosis in renal cell carcinoma. 

ARC is highly overexpressed in RCCs and contributes to resistance to therapy. It achieves this by 

cooperating with anti-apoptotic Bcl-2 family members to exert its strong anti-apoptotic effects 

(Toth et al., 2017).  

In brief, FLNC might help stabilise tumour cells by maintaining their structure and cellular 

architecture. This could prevent them from becoming invasive or spreading to other parts of the 

body. CRABP2 is involved in retinoic acid signalling, promoting cell differentiation and regulating 

growth, which are characteristics of non-cancerous tumours. On the other hand, ARC allows 

tumour cells to escape programmed cell death and continue to grow by inhibiting apoptosis. The 

seemingly conflicting actions of PLAG1 downstream targets in tumour formation may explain why 

PLAG1 specifically leads to the growth of non-cancerous tumours, such as pleomorphic adenomas 

of the salivary glands. Therefore, it could be suggested that the balance between PLAG1 targets, 

which both promote and hinder tumour formation, leans towards modestly stimulating cell 

growth, as shown in pleomorphic adenomas. 

To corroborate the RNA sequencing findings, qPCR was performed on the same panel of genes 

identified as being significantly upregulated in response to PLAG1 overexpression. Consistent with 

the transcriptomic data, a significant increase in expression levels of PLAG1, FLNC and CRABP2 

was observed in PLAG1-overexpressing cells compared to controls. While ARC also demonstrated 

a significant increase in expression (*p < 0.05), the magnitude of upregulation was less 

pronounced compared to the other genes. This discrepancy might be attributed to a larger degree 
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of variation between biological replicates for this specific gene, potentially influencing the 

statistical power of the analysis. Nonetheless, the consistent upregulation of all three genes in 

response to PLAG1 overexpression strongly supports a regulatory role for PLAG1 in their 

expression. 

The Gene Ontology (GO) of the DEGs showed significant enrichment of the gene sets related to 

the ECM. These include the external encapsulating structure, collagen-containing extracellular 

matrix, and extracellular matrix binding. The extracellular matrix (ECM) is a highly intricate 

network composed of a diverse range of macromolecules that envelop the cells within the body 

(Romer et al., 2021). Of these macromolecules, collagens stand out as the primary constituent of 

the ECM, accounting for approximately 30% of the total protein mass (Frantz et al., 2010). Studies 

have suggested that tumour-associated alterations to the ECM have the potential to influence all 

hallmarks of cancer as the remodelling of the ECM leads to a multitude of biophysical and 

biochemical changes that impact cell signalling, ECM stiffness, cell migration, and the progression 

of tumours (Egeblad et al., 2010; Pickup et al., 2014). 

PA are characterised by a diverse combination of epithelial and myoepithelial elements encased 

within a fibrous capsule. Histologically, these tumours manifest as sheets of cells, papillary 

projections, cords, and individual cells, often concurrently present within the same tumour. The 

transition from PA to Ca ex PA is marked by crucial ECM alterations (Antony et al., 2012). Notably, 

Ca ex PA demonstrates heightened stiffness compared to PA. In vitro experiments using organ-

derived ECM hydrogels with varying degrees of stiffness have revealed that increased stiffness 

can enhance proliferative and invasive characteristics of tumour cells (Harmsen et al., 2024). 

Consequently, In the context of Ca ex PA, ECM stiffness may significantly influence cancer cell 

behaviour and potentially contribute to the progression of Ca ex PA.  

The gene sets GOMF_GROWTH_FACTOR_BINDING, and GOMF_GROWTH_FACTOR_ACTIVITY 

displayed significant enrichment, attributed to the upregulation of various growth factors and 

their corresponding binding proteins. Notably, enriched genes in these categories include IGF2, 

transforming growth factor beta (TGFB), platelet-derived growth factor beta (PDGFB), bone 

morphogenic protein 6 (BMP6), and their pertinent binding proteins.  
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The significant role of IGF2 as a potent stimulator of cell proliferation during both embryonic 

development and tumorigenesis has been extensively documented in the literature (DeChiara et 

al., 1990; Baker et al., 1993; Toretsky and Helman, 1996; Burns and Hassan, 2001). There is strong 

evidence to suggest that the oncogenic potential of PLAG1 may, at least in part, be attributed to 

its ability to induce IGF2 expression. PLAG1 binds to the IGF2 promoter, enhancing its 

transcription and resulting in elevated levels of IGF2 protein, which in turn activates downstream 

signalling pathways such as the AKT and MAPK pathways which promote cell cycle progression 

and inhibit apoptosis, thereby contributing to tumour growth. The combination of increased cell 

proliferation and decreased apoptosis creates an environment favourable for tumour formation 

(Voz et al., 2000).  

TGFB is a versatile cytokine that controls cell growth, differentiation, and immune responses. In 

the context of cancer, TGFB plays a dual role. During the early stages, it functions as a tumour 

suppressor by inhibiting cell proliferation, however, in the later stages, it can facilitate tumour 

progression, invasion, and metastasis by triggering epithelial-mesenchymal transition (EMT) and 

immune evasion (Massagué, 2008). 

 In cancer, the activation of PDGFB signalling can promote tumour growth and metastasis by 

stimulating angiogenesis and recruiting stromal cells that support the tumour microenvironment 

(Andrae., et al 2008). BMP6, a member of the TGF-beta superfamily, plays a role in bone and 

cartilage development, as well as cell differentiation. Its impact on cancer varies depending on 

the context. In some cases, BMP6 can hinder tumour growth by prompting differentiation and 

apoptosis. Conversely, in other scenarios, it may actually facilitate tumour progression (Ye et al., 

2009). 

The expression of these growth factors alone may not be sufficient to definitively determine the 

tumour's nature and behaviour. Nevertheless, their enrichment, along with the activation of the 

ECM pathways, suggests a potentially more aggressive tumour phenotype. 

Gene set enrichment analysis of KEGGS pathways uncovered functional enrichment of several 

canonical pathways, including BASAL_CELL_CARCINOMA and HEDGEHOG_SIGNALING_PATHWAY. 
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The pathogenesis of basal cell carcinoma is closely associated with the constitutive activation of 

the sonic hedgehog (Hh) signalling pathway. This pathway is recognised as a pivotal regulator 

during embryogenesis, governing fundamental processes such as cellular proliferation, 

differentiation, and tissue patterning (di Magliano et al., 2003; Marini et al., 2011). In the adult 

organism, it plays a critical role in maintaining stem cells, tissue repair, and regeneration (Petrova 

and Joyner, 2014). Furthermore, its involvement in various human cancers is well-documented, 

where it facilitates the expansion and proliferation of tumour cells. Notably, effector molecules 

implicated in tumour cell proliferation, including BMP and cyclin, which are enriched in our 

dataset, have been identified as target genes of the Hh pathway or downstream effectors (Paiva 

et al., 2010). Sonic hedgehog (SHH) serves as the ligand protein in the Hh signalling pathway and 

binds to the Patched (PTCH) receptor upon secretion, relieving its inhibitory effect on the 

Smoothened (SMO) transmembrane protein. Consequently, SMO activation triggers the 

upregulation of the glioma-associated oncogene (GLI) family of transcription factors, which 

orchestrate processes including proliferation, differentiation, and interactions with the ECM (Caro 

and Low, 2010). Additionally, crosstalk has been reported between the Hh signalling pathway and 

other signalling cascades, such as Notch, Wnt, and Ras pathways (Paiva et al., 2010; Shi et al., 

2011; Min et al., 2011), all of which were noted to be enriched in this present analysis. 

In the present study, our findings indicate an upregulation of all previously mentioned Hh 

signalling pathway members (SHH, PTCH, SMO and GLI) and downstream targets (BMP and 

cyclin). Notably, a study conducted by Vidal et al. (2016) exhibited significant expression of Hh 

signalling pathway components in PA, ACC, and MEC, suggesting the involvement of the Hh 

signalling pathway in the tumorigenesis of these neoplasms. These observations were consistent 

with those reported by Xu et al., (2012) who also documented heightened expression of Hh 

signalling components in benign thyroid tumours. Furthermore, analogous studies have reported 

elevated expression of Hh pathway components in other benign tumours including gastric 

adenomas (Lee et al., 2007), intestinal adenomas (Oniscu et al., 2004), and ameloblastomas 

(Kanda et al., 2013). These collective findings propose that the Hh pathway may be active in the 

early stages of tumour development, potentially contributing to the pathogenesis of benign 

neoplasms within the salivary gland, including PA. 
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Another enrichment was observed in the CELL_ADHESION_MOLECULES_CAMS pathway. Cell 

adhesion molecules (CAMs) are proteins found on the cell surface that participate in cell-cell and 

cell-ECM interactions. They are vital for maintaining tissue structure, regulating cell movement, 

and facilitating signalling. In healthy tissues, the expression and activity of CAMs are tightly 

regulated. However, in cancer, changes in the expression and function of CAMs can lead to the 

development of tumours, invasion, and metastasis (Kyoto Encyclopaedia of Genes and Genomes, 

2024). 

Activation of the CAM pathway indicates a potential involvement in tumour development. They 

can enhance tumour growth by enabling cell-cell interactions and offering anchorage for tumour 

cells (Harjunpää et al., 2019). 

CAMs play a role in mediating the interactions between tumour cells and the surrounding stroma, 

thereby influencing tumour angiogenesis, immune response, and drug resistance (Harjunpää et 

a., 2019). Additionally, CAMs enable tumour cells to adhere to and migrate through the ECM and 

blood vessels, playing a crucial role in the metastatic spread of cancer cells to distant organs 

(Huang et al., 2021). 

While there may be limited studies and conflicting information on CAMs in PA (Andreadis et al., 

2020), it is reasonable to speculate that CAMs could play a role in maintaining the tumour's 

structure and potentially influencing its growth and recurrence, given the tumour's complex 

architecture involving epithelial and myoepithelial components. Therefore, it is important to 

conduct a more in-depth analysis of specific CAMs enriched in our transcriptomic data to 

understand their exact role in the context of PA. This could serve as a guide for future studies in 

this area. 

In the analysis of Oncogenic Signature Gene Sets, it was observed that PLAG1-induced DEGs 

exhibited enrichment in the ESC_V6.5_UP_EARLY.V1_DN gene set. This gene set includes genes 

involved in the early stages of differentiation of embryoid bodies that are derived from V6.5 

embryonic stem cells. These genes are normally highly expressed in undifferentiated embryonic 

stem cells (ESCs) but become downregulated as the cells start to differentiate. This 
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downregulation is vital for the shift from a pluripotent state to a more specialised cell type (Sene 

et al., 2007; Tamayo, 2024)  

In this study, the ESC_V6.5_UP_EARLY.V1_DN gene set is downregulated, indicating suppression 

of genes associated with stemness and pluripotency in PLAG1-expressing cells. In the context of 

PA, the downregulation of this gene set suggests that PA cells have reduced stem-like features 

compared to ESCs, aligning with the tumour’s benign nature. Unlike malignant tumours that rely 

on stemness for invasion and metastasis, PA exhibit a more controlled growth pattern. The 

decreased expression of pluripotency genes implies a shift towards differentiation, which may 

contribute to the tumour’s characteristic architectural complexity and the presence of both 

epithelial and myoepithelial components. This differentiation is further associated with a more 

indolent growth pattern, distinguishing PA from aggressive malignancies. This finding supports 

the tumour’s classification as a localised, non-invasive entity with minimal metastatic potential. 

Furthermore, tumours with a pronounced stem-like profile are often linked to malignancy, 

recurrence, or resistance to therapy (El-Tanani et al., 2025). The observed downregulation in this 

study indicates a lower risk of PA transitioning into Ca Ex PA, reducing the likelihood of malignant 

transformation. 

Another significant activation was observed in the LEF1_UP.V1_UP gene set. This gene set consists 

of genes that are upregulated in response to increased Lymphoid Enhancer-Binding Factor 1 

(LEF1) activity, which is a transcription factor involved in the Wnt/β-catenin signalling pathway, 

that regulates cell proliferation, differentiation, and stem cell maintenance (Medici et al., 2019). 

The enrichment of this gene set in the context of pleomorphic adenoma suggests heightened 

LEF1 activity and activation of its downstream pathways. 

LEF1 is essential for embryogenesis, stem cell maintenance, and tissue regeneration and in 

cancers, LEF1 overactivation enhances proliferation, survival, and stem-like properties, potentially 

contributing to oncogenesis (Clevers and Nusse, 2012). In PA, its increased activity may influence 

tumour architecture and growth patterns (Swid et al., 2023). 

Elevated LEF1 activity in PA has both beneficial and detrimental implications. On the positive side, 

LEF1 signalling helps maintain the epithelial and myoepithelial components of the tumour, 
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preserving its structural integrity and benign nature. Additionally, while LEF1 promotes 

proliferation, in this context, it may support slow, controlled tumour growth without invasion. 

However, increased LEF1 activity could also pose risks in that it may enhance stem-like properties 

and plasticity, which could lead to tumour recurrence after incomplete resection. Furthermore, 

excessive Wnt/β-catenin signalling through LEF1 could promote EMT, a hallmark of malignancy, 

increasing the potential for progression to Ca Ex PA (Matsumiya-Matsumoto et al., 2022). 

In a benign, localised PA, enrichment of LEF1_UP.V1_UP likely reflects a structured and organised 

growth pattern. However, if signs of recurrence or atypical cellular behaviour are observed, 

heightened LEF1 activity could indicate early molecular changes associated with increased 

proliferation or stem-like features. While LEF1 is not inherently indicative of malignancy, its 

dysregulation warrants careful monitoring, particularly in recurrent or atypical cases (de Lima-

Souza et al., 2025). 

The CTIP_DN.V1_UP gene set comprises genes upregulated when CTIP (also known as RBBP8) 

activity is downregulated or suppressed. CTIP is crucial for DNA damage repair through 

homologous recombination, cell cycle regulation, and tumour suppression. It plays a key role in 

maintaining genomic stability by facilitating double-strand break repair.  

The upregulation of this gene set may disrupt DNA repair mechanisms and alter cell cycle 

regulation, leading to uncontrolled cell proliferation, which is a critical process in tumorigenesis. 

Additionally, the activation of this gene set can inhibit apoptosis, making cells more resistant to 

cell death and supporting their growth (Furuta et al., 2006). 

Reduced CTIP activity in PA has both beneficial and detrimental implications. A potential positive 

outcome is that limited DNA repair capacity may restrict the tumour’s ability to adapt to genomic 

stress, preventing aggressive growth and malignant transformation. Additionally, CTIP 

suppression may contribute to tumour stability by reducing genomic instability and supporting 

the slow-growing nature of PA. However, reduced CTIP function could also result in genomic 

instability, increasing the risk of chromosomal rearrangements or mutations. Although PAs are 

generally benign, long-term genomic instability may predispose them to malignant 

transformation into Ca Ex PA. Furthermore, CTIP plays a role in regulating cell cycle checkpoints, 



112 
 

and its suppression may alter the balance between proliferation and differentiation, potentially 

allowing tumour cells to persist in a dysregulated state (Xu, et al., 2020). 

Clinically, the enrichment of CTIP_DN.V1_UP aligns with the benign nature of PA, as reduced CTIP 

activity may limit the tumour’s ability to develop aggressive features. However, long-term 

suppression of DNA repair mechanisms could increase the potential for malignant progression, 

particularly if additional genetic or environmental factors contribute to instability. If the tumour 

remains benign, the enrichment of this gene set likely reflects its slow-growing and non-invasive 

nature. However, if signs of progression emerge, enrichment of CTIP_DN.V1_UP may indicate 

early molecular changes that warrant closer monitoring. 

The conditional overexpression of PLAG1 also results in the enrichment of multiple gene sets 

responsive to KRAS, as indicated in Table 3.5. The KRAS.600_UP.V1_DN gene set consists of genes 

that are typically downregulated when the KRAS oncogene is activated (MSigDB, 2024). Its 

enrichment in this study suggests that these genes, which are normally suppressed during KRAS 

activation, remain active, indicating a lower level of KRAS signalling. This provides insight into the 

role of KRAS in the biology of PA, suggesting that its signalling is not fully engaged in this tumour 

type. 

KRAS is a key regulator in the RAS/MAPK signalling pathway, driving cell proliferation, survival, 

and differentiation. In many cancers, KRAS mutations or overactivation lead to uncontrolled 

growth and tumour progression (Pylayeva-Gupta et al., 2011; Kinsey et al., 2019; Wang et al., 

2021). The presence of genes from the KRAS.600_UP.V1_DN set in PA implies that KRAS signalling 

remains subdued, preventing the unchecked proliferation often associated with malignancy. This 

aligns with the slow-growing and non-invasive nature of PAs, where low KRAS activity may help 

maintain the characteristic epithelial and myoepithelial architecture. The absence of strong KRAS 

signalling may also contribute to the tumour’s benign nature by reducing the likelihood of 

malignant transformation, a process frequently linked to KRAS hyperactivation in other cancers. 

While reduced KRAS signalling supports a stable and differentiated tumour phenotype, it could 

also have implications for tumour persistence. A limited proliferative drive might contribute to 

slow but continuous tumour growth, leading to recurrence if not completely resected. 



113 
 

Additionally, the suppression of KRAS may lead to the activation of alternative pathways, such as 

PI3K/AKT or Wnt/β-catenin, which could support tumour maintenance through different 

mechanisms. If the tumour were to acquire further genetic alterations, these compensatory 

pathways might influence its progression (Wang et al., 2013). 

From a clinical perspective, the enrichment of KRAS.600_UP.V1_DN reinforces the idea that PAs 

are typically benign and stable, with a low risk of aggressive behaviour. The absence of strong 

KRAS activation suggests that the tumour remains differentiated and less prone to malignant 

transformation. However, in cases where recurrence or progression is observed, it may indicate 

that alternative signalling pathways have compensated for the lack of KRAS activity, warranting 

further investigation into their role in disease progression. 

The enrichment of the WNT_UP.V1_UP gene set in this study suggests the activation of WNT 

signalling, a critical pathway involved in regulating processes such as cell differentiation, 

proliferation, migration, and stem cell maintenance (Clevers & Nusse, 2012; Nusse & Clevers, 

2017). The WNT_UP.V1_UP gene set refers to genes that are upregulated when WNT signalling, 

particularly the canonical pathway, is activated. This activation typically promotes cell 

proliferation and can influence differentiation and stemness by regulating the expression of target 

genes associated with these processes (Zhan et al., 2017). 

One of the positive outcomes of this activation is the promotion of differentiation in tumour cells. 

In some contexts, WNT activation can help maintain the differentiated epithelial and 

myoepithelial components that are characteristic of PAs and contribute to their benign nature 

(Kleinsmith & Martin, 2019). In PA, moderate activation of WNT signalling may support controlled 

tumour growth and maintenance, ensuring that the tumour grows in a regulated manner and 

does not progress to malignancy. This activation helps maintain the structural integrity of the 

tumour by balancing cell proliferation and differentiation.  

However, there are potential negative consequences associated with the overactivation of WNT 

signalling. Overactivation of the canonical WNT pathway in particular is associated with 

uncontrolled cell proliferation, which could contribute to tumorigenesis (Polakis, 2012). While PAs 

are generally benign, excessive WNT signalling may lead to increased growth and, in rare cases, 
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facilitate malignant transformation, such as Ca Ex PA. Dysregulated WNT signalling could also 

promote the survival of undifferentiated or cancer stem-like cells, which might increase the risk 

of tumour recurrence (Reya & Clevers, 2005). Additionally, WNT signalling is linked with the 

maintenance of stem cell-like properties in cancer cells. Overactivation of this pathway could 

enhance the stemness of PA cells, making them more resistant to therapies and potentially 

increasing the likelihood of recurrence or malignancy (Zhong and Virshup, 2020). The non-

canonical WNT signalling pathway, which regulates cell migration and invasion, could also 

contribute to a more aggressive tumour phenotype if aberrantly activated (Katoh & Katoh, 2007). 

While PAs are typically non-invasive, excessive WNT signalling might induce invasive 

characteristics if the tumour undergoes transformation or if signalling is misregulated (Song et 

al., 2024). 

The BMI1_DN.V1_UP gene set comprises genes upregulated when BMI1 activity is diminished, 

indicating pathways related to differentiation, cell cycle arrest, or senescence are active. The 

enrichment of the BMI1_DN.V1_UP gene set in this study suggests a downregulation of BMI1, a 

component of the Polycomb Repressive Complex 1 (PRC1) known for its role in stem cell 

maintenance, proliferation, and senescence regulation. BMI1 is crucial for cell cycle progression 

and protecting cells from senescence. In various cancers, BMI1 overexpression has been linked to 

tumorigenesis (Park et al., 2004). 

In the context of PA, the suppression of BMI1 activity leads to the upregulation of genes 

associated with differentiation, senescence, and cell cycle arrest. This downregulation enhances 

the differentiation of tumour cells, supporting the characteristic epithelial and myoepithelial 

components of PAs, thereby contributing to their benign nature and relatively slow growth. 

Additionally, reduced BMI1 activity can induce cell cycle arrest and senescence, preventing 

uncontrolled cell proliferation and limiting the tumour’s growth potential (Liu et al., 2009). This 

aligns with the benign behaviour of PAs, as decreased proliferation helps maintain the tumour’s 

localised and non-aggressive characteristics. Furthermore, the loss of BMI1 activity diminishes 

stem cell-like properties, making PAs less likely to exhibit aggressive behaviours associated with 

cancer stem cells (Park et al., 2004). 
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While senescence generally halts cancer cell proliferation, however, premature senescence could 

impede tissue repair and contribute to tumour stasis or fibrosis, potentially affecting long-term 

tissue integrity (Molofsky et al., 2003). Furthermore, excessive differentiation might disrupt a 

tumour’s ability to maintain its characteristic cellular architecture, possibly limiting growth. 

Nonetheless, such outcomes are unlikely in PAs as these tumours are typically benign and stable 

(Guo et al., 2006). 

The PGF_UP.V1_DN gene set represents genes that are typically upregulated in response to PGF 

activation but are found to be downregulated in PLAG1 expressing cells. PGF is a member of the 

VEGF family, known for its role in angiogenesis, tumour progression, and immune modulation 

(Ceci et al., 2020). The downregulation of this gene set suggests that the biological processes 

normally induced by PGF signalling are suppressed in our dataset. 

A key consequence of PGF_UP.V1_DN downregulation is the potential reduction in angiogenesis, 

the process by which new blood vessels form. Since PGF plays a crucial role in promoting 

vascularisation, its suppression could impair a tumour’s ability to establish an effective blood 

supply, potentially limiting growth and metastasis. This could have significant implications for 

tumour progression as reduced angiogenesis may result in a less aggressive tumour phenotype. 

In the context of PA, such downregulation could lead to reduced angiogenesis within the tumour 

microenvironment, potentially limiting tumour growth and recurrence. This is particularly 

relevant given that increased expression of growth factors such as PDGF-A, PDGF-B, and FGF-2 

has been associated with recurrent PAs (Soares et al., 2012). 

Moreover, the suppression of PGF-responsive genes might influence a tumour's potential for 

malignant transformation. Enhanced angiogenesis has been observed in Ca Ex PA, especially in 

cases progressing to salivary duct carcinoma. Therefore, downregulation of the PGF pathway 

could theoretically reduce the risk of such malignant transformations by limiting the vascular 

support necessary for tumour progression (Suzuki et al., 2021). 

Beyond its role in angiogenesis, PGF also contributes to tumour cell survival and inflammatory 

signalling. The downregulation of PGF-responsive genes could indicate a weakened tumour-

promoting microenvironment, which may influence the recruitment of immune cells and the 
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overall inflammatory response. This shift could either hinder tumour growth by reducing 

supportive signals or, conversely, make the tumour more resistant to immune surveillance 

mechanisms, depending on the specific context of the tumour type and surrounding tissue (Adini 

et al., 2002; Kim et al., 2012; Albonici et al., 2019). 

The enrichment of the TGFB_UP.V1_UP gene set indicates active TGF-β signalling, which plays a 

multifaceted role in tumour biology. As mentioned earlier, TGF-β is recognised for its dual 

functions: acting as a tumour suppressor during the initial stages of tumorigenesis by inhibiting 

cell proliferation and inducing apoptosis, and promoting tumour progression in later stages 

through mechanisms such as EMT and immune modulation (Massagué, 2008). The specific 

impact of TGF-β is highly dependent on the tumour microenvironment and cellular context. In 

the case of PA, elevated TGF-β signalling presents both advantageous and potentially adverse 

implications. 

On the beneficial side, TGF-β contributes to the regulation of epithelial and myoepithelial cell 

differentiation, which is essential for the characteristic mixed cellular composition observed in 

PAs. This regulatory function aids in maintaining tumour stability and prevents uncontrolled 

cellular proliferation, thereby preserving the benign nature of the tumour. Moreover, TGF-β plays 

a role in ECM remodelling and the maintenance of stromal integrity, reinforcing the tumour's 

structural organisation and reducing the likelihood of invasive behaviour. By suppressing 

excessive cell growth, TGF-β further supports the well-differentiated and localised phenotype 

typical of Pas (Hao et al., 2029). 

However, excessive activation of TGF-β signalling in PAs could potentially result in the induction 

of EMT, a process where epithelial cells acquire mesenchymal characteristics, leading to increased 

motility and invasiveness (Peinado et al., 2003). While PAs are benign, the initiation of EMT could 

elevate the risk of recurrence or, in rare instances, malignant transformation into Ca Ex PA. 

Additionally, TGF-β is known to suppress immune responses by inhibiting the activity of cytotoxic 

T cells and natural killer (NK) cells, which may enable tumour cells to evade immune surveillance, 

thereby increasing the potential for persistence and regrowth. Furthermore, TGF-β's involvement 

in promoting angiogenesis and fibroblast activation, while necessary for tumour maintenance, 
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could, if unregulated, create conditions favourable for tumour progression (Rak et al., 2000; 

Miyazono et al., 2012). 

The transcriptomic analysis has unveiled a complex interplay of molecular pathways triggered by 

PLAG1 overexpression in the context of PA. This overexpression leads to alterations in ECM 

composition, growth factor signalling, and oncogenic pathways, ultimately influencing tumour 

characteristics. The remodelling of the ECM and the resultant increase in its stiffness may 

contribute to the progression towards Ca ex PA. 

Upregulation of growth factors such as IGF2, TGFB, PDGFB, and BMP6 suggests enhanced 

proliferation and potential tumour maintenance. While IGF2 promotes growth TGFB’s dual role 

in suppression and EMT-driven progression highlight a risk for malignant transformation. Wnt/β-

catenin and Hedgehog pathway activation further suggest developmental signalling involvement 

in PA growth. 

Enriched CAMs may support tumour structure but also influence recurrence. Limited KRAS 

activation and BMI1 suppression indicate a benign, slow-growing nature, while reduced 

angiogenesis (PGF suppression) may constrain tumour expansion. However, suppressed DNA 

repair (CTIP) and excessive TGFB activity raise concerns for genomic instability, recurrence, and 

malignancy. 

Overall, these findings support a largely stable PA phenotype but highlight pathways—ECM 

remodelling, growth factor signalling, and Wnt/LEF1 activation—that warrant further 

investigation for recurrence and malignant potential. Clinically, these insights may aid in 

prognosis, risk assessment, and therapeutic targeting. 

Voz et al. (2004) conducted a comprehensive study to identify target genes regulated by the 

PLAG1. Since PLAG1 is a transcription factor known to activate gene expression by binding to 

specific DNA motifs, its deregulated expression is thought to contribute to tumorigenesis through 

the aberrant activation of downstream genes. 

To investigate the molecular mechanisms underlying PLAG1-induced tumorigenesis, the study 

utilised oligonucleotide microarray analysis to assess gene expression changes in two key models: 
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(1) human fetal kidney 293 cell lines engineered for inducible PLAG1 expression and (2) PA 

compared to normal salivary gland tissue. This approach enabled the identification of 47 genes 

upregulated and 12 genes downregulated upon PLAG1 induction. 

Among the most significantly upregulated genes were growth factors and cytokines, including 

insulin-like growth factor II (IGF2) and cytokine-like factor 1 (CLF1), both of which are implicated 

in cell proliferation and survival. In silico analysis revealed that many upregulated genes contained 

multiple PLAG1-binding motifs in their promoters, suggesting direct transcriptional activation by 

PLAG1. Furthermore, several transcription factors, ECM-related proteins, and oncogenes were 

also induced, reinforcing the role of PLAG1 in altering cell signalling and tumour 

microenvironment interactions. 

The study also compared gene expression profiles between PA and normal salivary gland tissue, 

identifying 12 consistently upregulated genes in both the in vitro and in vivo settings. This finding 

provided strong evidence that these genes are key mediators of PLAG1-driven tumorigenesis in 

PA. The deregulation of IGF2 was particularly notable, as its overexpression is known to activate 

the AKT and MAPK pathways, thereby promoting cell cycle progression and inhibiting apoptosis. 

Overall, Voz et al. (2004) provided critical insights into the oncogenic role of PLAG1, highlighting 

its impact on growth factor signalling, transcriptional regulation, and extracellular matrix 

remodelling. These findings laid the groundwork for subsequent studies exploring the 

mechanistic basis of PA development and potential therapeutic targets for PLAG1-driven 

tumours. 

This findings of our study align with the findings of Voz et al. (2004), further confirming the role 

of PLAG1 in PA tumorigenesis. Both studies demonstrate that PLAG1 overexpression leads to the 

upregulation of key growth factors and transcription factors, including IGF2 and CRABP2, which 

play crucial roles in promoting cell proliferation and survival. Additionally, both studies highlight 

the involvement of the PI3K-AKT and Wnt signalling pathways in PA, reinforcing the idea that 

PLAG1 contributes to tumorigenesis by regulating genes involved in cell growth and survival. 

Furthermore, extracellular matrix remodelling was found to be a significant factor in both studies, 

indicating that PLAG1 influences not only intracellular signalling but also the tumour 
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microenvironment. These shared findings strengthen the understanding of PLAG1-driven 

oncogenesis in PA and suggest potential therapeutic targets for future research. 

Song et al. (2011) conducted a study to identify differentially expressed genes in PA compared to 

normal salivary gland tissue. Using cDNA microarrays, they identified a total of 447 DEGs 

including, Gli2 and CTNNB1, which were significantly upregulated and were identified as being at 

the core of the DEG network. Gli2 gene is a part of the Hedgehog signalling pathway which plays 

a crucial role in cell growth and differentiation. CTNNB1 gene encodes β-catenin, a protein 

involved in the Wnt signalling pathway which is important for cell proliferation and differentiation.  

A more recent study by Chen et al. (2023) focused on the role of ECM remodelling in the 

progression of PA to Ca ex PA. RNA sequencing and bioinformatic analysis of patient derived 

organoids revealed significant changes in the ECM- associated genes. Among the identified key 

genes were COLA 1A1, MMP2 and FN1 which were also significantly expressed in our PLAG1 

samples. The COLA 1A1 gene encodes type I collagen, a major component of the ECM and 

upregulation of this gene suggests increased ECM production and remodelling, potentially 

contributing to tumour stiffness and progression. MPP2 encodes matrix metalloproteinases-2, an 

enzyme involved in the breakdown of ECM components and so altered expression of MMP2 could 

lead to ECM remodelling and tumour invasion. The FN1 gene encodes fibronectin, a glycoprotein 

that helps in cell adhesion and migration and changes in FN1 expression have been associated 

with alterations in the ECM and tumour metastasis.  

The consistency of our findings with previous studies underscores the robustness of our data and 

the critical role of these pathways in PA. It is important to note, however, that this analysis 

presents a preliminary overview, and further in-depth analysis is necessary to fully elucidate the 

underlying mechanisms. 
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4 Chapter 4 Identifying Protein Interactions following de novo 

expression of PLAG1 

 

4.1 Aims and Objectives 

Having observed a clear role for PLAG1 in mediating the crosstalk between the different pathways 

and biological processes involved in pleomorphic adenoma, as supported by our previous findings 

(Chapter 3) and those of other studies (Zhao et al., 2006), it was fundamental to identify which 

proteins were directly associated with PLAG1 and understand the downstream effect of these 

proteins in the context of this benign tumour. A biotin-based proximity labelling technique was 

used to explore the network of interactions between PLAG1 and any proximal molecules. Such 

molecules will likely be implicated in the biological function of PLAG1 and may be implicated in 

PA.         

To our knowledge, this is the first study to investigate the PLAG1 interactions network using this 

approach. The work outlined in this chapter aimed to: 

• Identify PLAG1 interacting proteins using PLAG1 overexpression and biotinylation of PLAG1 

associated proteins.  

• Identify the enriched canonical pathways in the dataset, assess their activation state, and 

determine the most common genes shared by these pathways.  

• Identify the upstream regulators expressed in the dataset, predict their effect 

(activation/inhibition) on the downstream target genes, and build networks describing  

• potential molecular interactions of these proteins.  

• Identify key biological processes and functions influenced by differentially expressed genes 

following the biotinylation of PLAG1 proximal proteins and build networks to explain the 

impact of upstream molecules on downstream biology.  
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4.2 Principle 

TurboID (Figure 4.1) works by labelling nearby proteins in a cell using biotin, a natural coenzyme 

that strongly binds to glycoproteins like avidin or streptavidin. This allows the tagged proteins to 

be easily purified and identified using avidin-coated techniques. TurboID is an engineered BirA 

biotin-protein ligase. It efficiently labels neighbouring proteins in just 10 minutes. 

 

Figure 4.1 Schematic Representation of the TurboID Experimental Workflow. 
In the TurboID experiment, the protein of interest, PLAG1, is genetically fused with a mutant E. coli biotin 
ligase (BirA*) construct and subsequently expressed in the target cells, specifically HEK293 cells. Upon 
expression, PLAG1 forms protein complexes with its endogenous interactors. The introduction of biotin 
then leads to the biotinylation of the solvent-accessible lysine side chains of the protein complex partners 
within the defined labelling radius. Notably, protein interactors situated beyond the labelling radius, 
despite their direct interaction with PLAG1, remain unaltered. Moreover, non-interacting proteins within 
the 10 Å radius are prone to false positive labelling. Following cell lysis, the biotinylated proteins are pulled 
down using streptavidin-coated beads through affinity purification. Subsequently, these beads undergo 
trypsin treatment, yielding tryptic peptides, which are then subjected to mass spectrometry analysis for 
comprehensive identification and quantification. 
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4.3 Methods  

The relevant materials and methods used in this study are detailed in Chapter 2. Human 

embryonic kidney (HEK293) 293 cells were transiently transfected with two distinct constructs: 

TurboID empty vector (EV) as a negative control and FlagTurboID PLAG1 fusion construct. 

Following transfection, HEK293 cells expressing PLAG1 were visualised by fluorescent microscopy, 

treated with 0.5mM Biotin for 20 minutes and western blot and immunofluorescence staining 

used to confirm protein biotinylation, PLAG1 expression, and localisation. Streptavidin beads 

were used to pull the biotinylated proteins from the cell lysate, and purified protein lysates were 

subjected to mass spectrometry analysis. The list of the differentially expressed proteins (DEPs) 

was used to perform functional analysis using Ingenuity Pathway Analysis (IPA) software to 

identify relationships, functions, and pathways relevant to the DEPs. 
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4.4 Results 

4.4.1 Generation of FLagTurboID PLAG1 construct 

To facilitate proximity labelling and interaction studies, a fusion construct was designed by 

inserting the PLAG1 sequence in-frame with the TurboID biotin ligase in the FLAG-TurboID 

plasmid. This ensures that the expressed FLAG-TurboID-PLAG1 fusion protein retains both the 

transcriptional activity of PLAG1 and the biotinylation capability of TurboID, allowing for efficient 

identification of interacting proteins. The FLAG-TurboID-PLAG1 construct was commercially 

synthesised and purchased from Biomatik Corporation (Ontario, Canada). As a negative control, 

an empty FLAG-TurboID vector (EV) was used, which lacks the PLAG1 insert but retains all other 

vector elements. 

To confirm the correct insertion and orientation of the PLAG1 sequence, the construct was 

subjected to restriction enzyme digestion analysis using NheI (GCTAGC) and XhoI (CTCGAG). These 

enzymes specifically cleave the vector at predefined sites, allowing for verification of successful 

cloning and sequence integrity. Proper digestion patterns were analyzed by agarose gel 

electrophoresis, ensuring the correct integration of the PLAG1 insert into the TurboID expression 

system (Figure 4.2). 

 

Figure 4.2 Construct map and restriction digestion.  



124 
 

A. The map of the FlagTurboID PLAG1 construct generated by Biomatik. B. Duplicate plasmid preps of 
TurboID PLAG1 and TurboID empty vector were digested with NheI and XhoI to release the synthesised 

fragments.   

 

4.4.2 Characterisation of TurboID-PLAG1 construct  

4.4.2.1 Fluorescence microscopy imaging  

FlagTurboID PLAG1 was transiently transfected into human embryonic kidney cells (HEK293 cells 

293) using jetOPTIMUS DNA transfection reagent (Polyplus, France). Twenty-four hours post-

transfection, construct expression and transfection efficiency were assessed using an inverted 

fluorescent microscope (ZOE Fluorescent Cell Imager, Bio-Rad, UK) (Figure 4.3). Quantifying 

PLAG1 expression helps determine whether sufficient levels of the fusion protein are present for 

downstream biotinylation and interaction studies. If expression is too low, subsequent analysis 

may not yield meaningful results. 

 

Figure 4.3 Fluorescence microscopy images of transiently transfected cells HEK293 
A representative image of transiently transfected cells HEK293 with FlagTurboID PLAG1. The brightfield 
image (left) and the eGFP expression (right) captured 24 hours post-transfection demonstrate notably high 
transfection efficiency rates. 

 

 

4.4.2.2 Plasmid localisation and detection of PLAG1 protein expression  

After successful transfection, PLAG1 protein expression and construct localisation were evaluated 

using anti-PLAG1 antibodies for Western blotting and immunofluorescence staining. Western blot 

analysis (Figure 4.4) verified the successful expression of the PLAG1 fusion protein at the expected 
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molecular weight (~56 KDa), ensuring that the construct was properly translated and functional. 

Immunofluorescence staining (Figure 4.5) confirmed the correct subcellular localisation of PLAG1, 

predominantly in the nucleus, consistent with its known biological role. These validation steps 

are critical quality control measures before initiating biotin-based proximity labelling, as they 

ensure that the observed protein interactions reflect physiologically relevant processes. 

Establishing expression, stability, and appropriate localisation of PLAG1 is essential for the 

reliability of downstream analyses. 

 

Figure 4.4 PLAG1 protein expression by western blot. 
The presence of PLAG1 protein was confirmed in samples transfected with TurboPLAG1, while 

untransfected and EV samples exhibited no production of PLAG1. 
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Figure 4.5 Localisation of FLagTurboID PLAG1 construct by IF. 
DAPI staining (blue, left panel) marks the nuclei, while immunofluorescence staining of FlagTurboID PLAG1 
(red, middle panel) visualises its cellular localisation. The merged image (right panel) demonstrates strong 
colocalisation of PLAG1 with DAPI, indicating that the FlagTurboID PLAG1 construct is predominantly 
localised in the nucleus. Minimal red fluorescence is observed outside the nuclei, suggesting limited or 
absent cytoplasmic expression. Images were captured at 20× magnification. 

 

4.4.3 Streptavidin purification of biotinylated proteins 

After verifying the appropriate localisation of the FLagTurboID PLAG1, the activity of the construct 

was evaluated by western blot analysis of biotinylated proteins from the whole-cell lysate using 

Streptactin (Precision Protein StrepTactin-HRP Conjugate, 1:5000, #1610381 -Bio Rad, UK) (Figure 

4.6) and by immunofluorescence staining of biotinylated proteins using Streptavidin conjugated 

with Alexa Fluor (Streptavidin, Alexa Fluor™ 647 conjugate, 1:100, Catalogue number: S21374) 

(Figure 4.7). Western blotting using StrepTactin detection allows for the verification of 

biotinylated protein presence, specificity, and enrichment efficiency, distinguishing between 

target proteins and potential background noise or non-specific interactions. By comparing protein 

profiles before and after enrichment, it is possible to assess the efficiency of streptavidin-based 

purification and validate the selective isolation of biotinylated proteins. 
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Similarly, immunofluorescence staining using StrepTactin antibodies serves as an additional 

confirmation step, enabling the visualisation of subcellular localisation of biotinylated proteins. 

This approach ensures that the biotinylation process has occurred in a physiologically relevant 

manner and that the enriched proteins retain their expected localisation. Together, these 

validation techniques confirm the success of the biotinylation and enrichment process, ensuring 

the reliability of subsequent proteomic and functional analyses. 

 

 

 

Figure 4.6 Evaluation of protein biotinylation before and after enrichment (purification) using 
Streptavidin antibody 
The left panel (before enrichment) shows total protein lysates from untransfected cells, TurboID empty 
vector (EV), and TurboID PLAG1-expressing cells. Minimal signal is observed in untransfected cells, while 
multiple bands in TurboID EV indicate background biotinylation or non-specific binding. TurboID PLAG1 
displays a distinct banding pattern, suggesting successful biotinylation of target proteins. 

The right panel (after enrichment) presents protein fractions following streptavidin-based purification. The 
unbound fraction (UF) contains proteins that did not bind to the streptavidin beads, while the enriched 
sample (ES) represents successfully isolated biotinylated proteins. TurboID PLAG1 ES exhibits defined 
bands, confirming successful enrichment of biotinylated proteins, whereas TurboID EV ES retains some 
bands, likely due to non-specific binding. The untransfected ES sample shows no detectable bands, 
confirming enrichment specificity. 
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Figure 4.7 Immunofluorescence staining of biotinylated proteins using StrepTactin antibody. 
The left panel (blue channel - DAPI staining) shows nuclear staining with DAPI, serving as a reference for 
cell nuclei. The middle panel (green channel - StrepTactin staining) visualises biotinylated proteins 
detected using a StrepTactin antibody conjugated to a fluorescent dye. The right panel (merged image - 
DAPI + StrepTactin) overlays the DAPI-stained nuclei with the StrepTactin signal, illustrating the subcellular 
localisation of biotinylated proteins. In the merged panel, most of the green signal overlaps with the blue 
DAPI-stained nuclei, suggesting that the biotinylated proteins are primarily localised in the nucleus. There 
is minimal green fluorescence outside the nuclei, indicating that cytoplasmic expression is limited or 
absent. This confirms successful biotin labelling and retention of physiological localisation.  

4.4.4 Identification of proteins associated with PLAG1 

4.4.4.1 Unsupervised clustering methods  

The MS data generated from the TurboID experiments was firstly subjected to principal 

component analysis, a starting point for most testing methods, to evaluate the similarity between 

the four biological replicates and provide insight into sample grouping based on the distance 

matrix. Secondly, the relationship between all samples was further studied by clustering analysis 

(heatmap) based on quantities of the DEPs. The unsupervised cluster analysis of the two sample 

sets delineated the presence of two distinct molecular clusters, representing the control (Empty 

TurboID Vector EV) and PLAG1 expressing cells (TurboID PLAG1), with the exception of sample 4, 

which exhibited a slight deviation from the PLAG1 expressing group (Figure 4.8). Despite 

meticulous maintenance of controlled conditions, the observed variance may stem from technical 
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variability introduced during sample handling and processing. Discrepancies in transfection 

efficiency, protein labelling, or purification across samples might account for experimental 

differences. However, our data demonstrates consistent PLAG1 expression values (LQF intensity) 

across the four biological replicates, indicative of uniform transfection efficiency. 

Additionally, a P-value histogram (Figure 4.9) was used to inspect data distribution and assess the 

validity of the results. 

The initial comparison between the two distinct clusters (TurboID PLAG and EV expressing 

samples), provided with the MS data revealed nine differentially expressed proteins with an FDR 

< 0.05 and a fold change > 1 as shown in the volcano plot in Figure 4.10 (A). However, following 

discussion with a bioinformatician we  recognised that this criterion was too stringent and might 

lead to false negative results. Therefore, the analysis was adjusted to use a significance cut-off of 

p-value < 0.05. The top 50 significantly upregulated proteins are illustrated in the heatmap shown 

in Figure 4.10 (B). 

 

Figure 4.8 Clustering analysis 
In Panel A, the principal component analysis (PCA) demonstrates the division of all samples into two 
distinct clusters, denoted by the red and blue shapes. Significantly, the samples expressing PLAG1 
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predominantly align to the left of the Y axis, with the exception of sample 4 situated on the right. 
Conversely, the EV samples exhibit clustering to the right of the Y axis. In Panel B, a heatmap derived from 
unsupervised cluster analysis depicts the categorisation of eight samples based on all identified proteins. 
The colour red denotes enriched proteins, while blue indicates proteins with reduced enrichment. 

 

Figure 4.9 P-value histogram plot. 

A representative histogram showing an enrichment of small P-values to the left. The x-axis (p-val) 
represents p-values ranging from 0.00 to 1.00, binned into intervals (0.00, 0.25, 0.50, 0.75, 1.00). The y-
axis represents the number of genes within each p-value bin, ranging from 0 to 600. The histogram shows 
a strong enrichment of genes with very low p-values, as indicated by the tallest bar near 0.00, representing 
approximately 600 genes. This suggests that a significant number of genes are enriched following PLAG1 
expression. The number of genes progressively declines as p-values increase, indicating that fewer genes 
show non-significant enrichment. This distribution suggests that PLAG1 expression drives significant gene 
enrichment, with many genes exhibiting strong statistical significance. 
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Figure 4.10 Differentially Expressed Proteins (DEPs) from the TurboID experiments 
Panel (A) represents a volcano plot. The Empty Vector condition on the left side non-specifically labelled 
numerous proteins with lower abundances. In contrast, the PLAG1 protein interactors on the right side 
presented fewer proteins but with higher abundances. A cutoff of the p-value < 0.05, along with a log2 
fold change of 1, was applied to determine significantly regulated proteins in each pairwise comparison.  
Only nine proteins were FRD significant (Δ FDR Pass) in the PLAG1 overexpression arm. Panel (B) represents 
a heatmap of the top 50 most abundant proteins. 

 

4.4.5 Ingenuity pathway analysis (IPA)  

Only proteins demonstrating upregulation with real values and meeting the specified cut-off 

criteria (p-value < 0.05) were considered for the IPA analysis. In order for a protein to be included 

in the analysis, it needed to be expressed in a minimum of three PLAG1-expressing samples as 

compared to no expression in any EV samples: 3 v 0, 4 v 1 or 4 v 0. The latter condition represents 

the ideal inclusion criteria, indicating that the protein is expressed in all PLAG1-expressing 

samples while showing no expression in any of the control samples.  

A detailed overview of the proteins included in the IPA analysis, referred to as analysis-ready 

molecules, along with their expression data and activation predictions, is provided in Appendix 

Table 8.1. 
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4.4.5.1 Canonical pathways 

The canonical pathway analysis of differentially expressed proteins using ingenuity pathway 

analysis (IPA) unveiled the upregulation of several key pathways, such as the activation of anterior 

HOX genes in hindbrain during early embryogenesis and transcriptional regulation by RUNX1 

(Table 4.1 and Figure 4.11). Conversely, our findings indicated a significant inhibition of the 

PPARα/RXRα Activation and Sumoylation Pathways, as evidenced by the strong negative z-score, 

suggesting that the proteins enriched in the dataset exert inhibitory effects on these pathways. 

The z-score, a calculated statistical measure employed by IPA, is utilised to forecast the activation 

state of any molecule, biological function, or pathway. It assesses the direction of change 

(upregulation or downregulation) of known targets of a regulator in the dataset against what is 

anticipated from existing literature. Z-scores greater than 2 or smaller than -2 are commonly 

deemed significant. 

 

Table 4.1 Top 5 Canonical Pathways 

Name p-value Overlap 

Activation of anterior HOX genes in hindbrain during early 

embryogenesis 

2.87E-12 12.3 % 10/81 

Transcriptional regulation by RUNX1 8.26E-11 7.2 % 11/152 

Transcriptional regulation of white adipocyte differentiation 3.89E-09 9.5 % 8/84 

Formation of WDR5-containing histone-modifying complexes 3.11E-08 14.3 % 6/42 

Glucocorticoid Receptor Signalling 4.68E-08 2.6 % 15/582 
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Figure 4.11 Top 20 canonical pathways significantly enriched in PLAG1 expressing cells. 
The findings of the canonical pathway analysis are depicted in a horizontal bar chart showcasing the top 20 most significant Canonical Pathways. 
Pathway names are indicated on the y-axis, while the x-axis represents the negative logarithm of the p-value. The significance of each pathway is 
reflected in the height of its respective bar, with greater heights signalling increased importance. The chart is arranged so the most significant 
pathways are at the top. As evidenced in the figure, the Activation of Anterior HOX genes and Transcriptional Regulation by RUNX1 emerge as the 
most notably enriched pathways across the dataset, displaying positive activity patterns. Conversely, PPARα/RXRα Activation and Sumoylation 
Pathways exhibited inhibition, evidenced by negative z-scores of -1.89 and -1.63, respectively. Notably, while the Glucocorticoid Receptor Signalling 
is among the significantly enriched pathways, the software did not provide an activity prediction. It is essential to note that an unfavourable z-score 
does not diminish a pathway's significance. 
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1. Upregulation of anterior HOX genes in hindbrain during early embryogenesis pathway 

 

Figure 4.12 Activation of anterior HOX genes in hindbrain during early embryogenesis. 
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The schematic illustration delineates molecular interactions within the pathway, portraying genes, 

molecules, or complexes through nodes. Connections between the nodes are indicative of established 

relationships sourced from the Ingenuity Knowledge Base. Nodes outlined in purple denote molecules 

identified as enriched in our dataset, with the intensity of the coloured fill reflecting the degree of 

enrichment. Additionally, blue and orange-coloured molecules and lines denote predicted activation states 

produced by the Molecular Activity Predictor function in Ingenuity Pathway Analysis (IPA). Blue indicates 

a predicted inhibition, whereas orange signifies a predicted activation. Yellow lines signify discrepancies 

between our findings and the state of the downstream molecule. Notably, the geometric shapes of the 

molecules within the pathway correspond to their functional classifications: Nested Circle/Square = 

Group/Complex, Horizontal ellipse = Transcriptional Regulator, Vertical Ellipse = Transmembrane Receptor, 

Vertical Rhombus = Enzyme, Square = Cytokine/Growth Factor, Triangle = Kinase, Circle = Other. 

Furthermore, the delineation of molecules through edges serves to differentiate direct (solid lines) and 

indirect (dashed lines) relationships.  

HOX genes, acting as master regulators, control cellular processes such as proliferation, adhesion, 

migration, apoptosis, and tumour progression. Their expression is tightly regulated by transcription 

factors, including EP300, CREBBP, NCOR1, and JUN, as well as epigenetic modifiers like HDAC3 and KDM6A, 

which influence chromatin states. In their bivalent chromatin state, HOX genes remain poised for either 

activation or repression, depending on the regulatory environment. Once activated, these genes undergo 

transcription, producing HOX mRNA, which drives downstream protein synthesis and cellular effects. 

A detailed list of proteins associated with the activation of anterior HOX genes, including their expression 

levels and predicted activation status, is provided in Appendix Table 8.2. 
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2. Upregulation of Transcriptional regulation by RUNX1 pathway 

 

Figure 4.13 Transcriptional regulation by RUNX1. 
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The diagram highlights RUNX1-mediated transcriptional regulation and its interactions with key factors influencing tumour progression, particularly 

in pleomorphic adenoma (PA). Genes and proteins directly regulated by RUNX1, such as MYB, EP300, ELF1, and CBFB, are represented by pink 

ovals, playing roles in chromatin modification and oncogenic signalling. Orange arrows indicate activated oncogenic pathways, including CSF2 and 

ITGA, which contribute to immune cell infiltration and tumour microenvironment remodelling, while purple diamonds denote essential 

transcription factors and chromatin regulators like EP300, which modulate chromatin structure and gene expression. Solid black arrows represent 

direct transcriptional activation or repression by RUNX1, whereas dashed arrows illustrate indirect regulatory interactions, including the potential 

RUNX1-MYB collaboration, which is essential in hematopoiesis and tumour progression. RUNX1 can function as either a tumour suppressor or 

oncogene, depending on cellular context and co-factor interactions. Additionally, the involvement of RUNX1-IT1 (a long non-coding RNA) in 

carcinoma ex pleomorphic adenoma suggests its regulatory influence on miR-195 and CyclinD1, which contribute to tumour growth and metastasis. 

Appendix Table 8.3 lists proteins involved in RUNX1-mediated transcriptional regulation, along with their expression changes and predicted 

activation status.
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3. Inhibition of ‘PPARα/RXRα Activation pathway’ 

 

Figure 4.14 PPARα/RXRα pathway map. 
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In the diagram, pink ovals represent nuclear receptors and transcription factors, such as PPARα (NR1C1) and RXRα, which normally form a 
heterodimer to regulate target genes. Red rectangles indicate molecules whose altered expression, such as SIRT1 and NR0B2, leads to pathway 
inhibition, while orange rectangles mark transcriptional targets involved in anti-inflammatory and metabolic processes, including IL6, β-oxidation 
genes, and glucose homeostasis genes, which are downregulated due to pathway silencing. Grey circles denote upstream regulators, such as 
cytokines and growth factors, that influence PPARα/RXRα activation. The pathway’s normal function is illustrated by orange arrows, which show 
how PPARα/RXRα promotes lipid metabolism, anti-inflammatory responses, and tumour suppression, whereas yellow arrows depict cross-talk with 
NF-κB, where PPARα typically inhibits pro-inflammatory cytokines, a regulation that is lost upon inhibition. The consequences of pathway 
suppression are shown with dashed black lines, representing dysregulated processes such as enhanced angiogenesis, vasculogenesis, endothelial 
cell proliferation, and reduced apoptosis, all of which contribute to tumour progression. The inhibition of PPARα disrupts its anti-tumorigenic 
effects, preventing cell-cycle arrest (p18, p21, p27), apoptosis induction, and Bcl-2 suppression, thereby facilitating cancer growth. Additionally, 
angiogenesis and tumour microenvironment remodelling are enhanced due to the loss of CYP2C suppression, promoting vascularization and 
tumour expansion. The pathway’s inhibition also increases pro-inflammatory signalling by removing PPARα's negative regulation of NF-κB, leading 
to higher IL6 expression and extracellular matrix protein accumulation, which contribute to fibrosis and chronic inflammation. Lastly, the loss of 
PPARα’s metabolic regulatory function results in reduced fatty acid oxidation and impaired glucose homeostasis, creating a metabolic landscape 
that may favour tumour survival and proliferation. 

Appendix Table 8.4 presents the proteins related to the PPARα/RXRα signalling pathway, highlighting their expression changes and the predicted 
down-regulation of this pathway.
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4. Inhibition of Sumoylation Pathway 

 

 

Figure 4.15 Sumoylation Pathway map. 
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Pink ovals represent SUMO-modified proteins, which normally undergo sumoylation to regulate transcription, DNA repair, apoptosis, and cell 
proliferation. Orange shapes highlight key downstream cellular functions affected by SUMO modifications, such as genome integrity, transcriptional 
repression, and stress response. The purple diamonds indicate transcription factors and regulatory proteins that interact with the sumoylation 
machinery, including SP3, SMAD4, and RAS, which are involved in cell proliferation and differentiation. The black dashed lines illustrate SUMO-
dependent transcriptional repression, a process that controls gene expression by modifying transcription factors. The solid black arrows depict 
normal sumoylation events, where SUMO proteins (SUMO1, SUMO2/3) are conjugated to substrates via the E1 (SAE1/SAE2), E2 (UBE2I), and E3 
ligases (such as PIAS and RANBP2). 

In the context of PLAG1 overexpression in pleomorphic adenoma, the inhibition of the sumoylation pathway (depicted with grey crossed-out SUMO 
labels) removes a key regulatory checkpoint that typically suppresses PLAG1’s transcriptional activity. This disruption leads to increased activation 
of PLAG1 target genes, which enhances cell proliferation, inhibits apoptosis, and contributes to tumorigenesis. The loss of SUMO-mediated 
transcriptional repression also results in the dysregulation of oncogenic pathways, leading to genomic instability and abnormal cell cycle 
progression. Additionally, key tumour-suppressive processes, such as DNA repair and NF-κB signalling regulation, are impaired, further promoting 
tumour growth. The enhanced transcriptional activity of PLAG1 due to reduced sumoylation allows it to activate mitogenic and pro-survival genes, 
driving uncontrolled cellular proliferation and differentiation. 

A comprehensive summary of proteins associated with the SUMOylation pathway, including expression changes indicating pathway inhibition, is 
provided in Appendix Table 8.5. 
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4.4.5.2 Overlapping canonical pathways 

To visualise the shared biology in pathways through the common proteins participating in these 

pathways, overlapping canonical pathway analysis was conducted. This involved identifying 

clusters of pathways that share common proteins, predicting potential crosstalk between those 

pathways, and uncovering hidden connections within the dataset. Figure 4.16 visually outlines 

the interplay among the top 10 significant canonical pathways, while Table 4.2 summarises the 

most frequently shared proteins within these pathways. 

 

Figure 4.16 Overlapping canonical pathways. 
The network of overlapping canonical pathways displays each pathway as a single node, with a line 
connecting any two pathways when they share at least one data set molecule. The thickness of the lines 
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is directly proportional to the number of proteins common to both pathways. The map highlights multiple 
overlapping pathways, with the Activation of Anterior HOX Genes in Hindbrain During Early Embryogenesis 
emerging as the most interconnected regulatory hub. This pathway interacts extensively with 
transcriptional regulators (RUNX1, RAR activation, ESR-mediated signalling), metabolic networks 
(PPARα/RXRα activation, lipid metabolism), and epigenetic modulators (WDR5-containing histone-
modifying complexes), underscoring its role in development and oncogenesis. The dysregulation of HOX 
genes—potentially driven by PLAG1 overexpression—may contribute to pleomorphic adenoma by altering 
transcriptional programs, sustaining oncogenic transcription, and modifying chromatin accessibility. 
Additionally, its strong connectivity with glucocorticoid receptor signalling suggests an influence on 
tumour microenvironment responses. By integrating differentiation, proliferation, apoptosis, and 
metabolic reprogramming, HOX gene activation appears central to the molecular mechanisms underlying 
pleomorphic adenoma progression, reinforcing its significance as a primary oncogenic driver within this 
pathway network. 

 

 

Table 4.2 Most common proteins associated with the top 10 significant canonical pathways. 

Symbol Entrez Gene Name Expr Log Ratio Expr p-value Expr FDR (q-value) 

CREBBP CREB binding protein 2.416 0.0359 0.129 

EP300 E1A binding protein p300 10 0 0 

NCOR1 nuclear receptor corepressor 1 1.866 0.0141 0.0818 

NCOR2 nuclear receptor corepressor 2 3.121 0.02 0.0972 

RXRA retinoid X receptor alpha 1.64 0.0275 0.112 

 

 

4.4.5.3 Upstream regulators  

The upstream regulator analysis was performed to identify potential upstream regulators that 

may have contributed to the observed changes in differential protein expression. The Ingenuity 

Pathway Analysis (IPA) can detect various molecules, such as transcription factors, miRNA, 

chemicals, drugs, or compounds, that have an impact on the dataset identifiers. These molecules 

may not be overexpressed in the dataset (no Exp Log ratio shown), however, the activation of 

such upstream regulators could be due to post-transcription/translation modification without 

inducing their expression, leading to changes in the expression of the target molecules in the 

dataset. Furthermore, IPA can predict the activation or inhibition state of these regulators based 

on their z-score, with a Z-score greater than 2 or smaller than -2 often considered significant. 

Table 4.3 lists the most significant overlapped upstream regulators ranked by their p-value. Figure 

4.17  illustrates the most significantly activated and inhibited upstream regulators. 
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Figure 4.17 Most significantly activated and inhibited upstream regulators. 
The bar chart highlights the most significantly activated and inhibited upstream regulators based on their 
predicted activation state. Activated regulators, shown in red with positive z-scores, include MYC, NFE2L2, 
IGF1, EGF, and IL6, among others, indicating their potential role in driving the observed biological 
response. In contrast, inhibited regulators, shown in blue with negative z-scores, include CDK6, HNF4A, 
TOX, SNCA, and GABA, suggesting their suppression in this context. The x-axis represents the z-score, 
reflecting the strength of activation or inhibition, while the y-axis lists the specific regulators. This 
visualization provides insights into the key molecular drivers influencing the system. 

 

Biological upstream regulators (expressed in the dataset with Expr Log Ratio) 

As mentioned earlier, IPA can identify any molecule that has a downstream effect on the 

differentially expressed proteins, irrespective of their expression status. However, this study 

aimed to primarily define the potential biological upstream regulators expressed in the dataset 

following the biotinylation of PLAG1 proximal interactors. Table 4.3 lists the most significantly 

enriched upstream regulators in the dataset based on the expression log ratio and p-value of 

overlap between the DEPs in the dataset and the data from the Ingenuity Knowledge Base.  
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Candidate upstream regulators 

To further investigate and validate the downstream effect of these upstream regulators, a shorter 

list of candidate proteins was established based on the following selection criteria:  

1. Level of expression (Exp Log Ratio) 

Regulators that induce significant changes in protein expression are likely to exert a 

substantial impact on biological functions. Additionally, biological validation, such as 

immunohistochemistry staining, can only be performed if the regulators are actively 

expressed 

2. Statistical significance (p-value) 

3. Biological context 

Proteins that are shared among the most significant pathways or connecting multiple 

downstream genes indicate their importance. (Table 4.3 in bold). 

Table 4.3 Biological upstream regulators. 
List of upstream regulators expressed in the dataset, along with their Expression Log Ratio and p-value of 
overlap. Candidate genes for further investigation are highlighted in bold.  

Upstream 

Regulator 

Molecule Type Expr Log Ratio Predicted 

Activation State 

p-value of overlap 

MYB transcription regulator 10  1.34E-03 

JUN transcription regulator 10  6.72E-03 

EP300 transcription regulator 10  1.51E-02 

TBX1 transcription regulator 10  4.47E-02 

NCOA6 transcription regulator 2.667  4.87E-02 

NCOA1 transcription regulator 2.45  2.64E-02 

CREBBP transcription regulator 2.416  2.93E-02 

ACACA Enzyme 2.253  3.67E-02 

ACACB Enzyme 2.231  1.97E-03 
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1. MYB (Myeloblastosis Proto-Oncogene) 

 

Figure 4.18 MYB network of interactions. 
Visualisation of MYB as an upstream regulator with downstream targets in the dataset. Node shapes 
represent functional classes, and arrows denote the relationship between the nodes. In this specific 
dataset, MYB is shown to regulate key molecules, including BRCA1, JUN, HSPA5, and HSPA8, which are 
involved in crucial biological processes such as transcriptional regulation, stress response, and 
oncogenesis. This network provides insights into the functional impact of MYB and its potential role in 
cellular pathways, including cancer progression.  

 

 

Table 4.4  MYB upstream regulator and its downstream targets 

Genes in dataset Prediction (based on measurement direction) Expr Log 
Ratio 

Findings 

JUN Affected 10 Regulates (1) 

MYB Activated 10 Upregulates 
(27) 

HSPA5 Affected 0.721 Regulates (1) 

BRCA1 Activated 0.686 Upregulates 
(1) 

HSPA8 Affected 0.572 Regulates (1) 
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2. JUN (Jun Proto-Oncogene, AP-1 Transcription Factor Subunit) 

 

Figure 4.19 JUN network of interactions. 
In this dataset, JUN appears to be an active regulatory hub, influencing multiple downstream targets such 
as CSTA, MYB, RXRA, ZEB2, BRCA1, and ARG1. Notably, CSTA and MYB are upregulated, while JUN itself is 
predicted to activate several targets, suggesting a pro-survival and transcriptionally active role. This 
network highlights JUN’s involvement in transcriptional regulation, cellular stress response, and potential 

oncogenic pathways, providing insight into its functional impact within the context of PA. 

 

 

Table 4.5 JUN upstream regulator and its downstream targets. 

Genes in 
dataset 

Prediction (based on measurement direction) Expr Log 
Ratio 

Findings 

JUN Activated 10 Upregulates (84) 

CSTA Activated 10 Upregulates (2) 

MYB Activated 10 Upregulates (1) 

ZEB2 Affected 2.829 Regulates (1) 

ARG1 Inhibited 1.902 Downregulates (1) 

RXRA Activated 1.64 Upregulates (2) 

BRCA1 Affected 0.686 Regulates (1) 
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3. EP300 (E1A-Binding Protein p300) 

 

Figure 4.20 EP300 network of interactions. 
This figure illustrates EP300 as a key regulatory molecule, interacting with multiple downstream targets. 
EP300 is connected to BRCA1, FOXP1, JUN, JUP, and ACACB, all of which are upregulated to varying 
degrees. JUN exhibits the most extreme upregulation, highlighting its potential role in transcriptional 
activation, cell proliferation, and stress responses. EP300 is a well-known transcriptional coactivator, and 
its involvement in these interactions suggests a regulatory function in gene expression, chromatin 
remodelling, and possibly oncogenic signalling pathways. These findings emphasise EP300's role in 
transcriptional regulation, cellular differentiation, and tumorigenesis, offering insights into its functional 
significance within this dataset. 

 

 

Table 4.6 EP300 upstream regulator and its downstream targets. 

Genes in dataset Prediction (based on measurement 
direction) 

Expr Log Ratio Findings 

JUN Activated 10 Upregulates (6) 

EP300 Activated 10 Upregulates (42) 

FOXP1 Activated 2.33 Upregulates (1) 

ACACB Affected 2.231 Regulates (1) 

JUP Affected 1.038 Regulates (1) 

BRCA1 Affected 0.686 Regulates (1) 
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4. CREBBP (cAMP Response Element-Binding Protein (CREB) Binding Protein) 

 

Figure 4.21 CREBBP network of interactions. 
This network diagram illustrates the molecular interactions of CREBBP (CREB-binding protein) and its 
associated transcriptional regulators, highlighting its role as a key coactivator in gene regulation, chromatin 
remodelling, and transcriptional activation. CREBBP directly interacts with several transcriptional 
regulators, including JUN, which is strongly upregulated, as well as JUND, FOXP1, MGA, and JUP, which 
exhibit moderate upregulation. Additionally, CREBBP shows a self-regulatory interaction (loop), 
emphasizing its central role in transcriptional regulation. These interactions suggest that CREBBP may 
contribute to signalling pathways involving JUN family transcription factors, potentially influencing key 
regulatory networks. 

 

Table 4.7 CREBBP upstream regulator. 

Genes in dataset Prediction (based on measurement direction) Expr Log Ratio Findings 

JUN Activated 10 Upregulates (2) 

FOXP1 Activated 2.33 Upregulates (1) 

MGA Affected 1.617 Regulates (1) 

JUND Inhibited 1.345 Downregulates 

(1) 

JUP Affected 1.038 Regulates (1) 
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4.4.5.4 Mechanistic network  

To explore potential connections or interactions between multiple upstream regulators, we 

conducted a Mechanistic Network Analysis. This analysis involved a statistical enrichment method 

aimed at uncovering significant relationships and overlaps between upstream regulators and the 

targets present within the experimental dataset. 

The IPA has identified MYB and JUN as influential upstream regulators within the sample group 

that displays PLAG1 expression. In response, a detailed mechanistic network analysis has been 

constructed to provide a thorough understanding of the interconnected upstream regulators 

driving altered gene expression through downstream effector molecules (Figures 4.22 and 4.23). 

 

MYB Mechanistic Network 

 

Figure 4.22 A schematic representation of the MYB complex mechanistic network. 
The network illustrates the regulatory interactions and predicted activation/inhibition relationships in a 

sample group displaying PLAG1 expression. At the top of the network, MYB serves as a central 

transcriptional regulator, influencing key downstream targets such as TP53, FOS, and JUN through 

intermediates like NFKBIA and the JNK (family) signalling pathway. The colour coding indicates molecular 

expression changes, with upregulated nodes in red/orange and downregulated nodes in green, while the 

arrows represent predicted activation or inhibition relationships. The activation of JUN and FOS, alongside 

JNK signalling, suggests a proliferative or stress-response pathway, while TP53 modulation hints at 

potential tumour suppressor interactions. Given the presence of PLAG1 expression, MYB’s activation may 
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contribute to transcriptional programs linked to cell proliferation, differentiation, or apoptosis resistance, 

depending on the cellular context. 

The mechanistic network of MYB, detailing protein expression changes and predicted activation or 

inhibition relationships is outlined in Appendix Table 8
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JUN Mechanistic Network 

 

Figure 4.23 Schematic illustration of the JUN mechanistic network. 
The JUN Mechanistic Network illustrates the predicted regulatory interactions and activation/inhibition 

relationships in a sample group where JUN plays a central role as a transcriptional regulator. Positioned at 

the top of the network, JUN influences key downstream targets, including FOS, TP53, and TGFB1, through 

intermediate regulators such as JNK and SPI1. The network colour coding indicates expression changes, 

with upregulated molecules shown in red/orange and downregulated ones in green, while different arrow 

types denote activation, inhibition, or indirect interactions. The activation of TGFB1 and JNK suggests 

involvement in signalling pathways related to proliferation, differentiation, or stress responses. 

Additionally, the inhibition of SNAI2 and modulation of SPI1 indicate a regulatory balance between 

transcriptional activation and repression. This network highlights JUN's role in transcriptional control, 

potentially driving cell fate decisions and stress-adaptive responses depending on the biological context. 

Appendix Table 8.7  provides an overview of the JUN mechanistic network, including expression data and 

the predicted regulatory interactions of JUN with key proteins. 
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4.4.5.5 Affected Diseases and Biological Functions 

A Downstream Effects Analysis was conducted to better understand biological trends and predict 

how molecular changes in the experimental dataset may impact disease and biological functions. 

This analysis enabled us to visualise these trends quickly and facilitated a better understanding of 

these effects. The heatmap in Figure 4.24 provides a general overview of the affected diseases 

and functional categories. The study of the DEPs showed that the most significant enrichment in 

diseases and biological functional categories is cancer and gene expression respectively. Tables 

4.8 and 4.9 summarise the top five most significant diseases and functions. 

 

Table 4.8 Top 5 diseases and disorders. 

Diseases and disorders p-value range Number of molecules 

Cancer 3.20E-03 - 5.69E-18 107 

Organismal Injury and Abnormalities 3.20E-03 - 5.69E-18 107 

Developmental Disorders 2.80E-03 - 1.48E-17 62 

Hereditary Disorders 3.19E-03 - 1.48E-17 55 

Neurological Diseases 3.08E-03 - 1.48E-17 91 

 

 

 

Table 4.9 Top Molecular and Cellular Functions. 

Molecular and Cellular Functions p-value range  Number of 

Molecules 

Gene Expression 2.26E-03 - 3.49E-34 76 

Cell Cycle   3.19E-03 - 1.99E-16 55 

Cellular Assembly and Organisation 2.94E-03 - 2.58E-12 24 

DNA Replication, Recombination  

and Repair 

2.94E-03 - 2.58E-12 27 

Cell Death and Survival 2.01E-03 - 1.31E-10 66 
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Figure 4.24 Diseases and Biological Functions Heatmap. 
The treemap (hierarchical heat map) illustrates the affected downstream functional groups based on differentially expressed proteins, with each 
main box denoting a specific category of diseases and functions associated with PLAG1 ectopic expression. The size of the rectangles corresponds 
to the increasing overlap significance, either up or down as a group, as determined by the Fisher exact test (FET) p-value, while the intensity of 
colour reflects higher absolute Z-scores 
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Functions known to be affected in pleomorphic adenoma 

The downstream effects analysis revealed an increase (activation) of functional categories such 

as Cellular Development and Cellular Growth and Proliferation, as depicted in Figures 4.25 and 

4.26. These categories encompass cellular processes related to cell proliferation, differentiation, 

and colony formation. Additionally, a notable enrichment in the cell death and survival category 

was observed, supported by statistical significance (Figure 4.27). It is important to note that this 

category comprises cellular processes with opposing activation states; while cell viability, survival, 

and self-renewal were enhanced, apoptosis was decreased.  

The bubble plot shown in Figure 4.28 summarises the most notably increased and decreased 

biological functions that align with the biological context of pleomorphic adenoma documented 

in the literature. 
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Figure 4.25 Heatmap of cellular development. 
This heatmap represents cellular development functions, highlighting key processes such as cell proliferation, differentiation, and colony formation. 
The colour gradient reflects the z-score, with orange shades indicating activation and blue shades suggesting inhibition of specific cellular functions. 
Larger blocks correspond to higher -log (p-value), representing stronger statistical significance of the functional associations. Notably, proliferation 
and differentiation-related processes are predominantly activated, suggesting a strong regulatory influence in promoting cell growth and 
specialisation. The activation of colony formation aligns with other proliferation-related functions, reinforcing the overall theme of enhanced cell 
growth and expansion. This trend may indicate a biological environment favouring cell survival, anchorage-independent growth, or tumorigenic 
potential. 
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Figure 4.26 Cell Growth and Proliferation Map. 
The Cell Growth and Proliferation Treemap visualises diseases and functions associated with PLAG1 vs EV analysis, categorising biological processes 
based on statistical significance and effect direction. Key biological categories include Proliferation & Growth (proliferation, cell proliferation, colony 
formation, expansion), Development & Differentiation (development, differentiation, pluripotency), and Hematopoiesis & Blood Cell Processes 
(lymphopoiesis, leukopoiesis). 
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Figure 4.27 Cell Death and Survival heatmap. 
The treemap visualisation highlights key biological functions related to cell death and survival, with colour-coded activation (orange) and inhibition 
(blue) based on z-scores. Activated functions include cell viability, survival, and self-renewal, indicating a shift toward cellular maintenance and 
proliferation. The upregulation of these processes suggests a protective or proliferative response, potentially linked to enhanced cell growth, tissue 
regeneration, or resistance to stress-induced damage. Conversely, inhibited functions such as apoptosis, necrosis, and cell death reflect suppression 
of programmed and uncontrolled cell death mechanisms.  
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Figure 4.28 Most significantly activated and inhibited biological functions. 
The bubble plot illustrates the most significantly upregulated functions (red bubbles) and downregulated or suppressed functions (blue bubbles) 
based on their activation Z-score. The x-axis represents the statistical significance of each function, measured as -Log₁₀(p-value), where higher 
values indicate stronger significance. The y-axis lists the analysed biological functions. The size of each bubble corresponds to the number of genes 
involved in the respective function, with larger bubbles indicating a greater number of associated genes. 

This analysis reveals a shift toward cell survival, proliferation, and repair, while apoptosis and infection-related processes are suppressed. Among 
the most activated functions are cell viability, proliferation of blood and progenitor cells, and DNA repair, suggesting enhanced regenerative capacity 
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or potential tumour progression. Additionally, angiogenesis and vasculogenesis are upregulated, indicating 
increased blood vessel formation, which is crucial for tissue growth and metastasis. Conversely, apoptosis 
is strongly inhibited, reflecting a reduction in programmed cell death, which may contribute to enhanced 
cell survival, particularly in cancerous cells. The suppression of growth failure and infection-related 
pathways, including viral infection and immune infiltration, suggests a possible shift toward immune 
evasion or reduced susceptibility to external stimuli. 

Overall, these findings highlight a pro-survival and proliferative cellular environment with potential 
implications for cancer progression, tissue regeneration, and therapy resistance. 

 

 

4.4.5.6 Regulator Effect Analysis 

This analysis was conducted to elucidate the biological implications of upstream molecules 

(whether activated, inhibited or overexpressed) on downstream phenotypic or functional 

outcomes. This was accomplished by establishing connections between the upstream regulators 

and their targets in the dataset, as well as the consequential downstream affected functions. The 

analysis enables the formulation of a causal hypothesis to delineate the mechanisms through 

which the upstream regulators influence downstream functions. 

The IPA identified several molecules as top (master) upstream regulators that affect the DEPs in 

the dataset. It then created regulator effect networks by integrating the results of the upstream 

regulators with their respective downstream effects. These master upstream regulators include 

growth factors (IGF1 and EGF), cytokines (IL6, IL33), enzymes (SNCA), compounds (ERK1/2), 

transcription regulators (HNF4A), and microRNA (mir-8). Based on their activation Z-scores, the 

analysis suggests that the genes SNCA, HNF4A, and mir-8 are expected to be inhibited, while the 

other upstream regulators are anticipated to be activated. 
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Figure 4.29 Regulator effect network of SNA, HNF4A, EGF, IL6, IFG1 and IL6. 
The figure illustrates a complex network of interactions involving six master regulators (SNCA, HNF4A, EGF, 
IL6, IFG1, and IL6) and their respective target proteins in the dataset. This interaction activated several 
functions while also inhibiting organismal death, likely by promoting cell survival. Red lines represent 
activation effects, while blue lines indicate inhibition effects. The network highlights key regulatory 
connections, showing how these master regulators influence downstream targets to modulate biological 
functions. 
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Figure 4.30 Regulator effect network of SNCA, ERK1/2 and IF1. 
The interaction and overlap of these three upstream regulators influence nine target proteins, leading to 
observed changes in four tumour-related functions. 

 

 

Figure 4.31 Regulator effect Network of mir-8 upstream molecule. 
This network demonstrates the inhibitory effect of mir-8 on downstream targets in the dataset, 
including PLAG1 and their respective affected functions.  
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Figure 4.32 IGF 1 regulator effect network. 
The network diagram visually represents the impact of IFG1 on the inhibition of apoptosis. 

 

 

Figure 4.33 Regulator effect networks of IGF 1. 
The activation of IGF1 promotes the proliferation of stem cells (left) and the proliferation of cancer cell 
lines (right) by targeting target proteins in the dataset.  
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Figure 4.34 EGF regulator effect networks. 
The networks portray the individual pathways driven by EGF, which inhibit cellular infiltration by 
leukocytes and invasion of cancer cell lines while promoting the proliferation of muscle cells.  

 

4.4.6 Validation of the candidate proteins using open-source tools 

To further validate and visualise the network of PLAG1-proximal interactors identified as 

upstream regulators, we used web-based free online tools to confirm the relationship between 

these molecules. Networks of protein-protein interactions provide the fundamentals for 

understanding biological processes and the molecular mechanisms involved in disease 

pathogenesis. Figures 4.35 and 4.36 illustrate the interconnections between the most significant 

biological upstream regulators as well as the four potential candidate genes for validation 

obtained from the STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) database. 

Notably, no direct interactions with PLAG1 have been identified. This suggests that previous 

experimental studies may not have examined PLAG1 proximal interactions in the context of 

pleomorphic adenoma. 

Additionally, we used SIGNOR (the SIGnaling Network Open Resource) to further investigate and 

capture any documented interactions between our proteins of interest. We were able to detect 

two direct interactions among the set of proteins (Figure 4.37).  
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Figure 4.35 Protein-protein interactions of the biological upstream regulators. 
The network depicts the relationships among key biological upstream regulators, highlighting distinct 

connectivity patterns. MYB, JUN, EP300, CREBBP, NCOA1, and NCOA6 exhibit strong interactions, 

indicating their cooperative roles in transcriptional regulation and chromatin remodelling. These 

interactions, supported by multiple evidence sources, suggest functional coordination in gene expression 

control. In contrast, TBX1 shows no detected interactions, suggesting it may function independently or 

within a different regulatory context. No direct interactions with PLAG1 have been identified, which 

suggests that previous experimental studies may not have examined PLAG1 proximal interactions in the 

context of pleomorphic adenoma. ACACA and ACACB display a strong interaction with each other but lack 

connections to the core regulatory network, implying a more specific role in metabolic pathways rather 

than transcriptional regulation. The distinct separation of these molecular groups emphasises the 

functional divergence between transcriptional regulators and metabolic enzymes in cellular processes. 
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Figure 4.36 Interaction network of candidate proteins MYB, JUN, EP300 and CREBBP. 
This interaction network illustrates the predicted and known relationships among MYB, JUN, EP300, and 

CREBBP, key regulators involved in transcriptional control and chromatin remodelling. The edges between 

nodes represent different types of interactions: predicted interactions include gene neighbourhood 

(green), gene fusions (red), and gene co-occurrence (blue), while known interactions are derived from 

curated databases (light pink) and experimental evidence (dark pink). Additional associations include text 

mining (yellow), co-expression (black), and protein homology (light blue). The strong connectivity among 

these proteins suggests their cooperative role in gene regulation, with MYB and JUN functioning as 

transcription factors and EP300 and CREBBP acting as histone acetyltransferases to modulate chromatin 

structure. These interactions emphasize their potential involvement in key biological processes, including 

cell proliferation, differentiation, and oncogenic signalling. 
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Figure 4.37 Direct protein interactions. 
This diagram illustrates the predicted physical and functional interactions between EP300, PLAG1, MYB, 
and CREBBP, as identified using the SIGNOR (Signaling Network Open Resource) database. According to 
SIGNOR, MYB and CREBBP interact directly, suggesting a functional relationship in transcriptional 
regulation. Additionally, EP300 is capable of activating PLAG1 through acetylation, potentially influencing 
its transcriptional activity. Given the roles of these proteins in gene regulation, their interactions suggest 
potential regulatory mechanisms that may impact cellular processes such as proliferation, differentiation, 
or oncogenesis. The localisation of these proteins within the nucleus and cytoplasm highlights their 
compartment-specific functions in gene expression modulation.  
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4.5 Discussion  

Biotin-based proximity labelling proteomic analysis was performed to gain a deeper insight into 

PLAG1's mechanisms for developing pleomorphic adenoma of the salivary glands.  

Following mass spectrometry and raw data processing, multiple testing correction (FDR) was 

applied to determine the statistical significance of the quantitative data. However, only nine 

proteins were found to be FDR significant, indicating perhaps that this statistical method is too 

stringent. In the field of proteomics, there is an ongoing debate about the appropriate use of 

multiple testing corrections. While these corrections are important for avoiding false positives 

(type I errors), they can also make the analysis prone to false negatives (type II errors) if not 

applied effectively. Some challenges in using multiple corrections in proteomic studies include the 

small sample sizes due to cost constraints and the impact of TMT tagging, which compresses 

ratios and reduces effect sizes (not relevant for this current analysis). These issues are not as 

prevalent in other types of studies, such as microarray experiments, where multiple correction 

analysis is commonly and effectively used.  The analysis of simulated proteomic datasets has 

shown that these characteristics can lead to multiple testing corrections producing a large 

number of false negative results. This indicates that while multiple testing corrections are a useful 

tool, they should not be considered an automatic requirement and should be viewed as one of 

several available options (Pascovici et al., 2016). 

In determining whether to employ multiple correction techniques, our choice largely relies on 

whether we prioritise avoiding type I or type II errors. According to some researchers, there has 

been an overemphasis on minimising false positives, and they advocate for giving greater 

consideration to false negatives. They argue that while false positives can be further investigated 

and possibly eliminated later, a false negative may go undetected if an experiment is not 

repeated, leading to missed true effects. In the type of study, we present in this thesis, where we 

are conducting an initial broad exploration of proteomics data to pinpoint areas for more detailed 

investigation in future work, we believe it is more crucial to minimise false negatives. This 

viewpoint is not uncommon in the field, as only a minority of published proteomics papers 

currently apply multiple-testing correction (Diz et al., 2011; Handler and Haynes, 2020). 
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Therefore, the statistical significance of the quantitative data was adjusted using a significance 

cut-off of p-value < 0.05 to compare the conditions of interest in the experiments. 

Only proteins demonstrating upregulation with real values (proteins that show an actual increase 

in expression or enrichment with quantifiable, non-missing values) and meeting the specified cut-

off criteria were considered for the IPA analysis. In order for a protein to be included in the 

analysis, it must be expressed in a minimum of three PLAG1-expressing samples as compared to 

no expression in any EV samples: 3 v 0, 4 v 1 or 4 v 0. The latter condition represents the ideal 

inclusion criteria, indicating that the protein is expressed in all PLAG1-expressing samples while 

showing no expression in any of the control samples. These proteins were exclusively quantified 

in the condition of interest were given a p-value of 0, and a LogFC of 10, and all LogFCs below 0 

were removed from the dataset, prior to upload to IPA. 

Canonical Pathway Analysis 

IPA Canonical pathway analysis was conducted to identify the most significantly affected 

pathways across the entire dataset and to predict their activation or inhibition. The software 

evaluates the statistical significance of pathway overlap using the p-value derived from the right-

tailed Fisher's Exact Test. This approach enables the identification of pathways that exhibit 

significant associations. Furthermore, the software leverages the Z-score to predict the likely state 

of activation or inhibition within these pathways. This dual methodology fosters a comprehensive 

understanding of pathway dynamics, thereby allowing for more informed analyses and decision-

making based on the activation or inhibition status of the pathways. The analysis also facilitated 

the identification of overlapping pathways based on shared molecules. 

Our study analysis revealed that the Activation of Anterior HOX genes and Transcriptional 

Regulation by RUNX1 emerge as the most notably enriched pathways across the dataset, 

displaying positive activity patterns. In contrast, the PPARα/RXRα Activation and Sumoylation 

Pathways showed clear signs of inhibition, as evidenced by their negative z-scores of -1.89 and -

1.63, respectively. Notably, while the Glucocorticoid Receptor Signalling is among the significantly 

enriched pathways, the software did not provide an activity prediction. These pathways, 

particularly HOX genes, engage in intricate interaction with various signalling pathways, including 
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Wnt, Notch, Hedgehog, Wnt/β-catenin signalling, and the AKT pathway (Shenoy et al., 2022; 

Gonzalez and Medici, 2014). These complex interactions have a discernible impact on the 

behaviour of cancer cells and their response to therapeutic interventions, underscoring the 

capacity of the pathways to regulate a diverse array of targets within the context of cancer. 

Furthermore, the analysis of overlapping canonical pathways revealed the intricate interplay 

observed among the most significantly altered pathways identified in this study. It is noteworthy 

that HOX genes demonstrate the most prominent crosstalk within these overlapping pathways, 

with CREBBP and EP300 being the most commonly shared proteins across the pathways. 

However, there have been limited studies examining the correlation between these affected 

pathways and PLAG1, the causative factor of pleomorphic adenoma, thus rendering this study 

pioneering. 

Activation of anterior HOX genes 

The HOX genes, a complex group of genes, are initially expressed in the developing embryo during 

the gastrulation stage (Boncinelli and Mallamaci, 1995). These genes function as transcription 

factors, inducing the expression of genes involved in various cellular processes, such as 

proliferation, adhesion, differentiation, migration, and programmed cell death, within the context 

of normal physiological conditions through their homeobox domain. (Hombría and Lovegrove, 

2003; Moens and Selleri, 2006). The deregulation of HOX genes at various stages of development 

leads to abnormalities in skeletal morphology such as hand-foot-genital syndrome, syndactyly, 

Guttmacher syndrome, congenital heart diseases, retinal degenerative diseases, and cancer 

(Lescroart and Zaffran, 2018; Quinonez and Innis, 2014; Shah and Sukumar, 2010; Zagozewski et 

al., 2014). Accumulating evidence indicates that homeobox (HOX) genes, serving as master 

regulators during embryogenesis, are involved in both organogenesis and oncogenesis (Smith et 

al., 2019). The ectopic expression of HOX genes disrupts the normal intracellular signalling 

process, thereby inducing cellular dysfunction and compromising tumour immune surveillance. 

Sustained activation of key signalling pathways controlling cell growth, the cell cycle, and cell 

proliferation establishes an environment conducive to tumour development and progression. 

(Giancotti, 2014). Researchers have conducted extensive reviews on the involvement of HOX 

genes in both normal and tumour microenvironments (Bhatlekar et al., 2018). Notably, the 
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regulation of HOX genes is known to be tissue-specific, and their dysregulation exhibits variation 

across different cancer types. These genes demonstrate dual functionality as either oncogenes or 

tumour suppressors, contingent upon the specific context. HOX genes significantly influence 

cancer cells' behaviour by regulating various cellular processes, encompassing cell proliferation, 

differentiation, epithelial-mesenchymal transition (EMT), metastasis, invasion, angiogenesis, 

apoptosis, drug resistance, and stem cell properties.  

In a study conducted in 2024, Padam et al. investigated the regulatory role of HOX and mutated 

cancer driver genes in the progression of head and neck cancers, specifically squamous cell 

carcinoma. The study aimed to demonstrate the crucial regulation of mutation-driven effects on 

homeobox genes, expanding the current understanding of this cancer's progression. The 

investigation revealed that the expression of HOX genes is influenced by various transcription 

factors (TF), including histone acetyltransferase (EP300), cAMP response element-binding protein 

(CREBBP), nuclear receptor corepressor (NCOR1), and lysine demethylase 6A (KDM6A), all of 

which exhibit significant enrichment within the dataset encompassed by this study.  

Furthermore, Cantile et al. (2009) conducted a study on the expression of the HOX gene, 

specifically HOXD13, using immunohistochemistry. The research compared the expression of 

HOXD13 in normal tissues and its potential deregulation during the development of specific 

tumour types. They employed tissue microarrays (TMAs) containing over 4,000 different normal 

tissue and cancer samples from 79 different tumour categories. HOXD13 expression was further 

confirmed at the mRNA level using real-time quantification. The analysis showed that HOXD13 

expression tested positive in 1,584 out of 2,743 (57.7%) of the valuable neoplastic tissue samples 

included in the study. Within the context of salivary gland tumours, the study revealed a 

significant increase in HOXD13 expression in pleomorphic adenomas and adenoid cystic 

carcinomas (ACC), with percentages of 97% and 90%, respectively, compared to normal 

submandibular gland tissue samples. This finding was consistent with the HOXD13 mRNA 

expression in the two groups being compared. 

Notably, HOX genes interact with various signalling pathways, including Wnt, Notch, Hedgehog, 

Wnt/β-catenin signalling, and the AKT pathway. These interactions have a discernible impact on 
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the behaviour of cancer cells and their response to therapeutic interventions. The oncogenic 

implications of HOX genes are demonstrated by their coordination of multiple signalling 

pathways, underscoring their capacity to regulate a diverse array of targets within the context of 

cancer (Shenoy et al., 2022). Figure 4.16 illustrates the intricate interplay observed among the 

most significantly altered canonical pathways identified in this study. Notably, HOX genes exhibit 

the most prominent crosstalk within these overlapping pathways. 

Transcriptional regulation by RUNX1 

The Runt-related transcription factor1 (RUNX1) is a member of the RUNX family of transcription 

factors and is known to influence cancer pathogenesis. It modulates various biological processes, 

including cell proliferation, apoptosis, differentiation, and lineage determination (Chuang et al., 

2013; Ito et al., 2015). RUNX1 has the capacity to activate gene expression by recruiting co-

activators, RNA polymerase, and other transcriptional machinery to the gene promoter. 

Conversely, it can repress gene expression by competing with other transcription factors or 

recruiting co-repressors. The impact of RUNX1 on gene expression is contingent upon the specific 

context. Depending on the cellular environment and interacting partners, it can function as an 

activator or repressor (Guan et al., 2023).  

The transcription factor RUNX1 is notably regarded as a master regulator of haematopoiesis 

(Sroczynska et al., 2009). It plays a pivotal role in developing hematopoietic stem cells, 

megakaryocytes, and various blood cell lineages. Its significance extends to both normal and 

malignant hematopoietic processes. In the context of cancer, the dysregulation of RUNX1 is 

closely linked to the activation of oncogenic signalling pathways such as TGF-β, Wnt/β-catenin 

and Notch signalling pathways (Gonzalez and Medici, 2014), indicating its potential as a target for 

therapy (Tuo et al., 2022). The prevalence of RUNX1 overexpression is widespread across various 

human malignancies, including breast carcinomas (Ferrari et al., 2014), acute myeloid leukaemia 

AML (Chuang et al., 2013) and ovarian carcinomas (Keita et al., 2013) and correlates with patient 

prognosis. RUNX1 is also recognised as an oncogene in epithelial skin cells owing to its regulatory 

role in tissue stem cells. (Hoi et al., 2010). The intricate involvement of RUNX proteins in both 
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leukaemia and solid cancers underscores their complexity and importance in the field of cancer 

research. 

Dysregulation of RUNX can result in genomic instability by impairing DNA repair mechanisms 

(Chen et al., 2024). Additionally, the expression of RUNX1 shows a clear correlation with the levels 

of immune infiltrates of cancer-associated fibroblasts (CAFs) in multiple tumours (Tuo et al., 

2022). The dual functionality of RUNX1 as both a prognostic biomarker and an indicator of the 

immune microenvironment within tumours highlights its potential significance in the context of 

cancer treatment. 

RUNX1 interacts with chromatin modifiers such as histone acetyltransferases, including EP300, 

which is significantly represented in our analysis, and regulates chromatin structure. 

Furthermore, a collaborative relationship between the transcription factor RUNX1 and MYB has 

been observed in normal hematopoietic stem and progenitor cells and T-cell acute lymphoblastic 

leukaemia (T-ALL) (Guan et al., 2023). Additionally, Gao et al. (2014) conducted a study to identify 

potential genes that may interact with the MYB pathway to facilitate ACC tumorigenesis. Their 

findings suggested a potential involvement of RUNX1 in regulating MYB transcriptional activation. 

Our experimental data analysis identifies MYB as a potential regulator, indicating a probable 

interaction between these two molecules. All these findings imply a potential role of RUNX1 in 

regulating the expression of MYB. 

In normal salivary glands, Ono Minagi et al. (2017) demonstrated that the gene RUNX1 is 

implicated in the development of granular convoluted tubules within the submandibular glands 

of mice. Furthermore, in lacrimal glands, RUNX1 is identified as a gland morphogenesis and 

regeneration regulator, potentially exerting regulatory control over the cell cycle (Voronov et al., 

2013). In the context of head and neck adenoid cystic carcinoma, Soares et al. (2021) conducted 

a study to explore the effect of RUNX1 expression on the prognostic outcomes. In their study, it 

was revealed that RUNX1 exhibited a significant correlation with several clinicopathological 

parameters in ACC highlighting the potential implications for the clinical behaviour of ACC, 

notably concerning tumour size, lymph node status, clinical stage, presence of metastasis, neural 

and vascular invasion, surgical margins and recurrence. This aligns with the findings of Gao et al. 
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(2014), which identified RUNX1 as a regulator of MYB, the key driver in ACC. Thus, the interaction 

between RUNX1 and MYB likely contributes to ACC progression and clinical behaviour. 

In 2023, Jun-shui et al. explored the regulatory role of the long non-coding RNA (LncRNA) RUNX1-

IT1 on microRNA-195 (miR-195) and its downstream target CyclinD1 in carcinoma ex pleomorphic 

adenoma (malignant pleomorphic adenoma). Their findings indicated elevated levels of LncRNA 

RUNX1-IT1 and CyclinD1 but reduced levels of miR-195 in tumour tissues compared to non-

tumour tissues. Remarkably, the expression of LncRNA RUNX1-IT1 exhibited an inverse 

correlation with miR-195 and a direct association with CyclinD1 levels. Moreover, increased levels 

of LncRNA RUNX1-IT1 and CyclinD1, along with decreased miR-195 expression, were found to 

correlate with larger tumours, recurrent disease, and distant metastasis. The study concluded 

that the regulatory influence of LncRNA RUNX1-IT1 on miR-195/CyclinD1 may contribute to 

carcinoma ex pleomorphic adenoma progression, suggesting its potential as a therapeutic target 

for intervention. 

 

Inhibition of ‘PPARα/RXRα Activation pathway’ 

Peroxisome proliferator-activated receptor alpha (PPARs) are a specific type of nuclear receptor 

(NRs) that function as ligand-activated transcription factors (TFs) (Mirza et al., 2019). When a 

ligand binds, PPARs form dimeric complexes with retinoid-X-receptors (RXRs), which then bind 

response elements in target genes to carry out crucial regulatory functions (Amber-Vitos et al., 

2016). PPARs are particularly known for their significant roles in lipid and glucose homeostasis, 

nutrient sensing, inflammation, cellular differentiation, and development (Feige et al., 2006). The 

PPAR family includes three isoforms: PPAR-alpha (NR1C1), PPAR-beta/delta (NR1C2), and PPAR-

gamma (NR1C3). 

As stated above, PPARs are not limited to a single function. Their versatility is evident in their anti-

fibrotic and anti-inflammatory effects, which are beneficial in a wide range of conditions, 

including cancer, autoimmune diseases, liver steatosis, and type 2 diabetes (T2D) (Fougerat et al., 

2020; Liu et al., 2020; Font-Díaz et al., 2021). PPARs promote the expression of anti-inflammatory 

molecules while simultaneously inhibiting the production of extracellular matrix proteins and pro-
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inflammatory cytokines. Furthermore, they modulate the response and phenotype of immune 

cells, including macrophages and lymphocytes (Liu et al., 2020). 

When it comes to cancer, the role of PPARs is of utmost importance as they have a well-

established track record of demonstrating anti-tumorigenic effects (Font-Díaz et al., 2021). Their 

activation can trigger apoptosis and induce cell death in tumours, thereby halting tumour growth 

and inflammation. The influence of PPARs on tumour development is primarily linked to the 

regulation of cell-cycle blockade genes, such as p18, p21, and p27, which in turn leads to 

apoptosis by suppressing B-cell lymphoma 2 (Bcl-2) and reducing angiogenesis through the 

inhibition of vascular endothelial growth factor (VEGF) (Koga et al., 2001; Tianet al., 2016).  

Pozzi et al. (2007) and Panigrahy et al. (2008) investigated the effects of PPARα on tumour growth 

and vascularisation using mice as experimental models. Their findings suggested that activating 

PPARα could be beneficial in preventing or treating various types of cancer. When administered 

orally, different PPARα agonists have been shown to inhibit the growth of tumours derived from 

melanoma, Lewis lung carcinoma, glioblastoma, and fibrosarcoma cell lines. They have also been 

found to inhibit angiogenesis in these models. These inhibitory effects occur through the PPARα-

dependent inhibition of endothelial cell proliferation and the PPARα-dependent downregulation 

of an enzyme called cytochrome CYP2C. This enzyme plays a role in promoting angiogenesis by 

catalysing the epoxidation of arachidonic acid to epoxyeicosatrienoic acids. Thus, inhibiting 

tumour vascularisation disrupts the tumour microenvironment, affecting cell survival and growth, 

and may potentially slow tumour growth.  

Our IPA canonical pathway analysis revealed that the DEPs enriched in the PPARα/RXRα pathway, 

manifest an inhibitory effect, resulting in the silencing of this pathway. The inhibition of the 

PPARα/RXRα pathway engenders detrimental consequences for cancer development and 

progression. This is evidenced by the observed activation of crucial cancer-related biological 

processes and functions, including angiogenesis, vasculogenesis, and endothelial cell 

proliferation, along with the inhibition of apoptosis. 
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Inhibition of Sumoylation pathway 

Sumoylation (Small Ubiquitin-like Modifier) is a post-translational modification process that 

involves the attachment of SUMO proteins to target proteins. This modification can alter the 

function, localisation, stability, and interactions of proteins, impacting a wide range of cellular 

processes, including transcription regulation, DNA repair, cell cycle progression, and stress 

responses (Flotho & Melchior, 2013).  

Sumoylation is crucial for maintaining normal cellular functions and has been implicated in 

various diseases, particularly cancer. The process is tightly regulated, and dysregulation of 

Sumoylation pathways can lead to aberrant cell proliferation, apoptosis, and genomic instability, 

which are hallmarks of cancer (Seeler & Dejean, 2017). 

According to Yu et al., (2014), Sumoylation acts as an inhibitory modification on PLAG1's 

transactivation activity. This is in contrast to acetylation, which enhances the transcriptional 

activity of PLAG1. The inhibition of the Sumoylation pathway, as observed in this study, suggests 

that Sumoylation normally suppresses PLAG1 activity. If Sumoylation is inhibited, PLAG1 might 

become more active than usual. This can potentially disrupt the normal regulatory mechanisms 

in cells, leading to abnormal cell growth and differentiation. In pleomorphic adenoma, where 

PLAG1 is frequently overexpressed, inhibition of Sumoylation could exacerbate tumour 

development by allowing PLAG1 to activate its target genes more effectively, thereby promoting 

tumour growth. 

 

Upstream Regulator Analysis 

The upstream regulator analysis was conducted to identify potential upstream regulators that 

may have contributed to the observed changes in the differential protein expression. The use of 

IPA facilitated the detection of various molecules, including transcription factors, miRNA, 

chemicals, drugs, or compounds, that could have influenced the dataset identifiers. These 

molecules may not have been overexpressed in the dataset (no Exp Log ratio provided) but could 

be activated by post-translation modifications. However, the study aimed to initially delineate the 
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potential biological upstream regulators expressed in the dataset, representing the PLAG1 

proximal interactors. This approach focused on biologically validating only the expressed 

molecules, taking into account statistical significance and biological context. Identification of 

proteins shared among the most significant pathways or connecting multiple downstream genes 

indicated their importance. Based on these selection criteria, MYB, JUN, EP300 and CREBBP have 

been identified as our prime candidate proteins for in-depth research and biological validation of 

their co-localisation with PLAG1 in pleomorphic adenoma tissue samples using 

immunohistochemistry. 

The gene EP300 (E1A binding protein p300) encodes a protein that plays a key role in regulating 

gene expression. It achieves this by chemically modifying histones, which act as spools for DNA 

that package our genes (Eckner et al., 1994). This modification, known as acetylation, loosens the 

packaging and enables genes to be more readily turned on or off. EP300 is crucial in regulating 

cell proliferation and differentiation (Gayther et al., 2000).  

In the context of cancer, the EP300 protein exerts influence over essential biological functions 

pertinent to tumour initiation and progression. In its capacity as a transcription factor, EP300 can 

promote cancer by orchestrating the regulation of a diverse set of genes implicated in cancer, 

including but not limited to proliferation, survival, and migration (Ding et al., 2023). EP300 can 

undergo modifications such as mutations, deletions, and amplifications or alterations in 

expression level (overexpression), which can lead to alterations in its normal function (Kim et al., 

2022).  

The gene EP300 demonstrates a unique duality in cancer. Depending on the specific genetic 

alteration and the type of cancer, it can function as either a tumour suppressor or an oncogene, 

a gene that promotes cancer. In certain instances, mutations within EP300 may compromise its 

capacity to regulate gene expression, resulting in the suppression of genes that govern cell growth 

and differentiation. This process can impede tumour development. EP300 has the potential to 

impact various DNA repair mechanisms by regulating genes involved in DNA repair or via 

interaction with repair proteins, thereby facilitating the repair process (Manickavinayaham et al., 

2019). Alternatively, mutations within specific domains of EP300 may elicit a functional gain, 
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thereby promoting the proliferation and viability of cancer cells. This occurs through the 

acetylation-induced activation of genes such as cyclin D1 and cyclin E, which play crucial roles in 

propelling cells through the cell cycle. The EP300 protein is postulated to possess the capacity to 

regulate genes associated with cell survival, thereby potentially contributing to the development 

of resistance to cancer therapies. Additionally, EP300 may play a key role in angiogenesis, a 

fundamental process for tumour growth. Furthermore, its influence on cell migration and 

invasion may be intricately linked to its facilitation of metastasis. (Mahmud et al., 2019). 

EP300 also plays a pivotal role in regulating immune cell function and differentiation, thus 

exerting a substantial influence on the tumour microenvironment and immune responses. This 

interplay ultimately affects the progression of cancer and the effectiveness of immunotherapy. 

(Chen et al., 2021).  

Altered expression levels and mutations in EP300 have been associated with a variety of cancer 

types, including colon adenocarcinoma, lung adenocarcinoma, oesophageal carcinoma, bladder 

carcinoma, cutaneous melanoma, hepatocellular carcinoma, breast invasive carcinoma, and head 

and neck squamous cell carcinoma (Martin et al., 2014; Chen et al., 2022). 

The function of EP300 in salivary gland tumours, specifically ACC, is currently under investigation 

and not completely understood. Research has indicated that the expression of EP300 seems to 

be increased in certain ACC tumours compared to healthy tissue, implying a possible role in the 

formation or progression of ACC (Lin et al., 2023). Additionally, the NOTCH signalling pathway is 

recognised for its involvement in ACC development. Notably, research indicates that the 

activation of this pathway may be associated with the upregulation of genes implicated in 

epigenetic regulation, such as EP300 and its closely related counterpart, CREBBP (Mat Lazim et 

al., 2023).  

In their study, Zheng and Yang (2005) investigated the regulatory functions of acetylation in the 

transcriptional control of PLAG1 and PLAGL2. Their findings suggested that both genes can be 

activated by EP300-mediated acetylation and repressed by deacetylation. These findings imply a 

significant biological impact of EP300 in the regulation and activation of PLAG1, indicating its 

potential as a therapeutic target in associated tumours. 
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While there has been significant research interest in the role of EP300 in salivary gland tumours, 

the majority of studies have concentrated, as mentioned above, on ACC. However, there remains 

a notable gap in the literature regarding the specific impact of EP300 on pleomorphic adenoma 

(PA). At present, there are no conclusive findings or definitive evidence regarding the direct 

impact of EP300 on PA. This emphasises the necessity for further comprehensive investigation in 

this particular area to gain a clearer understanding of any potential influence. 

Our study identified EP300 as one of the most significantly upregulated genes, representing a 

PLAG1 proximal interactor. The IPA analysis has also acknowledged the EP300 protein as an 

upstream regulator, indicating direct and indirect impacts on the differentially expressed proteins 

and affected downstream functions. As per the data presented in Table 4.6, EP300 has the ability 

to directly activate 42 downstream targets within the dataset. Additionally, it exerts an indirect 

influence by modulating the expression of other intermediate targets, such as JUN and FOXP, 

thereby impacting the expression of target genes. Furthermore, in conjunction with its closely 

related CREBBP protein, EP300 was found to be one of the most commonly shared proteins 

among the significantly affected pathways, underscoring its importance in regulating canonical 

pathways (Table 4.2 overlapping pathways). The downstream effects analysis of the affected 

functions has revealed the significant impact of EP300 on various tumour-related functions. This 

encompasses the activation of biological processes related to cell viability and survival, DNA 

repair, blood cell proliferation, RNA transactivation, viral infection, and B lymphocyte quantity. 

Conversely, EP300 has been shown to suppress functions associated with apoptosis, growth 

failure, and tumour cell sensitivity. These findings align with previously reported literature 

indicating the potential role of EP300 in promoting cancer.  

It is important to note that EP300 represents a complex protein with multifaceted functions and 

is currently the subject of active research. Consequently, gaining a comprehensive understanding 

of its involvement holds the potential for the development of innovative therapeutic strategies 

directed towards EP300 or its downstream pathways. 

CREBBP (CREB-binding protein) is a transcription factor and typically acts as a histone 

acetyltransferase (HAT) comparable to EP300. This protein modifies histones through the addition 
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of acetyl groups, thereby inducing relaxation of chromatin structure. Consequently, this process 

allows for the expression of genes crucial for regulating cell growth and differentiation (Shiama, 

1997). 

Mutations or altered expression can disrupt CREBBP's regulatory function, inhibiting genes that 

regulate cellular proliferation and differentiation and thus hindering tumour development (Zhang 

et al., 2017). Conversely, aberrant CREBBP activity can potentiate tumorigenesis by dysregulating 

cellular growth and viability genes, thereby contributing to uncontrolled cell division. Some 

studies suggest that CREBBP alterations may also impact DNA repair mechanisms, resulting in 

genomic instability and promoting tumorigenesis (Mat Lazim et al., 2023). The protein CREBBP is 

also implicated in angiogenesis, a process vital for the proliferation and metastasis of tumours 

(Arany et al., 1996). Its influence on cell migration and invasion may be correlated with its role in 

advancing metastasis. Additionally, CREBBP may regulate genes associated with cell survival, 

potentially contributing to resistance to cancer therapies. These diverse roles of CREBBP in cancer 

make it a potential biomarker, providing valuable information for cancer diagnosis and prognosis. 

Like EP300, the specific function of CREBBP in cancer is contingent upon the cancer type and the 

specific mutations present within the CREBBP gene. Depending on the context, it can serve as 

both a tumour suppressor and an oncogene. 

Mutations in the CREBBP gene, while not the most prevalent drivers of cancer development, are 

present in a notable percentage of certain cancer types. The specific prevalence varies depending 

on the type of cancer, underscoring the intricacy of this area of research. CREBBP mutations are 

relatively common in hematologic malignancies such as acute myeloid leukaemia, acute 

lymphoblastic leukaemia, diffuse large B-cell lymphoma, follicular lymphoma, and some 

myelodysplastic syndromes (Zhang et al., 2017; Zhu et al., 2023). They are also identified in 

various solid tumours, including adenocarcinoma of the lung, bladder cancers, and certain 

gastrointestinal cancers (Li et al., 2021). Additionally, CREBBP mutations have been documented 

less frequently in other cancers, such as head and neck squamous cell carcinoma (HNSCC) (Martin 

et al., 2014), however, research into the involvement of CREBBP/EP300 in the development and 

metastasis of HNSCC is currently ongoing. Notably, the presence of CREBBP/EP300 mutations has 
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been correlated with unfavourable prognoses in HNSCC, as well as treatment resistance 

subsequent to radiation therapy (Kumar et al., 2020). 

Similar to EP300, the majority of research studies have established a correlation between CREBBP 

alterations and ACC. There is evidence to suggest that gene mutations, specifically CREBBP 

mutations, exhibit increased prevalence in recurrent and metastatic ACC when compared to the 

primary tumour (Ho et al., 2019). Furthermore, the literature indicates a more aggressive 

biological manifestation of ACC in the recurrent/solid type, characterised by enriched CREBBP and 

EP300 mutations. It is noted that CREBBP and EP300 function as co-activators of MYB, 

contributing to the tumour's malignancy (Lin et al., 2023).  

To date, no previous research has looked into the role of the CREBBP protein in relation to 

pleomorphic adenoma. However, in this study, we demonstrated a link between the conditional 

overexpression of PLAG1 and the CREBBP protein. Our analysis showed that CREBBP was 

significantly upregulated in the PLAG1-expressing cells compared to the mock samples.  

As a biological upstream regulator, CREBBP can directly control the expression of 27 target genes 

within the dataset and influence the expression of other downstream proteins by intricately 

affecting other intermediary transcription factors and enzymes such as JUN, HSPA5, BRCA1, and 

HSPA8. (Figure 4.21 and Table 4.7). The biological significance of this molecule is underscored by 

its essential participation in key signalling pathways. This is clearly demonstrated by the extensive 

overlap of canonical pathways, indicating its multifaceted role in regulating vital cellular 

processes. CREBBP was found to be involved in 16 out of the top 20 significant pathways.  (Table 

4.2). 

The biological significance of the molecule CREBBP, is underscored by its essential involvement in 

several critical pathways. These pathways include the activation of the anterior HOX genes 

pathway, transcriptional regulation by RUNX1, and transcriptional regulation of white adipocyte 

differentiation. This multifaceted role highlights the extensive impact of CREBBP on vital biological 

functions, as evidenced by its implication in 16 out of the top 20 significant pathways.  

Furthermore, the downstream effects analysis points to CREBBP's active participation in 

promoting the proliferation of blood cells, angiogenesis, vasculogenesis, cell viability, cell survival, 
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RNA transactivation, viral infection, and B lymphocyte quantity. Notably, the protein's ability to 

inhibit apoptosis and reduce the sensitivity of tumour cell lines parallels that of its close relative, 

EP300. This comprehensive involvement underscores the potential significance of CREBBP as a 

promising target for therapeutic interventions and as a biomarker in diverse biological processes 

and diseases. 

As mentioned earlier, the proteins CREBBP and EP300 are acknowledged as co-activators of the 

transcription factor MYB. They exert their regulatory influence by binding to MYB's 

transactivation domain (TAD), thereby initiating the transcriptional process. This molecular 

mechanism ultimately contributes to the progression of tumour malignancy driven by MYB 

(George et al., 2014). 

The MYB, proto-oncogene, encodes a transcription factor that exerts a pivotal influence on the 

maintenance of undifferentiated states in stem and progenitor cells across various tissues. Its 

predominant expression is localised in hematopoietic tissues, colonic crypts, and neural stem 

cells. MYB's regulatory role is essential for preserving the undifferentiated state in these cell 

populations. (Ramsay et al., 2008). 

In healthy tissues, the expression of MYB family proteins, such as MYB, MYBL1, and MYBL2, is 

tightly controlled. However, human malignancies exhibit a range of alterations, including gene 

amplification, mutations, and structural rearrangements due to chromosomal translocation or 

gene fusion. These changes result in heightened biological activity, playing a role in driving 

different aspects of tumour formation. MYB proteins are believed to have a central role in a wide 

range of cancer types by influencing multiple aspects of cancer development. This includes their 

impact on cell proliferation, angiogenesis, ability to promote cell survival, role in maintaining 

stemness, invasion of surrounding tissues, and remodelling of the supportive stromal 

environment. 

From the earliest research conducted on MYB, it was noted that this gene exhibits a highly 

selective expression pattern within stem cells. Subsequent findings unveiled its significant role in 

maintaining the undifferentiated, or stem cell, state (Kuehl et al., 1988; Dyson et al., 1989; Introna 

et al., 1994). The overexpression of MYB family genes in multiple malignancies indicates their 
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potential role in supporting the continued progression of cancer. This suggests that these genes 

may contribute to enabling cancer cells to adapt to the dynamic microenvironmental changes, 

thereby displaying essential adaptive capabilities crucial for their survival. Consequently, cellular 

plasticity emerges as a pivotal attribute facilitating the resilience of cancer cells when confronted 

with challenging environmental conditions. 

The uncontrolled proliferation of cells, a crucial biological process, facilitates the onset of cancer 

at the primary site and its establishment at secondary metastatic sites. A preliminary study on 

MYB function, which plays a role in cell cycle progression, revealed a transient upsurge in MYB 

transcript levels through post-transcriptional mechanisms in various cell types, thereby 

establishing a correlation between MYB function and uncontrolled cell proliferation (Thompson 

et al., 1986). The significance of MYB function was later validated by suppressing its expression, 

leading to a notable reduction in the growth of myeloid leukaemia cells (Anfossi et al., 1989). 

Additionally, Drabsch et al. (2007) have provided evidence indicating that the activity of the MYB 

gene is subject to regulation by oestrogen/ER signalling. Their findings suggest that MYB 

contributes to the proliferation and survival of oestrogen receptor-positive (ER+) breast cancer 

cells. 

Several reports have extensively detailed the pivotal role of MYB in the behavioural characteristics 

that promote the metastatic dissemination of cancer cells. MYB has been identified as a 

participant in the interaction with the Wnt effector β-catenin, leading to the co-activation of 

downstream target genes implicated in the process of invasion and metastasis in breast cancer 

cells (Li et al., 2016). It has also been proven that MYB plays a crucial role in promoting the ability 

of pancreatic cancer cells to invade surrounding tissues and spread to the liver, lungs, and spleen 

(Srivastava et al., 2015). 

Several studies have highlighted the crucial role of MYB proteins in bolstering the survival of 

cancer cells by promoting cell growth and DNA damage repair, which can present a significant 

challenge to the effectiveness of anticancer medications (Wang et al., 2015; Yang et al., 2019).  

A significant number of ACC tumours, which are mostly found in the salivary glands but also in 

the breast and other tissues, exhibit a recurring translocation (Persson et al., 2009; Brill et al., 
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2011; Roden et al., 2015) involving the fusion of the MYB proto-oncogene on chromosome 6q 

with the NFIB gene on chromosome 9p, potentially leading to the expression of novel MYB–NFIB 

fusion oncogenes. Consequently, this fusion generates a chimeric protein with a modified 

function compared to normal MYB. (Mitani et al., 2010; Brill et al., 2011; Mitani et al., 2011). The 

chromosomal translocation frequently results in the overexpression of the MYB protein or its 

aberrant fusion product. This increased expression leads to uncontrolled cellular proliferation, 

thus contributing to the pathogenesis of tumours. 

 The involvement of MYB in salivary gland tumours beyond ACC remains inadequately 

established. Although there are indications in some studies that MYB alterations may manifest in 

other types of tumours, conclusive evidence is currently lacking. In a study conducted by Lee et 

al. (2019), the co-expression of MYB and PLAG1 in human salivary gland neoplasm samples, 

particularly pleomorphic adenoma, was examined using immunohistochemistry. Results 

indicated the absence of Myb and PLAG1 expression in normal salivary gland tissue but among 

the 48 pleomorphic adenoma cases studied, PLAG1 protein expression was detected in 29 cases 

(60.4%), while 16 out of the 48 pleomorphic adenomas (33.3%) exhibited MYB positivity. The co-

expression of PLAG1 and MYB genes implies a potential relationship between their functions. 

However, it does not conclusively prove a direct interaction. It is plausible that MYB and PLAG1 

may affect each other's functions through downstream pathways. For example, MYB may have 

the ability to regulate the expression of genes involved in cell proliferation, which could be highly 

relevant to PLAG1's involvement in tumorigenesis. 

Our research has provided compelling evidence that the activation of PLAG1 expression in vitro 

leads to the biotinylation and enrichment of the MYB protein. According to the IPA analysis, MYB 

was involved in three main canonical pathways: transcriptional regulation by RUNX1, ESR-

mediated signalling, and the sumoylation pathway, which reflects its significance in initiating the 

oncogenic process. The data presented in Figure 4.18 and detailed in Table 4.4 demonstrate the 

intricate interplay of MYB, the upstream molecule, and downstream targets, highlighting MYB's 

ability to target 27 genes selectively. Furthermore, MYB's influence extends to the modulation of 

downstream targets, wherein it can either upregulate or inhibit (affect) other genes, such as 

HSPA5, BRCA1, and HSPA8, or impact other upstream regulators like JUN. Furthermore, our 
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findings highlighted the key role of MYB in various downstream functions, underscoring its 

significant oncogenic potential. We observed that MYB activation is associated with critical 

functions such as the proliferation of blood cells, angiogenesis, cell viability, colony formation, 

proliferation of progenitor cells and stem cells, increased quantity of B lymphocytes and pre-B 

lymphocytes, cell survival, and transactivation of RNA. Conversely, MYB also demonstrated 

inhibitory effects on the metastasis process, indicating its potential dual role as an oncogene or 

tumour suppressor, contingent on the specific cancer context. This intricate duality in MYB's 

functions contributes to the complexity of our understanding of cancer biology, which resonates 

with the benign nature of pleomorphic adenoma, which exhibits a subtle inclination towards 

malignant transformation into carcinoma. 

The JUN gene encodes a protein, referred to as c-JUN, which is involved in the regulation of gene 

expression within normal tissue. In conjunction with the protein c-Fos, C-Jun forms AP-1, an early 

response transcription factor. Together, they directly interact with specific DNA sequences, 

influencing how genes are expressed. Both c-Jun and its partnering proteins are influenced by 

external triggers such as growth factors, cytokines, stress, and UV irradiation. Additionally, the 

production of c-Jun is regulated by its own product, creating a mechanism that prolongs the 

effects of external triggers on gene expression (Shaulian et al., 2002). 

JUN mutation or dysregulation has been identified in several cancer types, such as breast cancer 

(Vleugel et al., 2006) and colorectal cancer (Wang et al., 2000), fibrosarcoma (Bossy-Wetzel et al., 

1992), glioma (Blau et al., 2012) and lung carcinoma (Szabo et al., 1996). 

 JUN can promote uncontrolled cell growth, a hallmark of cancer, by binding to specific DNA 

sequences in the promoters of genes critical for cell proliferation, such as cyclin D1 (Schwabe et 

al., 2003). This interaction activates gene expression, propelling cells through the cell cycle. 

Furthermore, JUN can suppress genes involved in programmed cell death (apoptosis), thereby 

enabling the survival of damaged or abnormal cells (Katiyar et al., 2010). Nevertheless, JUN can 

demonstrate a context-dependent role in the context of cancer as its functionality is frequently 

modulated by its counterpart protein, FOS, within the AP-1 complex. The specific JUN to FOS ratio 

can dictate whether the complex facilitates cellular proliferation or differentiation (maturation). 
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In specific contexts, a well-balanced AP-1 complex with sufficient FOS may promote 

differentiation, potentially impeding tumour development.  

The role of the JUN gene can differ based on the type of cell and the particular mutations found 

in the tumour. In certain types of cancer, mutations in the JUN gene can result in a loss of its ability 

to suppress tumours and can instead promote uncontrolled growth and it has also been shown 

to contribute to the formation of new blood vessels (angiogenesis) required for tumour growth. 

Moreover, several studies have indicated that JUN may have a regulatory role in Matrix 

metalloproteinases (MMPs), which are enzymes responsible for the degradation of extracellular 

matrix components and promoting invasion (Cheung et al., 2006). JUN could also influence genes 

that code for cell adhesion molecules, thereby affecting cell migration and metastasis (Zhang et 

al., 2007). 

Extensive research has been conducted on the role of the JUN gene in various cancers, yet its 

precise involvement in salivary gland tumours remains unclear, highlighting the need for further 

research in this area. This lack of specific research sets salivary gland cancer apart from other 

cancer types, such as lung cancer, where the role of the JUN gene has been more extensively 

explored. 

Our proteomics data analysis has demonstrated that following the overexpression of PLAG1, JUN 

emerges as a particularly influential upstream regulator. In its role as a transcription factor, JUN 

appears to directly influence a remarkable 84 genes, making it one of the most potent regulators 

among its counterparts. Furthermore, it can indirectly modulate other genes through 

intermediary proteins, including the upstream regulator MYB, as shown in Figure 4.19 and Table 

4.5. JUN plays a crucial role in regulating multiple canonical pathways, notably contributing to the 

activation of the anterior HOX gene, glucocorticoid receptor signalling, oestrogen receptor (ESR)-

mediated signalling, and retinoic acid receptor (RAR) activation. Conversely, it has been observed 

to have inhibitory effects on the PPARα/RXRα activation and sumoylation pathways. These 

findings underline the multifaceted role of JUN in cellular signalling and highlight its potential 

significance in various physiological and pathological processes. The data indicates that the 

changes in biological functions align with the JUN protein's expected role, as described in existing 
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scientific literature. This not only validates our research but also underscores its potential to 

inspire future studies. The changes observed include increased cell viability and survival, DNA 

repair, angiogenesis, vasculogenesis, transactivation of RNA, and the proliferation of several cell 

types critical for tumour growth, such as embryonic cells, endothelial cells, blood cells, and 

muscle cells. Conversely, JUN appears to suppress apoptosis-related functions, inflammatory 

response, and cellular movement and invasion. 

Mechanistic network analysis  

Upstream regulators within a biological system are not isolated entities but rather intricately 

interconnected. This revelation, brought to light by the rigorous research methodology of 

Mechanistic Network Analysis, unveils potential connections or interactions among multiple 

upstream regulators. The statistical enrichment method employed in this analysis has uncovered 

significant associations and overlaps between these regulators and the targets present within the 

experimental dataset, sparking a new level of intrigue and engagement in our research. 

Following an extensive analysis, the IPA (Ingenuity Pathway Analysis) has identified, MYB and JUN 

as pivotal upstream regulators within the sample group expressing PLAG1. Accordingly, a 

comprehensive mechanistic network analysis has been formulated to facilitate a detailed 

understanding of the interacting upstream regulators that drive altered gene expression through 

downstream effector molecules. Figures 4.22 and 4.23 portray the complex interplay between 

the upstream regulators MYB and JUN and their corresponding target genes within the dataset. 

In this intricate interplay, both proteins impact shared intermediary regulators, such as JNK, FOS, 

and TP53. These intermediary regulators, in turn, exert influence on the target genes within the 

experimental dataset located at the bottom of the networks, indicating the substantial functional 

overlap between MYB and JUN.  

In a study conducted by Quintana et al. (2011) to ascertain MYB target genes in human MCF-7 

breast cancer cells, the JUN gene was identified as a novel downstream target of MYB. However, 

our data analysis revealed an intricate relationship between these two molecules. Specifically, 

our findings indicate that JUN possesses the capacity to directly trigger the activation of MYB. In 

contrast, MYB's impact on JUN appears to be indirect, thereby introducing an additional layer of 
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complexity to their interaction, signifying the need to further explore their regulatory 

mechanisms. It is important to note that the two upstream regulators, EP300 and CREBBP, have 

been reported in the literature to function as potential modulators of MYB and JUN through the 

modification of histones in close proximity to the binding sites of MYB and JUN on DNA. This 

modification renders these regions more accessible to transcription factors, thereby facilitating 

the binding and subsequent activation of gene expression. Furthermore, the utilisation of online 

protein-protein interaction tools such as STRING and Signor not only served to validate these 

interactions but also uncovered a well-documented association between PLAG1 and EP300. It has 

been reported that EP300 activates PLAG1 expression through acetylation (Zheng and Yang, 

2005). The interaction between all these influential regulators in the context of human cancer 

opens up new possibilities for targeted therapies in tumours expressing these molecules. 

Diseases and functions 

Following the identification of potential upstream regulators, we performed the downstream 

effector analysis. This crucial step identifies the functions and biological processes affected by the 

deregulation of the DEPs in response to PLAG1 overexpression. It also predicts their activation 

state based on their Z score. A z-score greater than zero indicates likely activation of the biological 

function, while a z-score less than zero suggests likely inhibition. Z-scores exceeding two or falling 

below -2 are typically deemed statistically significant. The analysis relies on established 

connections between specific proteins and their corresponding biological effects, as documented 

in the literature. 

Based on our results, the most significant diseases and biological functions affected by PLAG1 

induction were cancer and gene expression, as represented by their significant p-values (Tables 

4.8 and 4.9). The majority of the enhanced biological processes align with the established effects 

of PLAG1 in pleomorphic adenoma and are consistent with its documented role in the literature. 

However, most of the inhibited functions are associated with PLAG1's role in development and 

extend beyond the biological context of pleomorphic adenoma, with the exception of biological 

functions linked to apoptosis, invasion, and metastasis, which are known to be inhibited by PLAG1 

in this context. Using this analysis, we were able to correlate the upstream regulators and their 
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targets in the dataset with the downstream effects on the altered biological processes and 

functions as discussed in the upstream regulator section. 

Interestingly, this analysis revealed the activation of functional categories previously 

demonstrated to be affected by PLAG1 ectopic expression in pleomorphic adenoma (Van Dyck et 

al., 2007; Wang et al., 2013; Wang et al., 2022). These categories include Cellular Development 

and Cellular Growth and Proliferation, which encompass cellular processes related to cell 

proliferation, differentiation, migration, and colony formation (Figures 4.25 and 4.26). Moreover, 

a notable enrichment in the cell death and survival category was observed, supported by 

statistical significance (Figure 4.27). This category is particularly important as it comprises cellular 

processes with opposing activation states; while cell viability, survival, and self-renewal were 

enhanced, apoptosis was decreased.  

The PLAG1 protein and its proximal interactors have been demonstrated to play a role in the 

development of tumours by promoting several crucial functions essential for tumour growth 

including the formation of new blood vessels (angiogenesis) and blood vessel formation 

(vasculogenesis), as well as promoting cell viability, survival, and the ability to form colonies. 

PLAG1 also contributes to the proliferation of a variety of cells while inhibiting apoptosis, the 

natural process of cell death. Interestingly, PLAG1 is also known to have a suppressing effect on 

the invasion and spread of tumour cells to other parts of the body (metastasis). All these 

counteracting functions reflect the dual function of PLAG1 as being an oncogene and tumour 

suppressor. It is important to note that the balance between these opposing functions determines 

the non-cancerous (benign) nature of the tumour. Any alterations to this delicate balance could 

potentially lead to more aggressive behaviour and, in rare instances, a transformation into a 

malignant tumour (carcinoma ex PA). These findings underscore the complex role of PLAG1 in 

cellular processes and open up new avenues for further research. 

Regulator effect analysis 

Following the identification of upstream regulators and their downstream effects on biological 

processes and functions, it was fundamental to generate a wider view of the entire process of 

tumorigenesis. Linking the upstream regulators with their targets in the dataset and the 
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downstream affected functions has been instrumental in generating a holistic understanding of 

the entire process of tumorigenesis, thereby expanding our knowledge of the mechanisms driven 

by PLAG1 in the development of pleomorphic adenoma.  

Using the IPA, a total of 16 regulator effect networks were predicted, however, it is important to 

note that several of these networks delineate the role of PLAG1 in the context of embryonic 

development, which lies beyond the scope of our current focus. Within the biological context of 

pleomorphic adenoma, the IPA recognised several molecules as being top (master) upstream 

regulators affecting the DEPs in the dataset and constructed regulator effect networks by 

integrating the upstream regulator results with their respective downstream effects. These 

master upstream regulators include growth factors (IGF1 and EGF), cytokines (IL6, IL33) enzymes 

(SNCA), compounds (ERK1/2), transcription regulators (HNF4A) and microRNA (mir-8), all of 

which have been evidenced to be implicated in cancer (Schetter et al., 2008; Yan et al., 2018; Hua 

et al., 2020; Sugiura et al., 2021). Based on their activation Z-scores, the analysis suggests that 

the genes SNCA, HNF4A, and mir-8 would be inhibited, while the other upstream regulators are 

expected to be activated. 

Despite not being expressed in our samples, the presence of their reportedly commonly affected 

target molecules in the dataset strongly indicates the implication of these master regulators in 

the observed changes. This opens up intriguing possibilities for further research. As mentioned 

earlier, those upstream regulators may be activated, but not overexpressed, by post-

transcriptional or post-translational modifications. In the regulator effect networks, the master 

upstream regulators are located at the top, while their targets in the dataset, primarily 

transcription factors and enzymes, are in the middle. Diseases and functions are positioned at the 

bottom of the network, representing the downstream outcome of the observed changes initially 

attributed to PLAG1 overexpression (Figures 4.29 to 4.34).  

The network illustrated in Figure 4.29 reveals a complex web of interactions involving six 

significant upstream regulators: SNCA, HNF4A, EGF, IL6, IGF, and IL33. These interactions have a 

profound impact on 25 target proteins in the dataset, leading to the activation of downstream 

functions such as angiogenesis, development of cardiovascular tissue, development of epithelial 



191 
 

tissue, and proliferation of blood cells while at the same time inhibiting organismal death. 

Similarly, SNCA and IGF1 interact and overlap with ERK1/2 (Figure 4.30), affecting nine target 

proteins in the dataset. This interaction activates cell viability in tumour cell lines, colony 

formation of cells, proliferation of blood cells, and cell quantity. All of these functions have been 

reported to be affected in pleomorphic adenoma.   

MicroRNA (mir-8), a mono regulator, has the capacity to drive a cascade of protein interaction in 

its regulatory network. It is predicted to exert a compound inhibitory effect on five downstream 

targets, including our protein of interest, PLAG1 (Figure 4.31). This inhibition promotes the 

proliferation of blood cells and progenitor cells while suppressing cell apoptosis, a crucial function 

in the context of tumorigenesis.  

Insulin-like Growth Factor 1 (IGF1) and Epidermal Growth Factor (EGF) can function 

autonomously or as constituents of a broader network to instigate downstream targets, resulting 

in modifications to biological functions, as depicted in Figures 4.32, 4.33, and 4.34. IGF1 serves as 

a potent oncogene, as evidenced by its comprehensive impact on multiple affected functions. 

Notably, it has been suggested that MYB, along with BRCA1, are implicated in all IGF effect 

networks, underscoring their significance in the IGF1 pathway. Analogously, EGF facilitates the 

activation of tumour-related functions; however, it is expected to preserve the benign nature of 

the tumour by impeding or blocking the cell's ability to invade surrounding structures.  

The signalling pathways of both EGF and IGF1 have been reported to interact and potentially 

enhance each other's impact on the progression of tumours. Specifically, the crosstalk between 

Epidermal Growth Factor Receptor (EGFR) and Insulin-like Growth Factor 1 Receptor (IGF1R) 

signalling pathways may give rise to more aggressive cancer phenotypes and resistance to 

therapies targeting these pathways (Hua et al., 2020). 

The networks of regulatory effects represent custom-designed pathways predicted by the IPA. 

These pathways are generated by identifying the best matches (relationships) between 

regulators, as well as between regulators and diseases/functions. This approach allows for the 

discovery of potential new relationships within the specific scope of the study. It's important to 
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mention that certain targets in the dataset, such as MYB, JUN, and EP300, have been identified 

as potential upstream regulators. Therefore, we refer to them as biological upstream regulators. 

The numerous predicted networks and pathways, whether acting autonomously or in complex 

overlapping patterns, offer potential targets for future investigation into their involvement in 

pleomorphic adenoma development. A comprehensive review of the existing literature and 

experimental data is essential to further explore the nature and function of each identified master 

upstream regulator and its downstream target genes/ biological function in the broader context 

of tumorigenesis, with specific emphasis on salivary gland tumours and pleomorphic adenoma. 

Consequently, we have designated this area as a focal point for our upcoming research to gain a 

more comprehensive understanding of our findings. 

In summary, the proximity proteomic analysis and subsequent IPA analysis unveiled a complex 

regulatory network downstream of PLAG1 overexpression. PLAG1 appears to exert its oncogenic 

potential by interacting with proteins involved in transcriptional regulation, epigenetic 

modifications, and cellular metabolism. The observed activation of oncogenic signalling 

pathways, including HOX and RUNX1, coupled with the inhibition of tumour suppressive pathways 

such as PPARα/RXRα and sumoylation, suggests a multifaceted mechanism of action for PLAG1. 

Significantly, the downstream effector analysis revealed a pro-tumorigenic phenotype 

characterised by increased cell proliferation, survival, and colony formation, while concurrently 

suppressing apoptosis, invasion, and metastasis. These findings underscore PLAG1's critical role 

in driving tumorigenesis and progression in pleomorphic adenoma. 

These findings suggest that PLAG1 may exerts its oncogenic potential in pleomorphic adenoma 

by disrupting essential cellular processes through protein-protein interactions and transcriptional 

regulation. The identified pathways and proteins are implicated in tumorigenesis, suggesting their 

potential roles in driving tumour growth. 

However, it is crucial to note that this is a preliminary analysis, and further investigation is 

required to fully elucidate the precise mechanisms underlying PLAG1's oncogenic function in this 

specific tumour context. 
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5 Chapter 5 Investigating the role of PLAG1 on cell behaviour 

5.1 Aims and Objectives. 
Following the successful overexpression of PLAG1, it was crucial to investigate its impact 

on cell behaviour through the execution of functional assays as these serve not only to 

establish a connection between genetic and proteomic data and observable biological 

functions but also help to validate and substantiate the research findings presented in 

Chapter 4 section 4.4.5.5 (Affected Diseases and Biological Functions) with experimental 

evidence. The primary objective of this chapter was, therefore, to determine the influence 

of PLAG1 expression on cell behaviour and further to validate the results of the IPA 

downstream effect analysis. The work outlined in this chapter aimed to: 

● Investigate and confirm the influence of PLAG1 de novo expression on cell proliferation 

via a cell proliferation assay. 

● Perform a clonogenic assay to evaluate the effect of PLAG1 on cell survival and colony 

formation. 

● Investigate the downstream effect of PLAG1 in modulating apoptosis using the TACS 

Annexin V-FITC Apoptosis detection kit. 

● Conduct a transwell migration assay to investigate the effect of PLAG1 on cell migration. 

● Examine the invasive potential of PLAG1 via a transwell invasion assay. 

 

5.2 Materials and Methods 

Following the evaluation of the timeline of de novo PLAG1 expression, transfection was 

performed as described in section 2.2.3. Briefly, HEK293 cells were cultured and transiently 

transfected with the two distinct constructs: PLAG1 and EV. To ensure consistent and reliable 

results from the functional assays, the transfection was performed in a T75 flask. Upon 

confirmation of successful transfection by fluorescence imaging, the cells were trypsinised and 

seeded according to the specific requirements of the respective assays, which included 

proliferation, migration, invasion, and colony formation. However, due to technical challenges in 

conducting the apoptosis assay simultaneously with the other assays, the transfection of cells for 

this assay was performed in the same 6-well plate as the assay. Detailed protocols for these assays 

are described in sections 2.6. 



194 
 

5.3 Results 

5.3.1 Evaluation of PLAG1 protein expression level timeframe  

Before proceeding with any functional experiments, it was important to evaluate the timeline of 

de novo PLAG1 protein expression. Transfection was carried out on two sets of samples, including 

a negative control, to enable monitoring and analysis at different time points. One set of samples 

was lysed 24 hours after transfection, while the other set was incubated and monitored for green 

fluorescence over the course of 7 days. On the seventh day, the samples were also lysed and 

PLAG1 protein expression, for both sets of samples, was evaluated using western blotting. 

Transfected HEK293 cells continued to exhibit high levels of green fluorescent protein expression 

for up to seven days, which was in line with the consistent presence of clear PLAG1 protein bands 

in samples collected on both day one and day seven post-transfection (Figures 5.1 and 5.2). 

 

Figure 5.1 The expression pattern of PLAG1 in transiently transfected HEK293 cells. 
Fluorescent microscopy images depict HEK293 cells transiently transfected with the FLAG-tagged PLAG1 
pCDNA3.1+IREs GFP construct at five distinct time points, revealing sustained levels of GFP expression over 
the observed duration. 
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Figure 5.2 Western blotting analysis of PLAG1 protein expression. 
PLAG1 protein expression was assessed via western blot in transiently transfected HEK293 cells at 1 and 7 
days post-transfection using an anti-PLAG1 antibody. Consistent protein expression levels were observed 
in samples collected on day 1 and day 7. Control groups comprised non-transfected (NT) and cells mock-
transfected with an empty vector (EV). 

 

5.3.2 The effect of PLAG1 on cell proliferation and survival  

The data outlined in section 4.4.5.5 (Affected Diseases and Biological Functions) demonstrates 

the downstream impact of PLAG1 overexpression on biological functions, indicating a 

considerable increase in cell proliferation alongside enhancements in cell viability and survival. In 

this chapter, two functional assays were performed to experimentally investigate the role of 

PLAG1 in relation to these specific biological functions and to corroborate our IPA proteomics 

data. 

The CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) was utilised to assess 

viable cell proliferation. The results clearly demonstrate that the overexpression of PLAG1 led to 

a significant increase in cell proliferation (**p < 0.01) with, notably,a 3-fold increase in cell 

proliferation compared to the EV, as shown in Figure 5.3. The data was analysed using GraphPad 

Prism with Student’s t-tests.  
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Figure 5.3. Cell proliferation assay. 
A) The difference in the colour intensity between the two groups of samples (EV and PLAG1) is proportional 

to the number of viable proliferating cells. B) Values were analysed using GraphPad prism by student’s t-

test; data is presented as mean ± SD (N=3) **p < 0.01. 

 

The clonogenic assay allowed us to determine the downstream effect of de novo PLAG1 

expression on cell viability as this allows the assessment of a cell's capability to undergo clonal 

expansion from a single cell while maintaining its unlimited proliferation and differentiation 

capacity (Rajendran and Jain, 2017). After a 10-day incubation in normal growth media, the 

number of colonies formed was determined by scanning the plates and quantifying the number 

of colonies using ImageJ software. 

Our data demonstrated a 35% (1.35-fold) increase in the number of colonies formed following 

PLAG1-transfection of HEK293 cells compared to the EV group. The results indicated that the 

PLAG1 gene significantly induced cell survival and expansion with a p-value of 0.0019, as shown 

in Figure 5.4.   
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Figure 5.4 Colony formation assay. 
A) Representative images of colonies of HEK293 cells transfected with empty vector EV (top) and PLAG1 
(bottom) and cultured in normal growth media. After ten days, cells were fixed and stained with 0.2% 
Crystal Violet solution. B) Data quantification demonstrated a statistically significant (P= 0 0.0019) increase 
in colony formation and survival of PLAG1 transfected HEK293 cells in comparison to the control. Values 
were analysed using GraphPad prism by Student’s t-test; data is presented as mean ± SD (N=3).  

 

 

5.3.3 The effect of PLAG1 on programmed cell death (apoptosis) 

In order to investigate the effect of PLAG1 on cell apoptosis and to validate our IPA analysis which 

suggested that PLAG1 might act as an inhibitor of apoptosis (chapter 4), we conducted the 

Annexin V-FITC Apoptosis assay, which. involves the use of flow cytometry following annexin V 

and PI staining. Annexin V is detectable in both early and late apoptosis, while PI stain is indicative 

of late apoptosis or necrosis. Early apoptotic cells were identified as annexin V-positive and PI-

negative (upper left quadrant), while late apoptotic cells were dual-positive for annexin V and PI 

(upper right quadrant). Analysis of the findings in Figure 5.5 revealed that the exogenous 

expression of PLAG1 did not precipitate a statistically significant alteration in the proportion of 

either early or late apoptotic cells compared to the control group (NS P > 0.05). 
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Figure 5.5 Results of the Annexin V-FITC apoptosis assay. 
Apoptosis assay using flow cytometry after staining with annexin V-FITC/propidium iodide (PI). 

Representative scatter plots of Annexin FITC (y-axis) vs PI (x-axis) of A) Cells transfected with EV (control) 

and B) Cells transfected with PLAG1. The early-stage apoptosis, as indicated by the Annexin+ percentage 

(upper left quadrant) of the control group and PLAG1, at 53.48% and 51.04%, respectively, reveals no 

significant difference between the two groups. C) Values were analysed using GraphPad prism by Two-way 

ANOVA; data is presented as mean ± SD (N=3) NS P > 0.05. 

 

5.3.4 The effect of PLAG1 on cell migration and invasion 

The effect of PLAG1 expression on cell migration and invasion, was assessed after seeding of            

transfected cells into transwells in low-serum growth media, with the bottom well being filled 

with 10% FBS growth media to function as a chemoattractant. After the incubation period 

specified for each assay (see section 2.6), the membranes were fixed and stained with 

haematoxylin and eosin (H&E) and then mounted onto glass slides for quantification and data 

analysis. One key difference between the two assays lies in the design of the insert used. In order 

for the cells to migrate, they only need to penetrate the pores and move downwards toward the 

serum-rich media. Conversely, invasion necessitates the dissolution of the cell basement 

membrane and thus the inserts used for the invasion assay are pre-coated with Matrigel, which 

acts as  a substitute extracellular matrix (ECM). 
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The membranes (on glass slides) were scanned using a Panoramic 250 Slide Scanner and ImageJ 

software was used for cell counting. The experiments were conducted at least three times in 

triplicate, however, no migration or invasion was detected across the timecourse of our 

experiment (Figure 5.6). 

 

Figure 5.6 Transwell migration and invasion assays. 
Transwell migration assay (A) and invasion assay (B). There were no observed indications of cell migration 
or invasion in cells transfected with EV (top) and PLAG1 (bottom) within the specified experimental 
timeframes. Specifically, the migration assay was conducted over 48 hours, while the invasion assay was 
extended to 120 hours.  
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5.4 Discussion 

Studying cellular behaviour is fundamental to the investigation of protein function and its role in 

cellular pathways and biological processes. The primary objective of the research detailed in this 

chapter was to ascertain the influence of PLAG1 protein on cellular behaviour and to provide 

evidence to experimentally validate our IPA downstream effect analysis detailed in section 

4.4.5.5. To accomplish this, gene transfection experiments were performed using HEK293 cells 

lacking endogenous PLAG1 expression, followed by downstream functional assays. Prior to 

commencing the in vitro functional assay, the PLAG1 protein expression level was assessed over 

a seven-day period. This evaluation was undertaken to validate the consistent and sustained 

expression of PLAG1 throughout the duration of any functional assays. 

The initial in vitro findings suggest that PLAG1 protein significantly influences cell proliferation, 

survival, and colony formation but we saw no discernible involvement in cell migration or 

invasion. Furthermore, our investigation into the impact of PLAG1 on apoptosis modulation 

yielded inconclusive results within the time of our experiment. 

The influence of PLAG1 on cell proliferation is not in isolation rather, it is frequently shaped by 

interactions with other genes and signalling pathways. PLAG1 exerts its influence by binding to 

specific DNA sequences and regulating the expression of target genes. There are several 

mechanisms through which PLAG1 promotes cell proliferation. It can influence the expression or 

activity of growth factors and their receptors, particularly IGF2, a potent growth factor involved 

in cell proliferation, differentiation, and cell death. PLAG1 can also interact with pivotal cell cycle 

proteins such as cyclins, cyclin-dependent kinases (CDKs), and their inhibitors, thereby intricately 

regulating the progression of the cell cycle. Additionally, it might prevent programmed cell death 

(apoptosis) by activating pathways that promote cell survival indirectly contributing to increased 

cell numbers by preventing cell death (Juma et al., 2016). The PLAG1 gene exhibits the capacity 

to collaborate with other oncogenes or to antagonise tumour suppressors, thereby facilitating 

cellular proliferation.  

The MTS assay represents a widely employed colourimetric technique utilised for assessing 

cellular viability and proliferation, commonly employed within both research and clinical 
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contexts. Specifically, this method involves the introduction of a tetrazolium compound known as 

MTS into the cell culture medium as cells that are metabolically active express enzymes capable 

of converting the MTS substrate into a soluble, coloured formazan product. This enzymatic 

conversion serves as a reliable indicator of cellular activity as the abundance of formazan 

generated is directly proportional to the population of viable cells. Subsequently, the optical 

density of the resultant colour is measured using a microplate reader. 

The results of this assay conclusively indicate that the overexpression of PLAG1 elicited a 

threefold increase in cell viability and proliferation with a **p-value less than 0.0001 compared 

to the EV group. This is in agreement with the previously described proliferative capacity of PLAG1 

and is consistent with my results described in Chapter 4. The IPA analysis of the affected diseases 

and biological functions (section 4.4.5.5) suggested that PLAG1 has the potential to stimulate or 

activate cell proliferation through the significant p-values and a Z-score activation (Z-score > 2) of 

proliferation-related functions. These activated functions include, but are not limited to, the 

proliferation of blood cells, progenitor cells, stem cells, and endothelial cells. Additionally, the IPA 

data suggested a significant increase in cell viability, with 37 different proteins involved in this 

biological function. 

An in vitro clonogenic cell survival assay was conducted to further investigate the capacity of a 

single cell to proliferate into a colony. This assay rigorously examines each cell within the 

population for its ability to undergo persistent division.  

HEK293-293 cells are well-known for their robust growth and capacity to form colonies when 

plated at low density. This characteristic is evident in the control group, which comprises EV, 

mock-transfected cells. However, our findings indicate that the overexpression of PLAG1 in 

HEK293 cells resulted in a 1.35-fold increase in the cell survival and their ability to form colonies, 

as supported by the P-value of P= 0 0.0019 when compared to the EV group. This result not only 

stands on its own but also correlates with the findings of the PLAG1 downstream affected 

functions of the IPA analysis in chapter 4 (section 4.4.5.5). In this analysis, colony formation and 

cell survival functions were predicted to be significantly activated (Z-score > 2) in PLAG1-

expressing cells compared to the control group, as shown in Figure 5.4. Our findings, therefore, 
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emphasise the fundamental role of PLAG1 as a principal driver in cell proliferation, viability and 

survival.  

Apoptosis, also referred to as programmed cell death, is a well- orchestrated process during which 

a cell autonomously triggers a self-destruct sequence to systematically eliminate itself. This 

substantially benefits the organism by effectively removing undesirable or dysfunctional cells, 

preserving tissue homeostasis and impeding unregulated cellular proliferation.  

The dysregulation of apoptosis has been implicated in various pathological conditions, including 

cancer, neurodegenerative diseases, and immune disorders (Sjöström and Bergh, 2001). The 

interplay between PLAG1 and apoptosis in pleomorphic adenoma presents a multifaceted 

scenario. PLAG1, identified as an oncogene, is recognised for its role in promoting tumorigenesis 

by stimulating cell proliferation, however, a previous study has suggested that PLAG1 may also 

exert an inhibitory influence on apoptosis in specific cellular contexts (Wang et al., 2020).  This 

research was, however, performed using bovine muscle cells, and so further studies are needed 

to fully understand the effects of PLAG1 on apoptosis within the context of pleomorphic 

adenoma. 

We analysed the effect of PLAG1 protein on apoptosis after staining the cells with annexin V and 

PI and then subjecting to flow cytometry. Annexin V binds to phosphatidylserine, a molecule that 

relocates from the inner to the outer layer of the plasma membrane during apoptosis. This makes 

annexin V a marker for the early and late stages of apoptosis. On the other hand, PI is a 

fluorescent intercalating agent that is excluded by viable cells but can penetrate the plasma 

membrane of cells that have lost membrane integrity, such as late apoptotic or necrotic cells. 

When used together, annexin V and PI staining can distinguish different stages of apoptosis as 

early apoptotic cells are identified as annexin V-positive and PI-negative while cells in late 

apoptosis are positive for both annexin V and PI.  

Our data demonstrated that the exogenous expression of PLAG1 did not yield a statistically 

significant change in the proportion of early and late apoptotic cells in comparison to the control 

group (NS P >0.05)indicating that the introduction of PLAG1 does not induce apoptosis.  
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Due to time constraints, the apoptosis assay was performed 24 hours after transfection and thus 

the apparently similar apoptotic effect in both the PLAG1 and mock transfection groups might 

indicate the initial stages of PLAG1-associated inhibition of apoptosis. Tumorigenesis is a time-

dependent, multistep process, and thus capturing a snapshot of events, particularly at an early 

stage, may not accurately represent the true cellular changes.  

To address this, future studies replicating this assay for a longer period of time would potentially 

allow any effects of PLAG1 on cell apoptosis to be fully elucidated.  

Despite the benign nature of pleomorphic adenomas they can grow into large tumours and 

display more aggressive behaviour with a slight tendency for malignant transformation. This 

makes our investigations into the impact of PLAG1 on the ability of cells to undergo migration 

and/or invasion essential in order to elucidate the molecular mechanisms implicated in the 

process of tumorigenesis.  

A transwell migration assay was conducted to investigate the downstream effect of PLAG1 

overexpression on cell migration. However, our data indicated that there was no significant 

difference in the migratory potential of PLAG1-expressing cells versus the control group; no 

migration was detected in either group. This is in line with the study conducted by (Dalin et al., 

2017), which examined the influence of PLAG1 on the migration of myoepithelial carcinoma cells. 

Their findings indicated that expression of PLAG1 alone did not induce changes in cell migration, 

however, when combined or co-localized with another growth factor, such as TGFBR3, cell motility 

was positively impacted. These findings, however, were contradicted by the study of Goto et al. 

(2020) in which PLAG1 was seen to promote transwell migration and invasion in immortalised 

normal human salivary gland acinar (NS-SV-AC) and ductal (NS-SV-DC) cell lines.   

The IPA downstream effect analysis section 4.4.5.5 (affected diseases and functions) indicated 

that numerous cell migration functions were statistically significant but remained inactivated (Z-

score <2). This indicates that there is a significant overlap between the genes/proteins in our 

dataset and the genes associated with cell migration. Nevertheless, the direction of change 

(activation or inhibition) is not strong enough to confidently predict the activation state of cell 

migration. Only one function annotation, migration of vascular endothelial cells (VECs), was 



204 
 

significantly increased with a Z-score of activation equal to 2.138. As mentioned earlier, 

Pleomorphic adenoma is a benign tumour that can grow large. Increased migration of VECs 

promotes tumour rapid growth by supporting angiogenesis (Dudley, 2012; Leone et al., 2024). In 

the case of Ca Ex PA, migrating VECs play a role in forming new blood vessels at distant sites, 

which helps spread tumour cells to other parts of the body (Suzuki et al., 2021). 

A Transwell invasion assay was conducted to assess the impact of PLAG1 protein on cell invasion, 

however, no invasive cells were detected in either of the comparison groups (PLAG1 versus mock-

transfected cells). This is in agreement with our previous findings (section 4.4.5.5), in which PLAG1  

would be expected to significantly inhibit cellular functions related to cell invasion and metastasis 

with a Z-score<2. Based on these findings, it can be postulated that PLAG1 does not act as the 

exclusive regulator of cell invasion, however, its influence on other biological processes, 

particularly cell proliferation, suggests a broader functional scope. This is in agreement with a 

study by Huang et al., (2020) which examined the involvement of PLAG1 in ovarian cancer and 

found that the silencing of PLAG1 led to a reduction in the expression of IGF2, IGF1 receptor, and 

insulin receptor substrate 1, along with impeded proliferation, migration, and invasion of ovarian 

cells. Furthermore, the study revealed that the impact of PLAG1 was reliant on IGF2. 

Currently, there is a lack of direct and conclusive evidence supporting PLAG1 as a definitive driver 

of cell migration and invasion and so any correlation between PLAG1 and cell migration and 

invasion likely operates through intermediary pathways. 

 In conclusion, while PLAG1 may not exclusively govern cell migration, invasion, and apoptosis, its 

impact on cell proliferation implies a broader significance. 
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6 Chapter 6 General Discussion 

 

Salivary gland tumours represent a set of rare tumours, but their effects can significantly impact 

a patients’ quality of life. Some types of salivary gland tumours are very aggressive and may have 

detrimental effect on patients’ lives (Young et al., 2023). 

In Europe and the UK, rare cancers are defined as those with an incidence of fewer than 6 per 

100,000 per year and collectively, they make up about 24% of all cancer cases diagnosed annually 

Cancer Research UK (2024). 

Rare tumours often have unique genetic and molecular characteristics that can provide insights 

into cancer biology as discoveries made in investigations into rare tumours can reveal 

mechanisms that are also relevant to more common cancers. Additionally, studying rare tumours 

contributes to the broader field of personalised medicine as through understanding the molecular 

profile of these tumours, treatments can be tailored to individual patients, enhancing efficiency 

and reducing side effects. 

PA is the most common salivary gland tumour, representing two thirds of all salivary gland 

tumours. Despite being benign, they can become large and rarely will metastasise, a condition 

known as metastasising PA; this occurs even though the primary tumour is histologically benign. 

If left untreated, benign PAs can undergo malignant transformation to Ca ex PA, which is an 

aggressive malignancy with poor prognosis (Matsumiya-Matsumoto et al., 2022). 

PLAG1 is a transcriptional factor that is frequently rearranged and overexpressed in PA. It is 

involved in various cellular processes such as proliferation and differentiation, and it has been 

proposed that dysregulation of PLAG1 may contribute to tumour development and progression 

(Martins et al., 2005). The exact mechanisms and pathways by which PLAG1 affect the biology 

and behaviour of PA are, however, not yet fully understood. The molecular landscape of PA and 

Ca ex PA is complex and evolving and whilst PLAG1 overexpression is considered a hallmark of PA, 

the acquisition of additional genetic and epigenetic alterations is thought to be crucial for 

malignant transformation. A deeper understanding of the molecular mechanisms underlying 

these tumours is essential for developing targeted therapies and improving patients’ outcomes. 
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The aims of this study were  to provide a comprehensive overview of the molecular role of PLAG1 

in PA. Transcriptomic analysis facilitated an investigation into the impact of PLAG1 on downstream 

target genes to identify the altered functions and pathways Additionally, using biotin-based 

proximity labelling, my study aimed to identify proteins that directly interact with PLAG1, offering 

insight into the molecular interactions and pathways influenced by PLAG1 from a different 

perspective. Furthermore, functional assays were performed to investigate the effect of PLAG1 

on cell behaviour. This approach also helps relate the findings from the biotin-based proximity 

labelling, providing a comprehensive understanding of the functions altered by PLAG1 and its 

interacting proteins. 

The transcriptomic analysis outlined in Chapter 3 revealed a comprehensive picture of the role of 

PLAG1  in tumour development; specifically the gene set enrichment highlighted several key 

areas:  

Firstly, extracellular matrix and structural components were prominently enriched. Terms 

related to collagen and extracellular matrix components such as cellular responses to retinoic 

acid, suggest that PLAG1 significantly impacts the tumour’s structural and environmental context.  

Secondly, cell signalling and growth regulation pathways were also notably enriched including 

growth factor binding and activity, Notch binding, and key signalling pathways such as Hedgehog, 

Wnt and cell adhesion molecules. The enrichment in cell adhesion molecules is significant as it 

suggests that PLAG1 may influence how tumour cells adhere to each other and to the 

extracellular matrix, impacting tumour cohesion and potentially affecting metastasis. Overall, 

these results indicate that PLAG1 may play a critical role in regulating essential signalling 

pathways that control cell growth, differentiation and communication within the tumour. 

The oncogenic signature gene set analysis reinforces the benign nature of the tumour, showing 

reduced stem-like properties and low KRAS activity, which aligns with its slow-growing, 

differentiated phenotype. The downregulation of ESC_V6.5_UP_EARLY.V1_DN suggests a shift 

away from pluripotency, while the enrichment of KRAS.600_UP.V1_DN indicates that KRAS 

signalling is not a key driver, with potential compensation from pathways like Wnt/β-catenin or 

PI3K/AKT. Additionally, enrichment in DNA repair and immune response pathways, particularly 
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TGFB, highlights a balance between genomic stability and potential tumour progression. While 

PA remains largely non-invasive, factors such as ECM remodelling, Wnt/LEF1 activation, and TGFB 

signalling may contribute to recurrence and warrant further investigation. 

The IPA analysis of the biotin-based proximity labelling outlined in Chapter 4 provided valuable 

insights into the role of PLAG1 in PA by examining various molecular aspects. Canonical pathways 

revealed crucial information about the regulatory environment influenced by PLAG1. The 

activation of the HOX gene and RUNX1 pathways indicates that PLAG1 plays a significant role in 

cellular development and differentiation. The anterior HOX pathway with its extensive crosstalk 

with other pathways, suggests it is central in regulating various molecular processes in the 

tumour. Meanwhile, the inhibition of the PPARα/RXRα and Sumoylation pathways highlights 

how PLAG1 may alter metabolic and stress response pathways, potentially affecting tumour 

metabolism and resilience. 

Upstream regulator analysis focused on regulators that had expression data available, as they 

represent proteins interacting with PLAG1. These upstream regulators were biotinylated due to 

their proximity to PLAG1, making them detectable by the proximity labelling technique. Their 

significance lies in their role in mediating the effects of PLAG1, shaping the downstream pathways 

and cellular processes influenced by PLAG1, thereby contributing to the overall regulatory 

network within the tumour. 

Upstream regulators such as MYB, JUN, EP300 and CREBBP were identified as crucial factors that 

regulate the transcriptional landscape in PA. MYB and JUN, known for their roles in cell 

proliferation and differentiation, interact with each other and share common downstream 

effectors, suggesting they coordinate key processes in tumour growth.  EP300 and CREBBP further 

modulate these processes, influencing gene expression related to cell survival and proliferation. 

Mechanistic network analysis underscored the interaction between MYB and JUN, highlighting 

their role in regulating downstream targets related to tumour development. This network 

provides insight into how PLAG1 might influence tumour biology by modulating these key 

transcription factors and their effect on cellular processes. 
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The downstream effect analysis (affected functions) revealed that PLAG1 significantly impacts 

processes related to cellular development and growth, particularly those associated with 

endothelial cells, blood cells and blood cell formation. Key functions include angiogenesis and 

vasculogenesis which are crucial for supporting tumour growth and expansion. Additionally, 

PLAG1 influences cellular processes related to cell viability and survival, which support tumour 

persistence and resistance to therapies. However, the data also show that while PLAG1 enhances 

cell survival, it inhibits metastasis and apoptosis, indicating a complex role in balancing tumour 

growth and spread. 

Regulator effect analysis identified several master upstream regulators such as IGF1, EGF, IL6, 

IL33, SENCA, ERK1/2, HNF4A, and mircoRNA (mir 8). Although these regulators were activated 

but not directly expressed in the data, their significance lies in their potential impact on tumour 

biology. Growth factors such as IGF1 and EGF suggest a role in promoting cell growth, while 

cytokines like IL6 and IL33 may influence tumour microenvironment. Enzymes and signalling 

pathways like SCNA and ERK1/2 further indicate a complex regulatory network involving PLAG1. 

MicroRNA (mir8) and HNF4A highlight additional layer of regulation that could affect tumour 

progression.  

Overall, IPA analysis provides a comprehensive view of how PLAG1 influences PA, highlighting its 

role in activating pathways and impacting cellular processes related to growth and survival. 

In studying the effect of PLAG1 on cell behaviour (chapter 5), several assays provided insights into 

its role in PA. The proliferation assay revealed a significant increase in cell survival and 

proliferation, aligning with the biotin-based proximity labelling results that PLAG1 promotes cell 

growth. Similarly, the colony formation assay showed increased colony formation, supporting the 

PLAG1in enhancing tumour cells proliferation.  

However, migration and invasion assays were negative, suggesting that early stage PA driven by 

PLAG1 may not support these processes.  It is possible to speculate that PLAG1’s influence on cell 

migration and invasion might be more relevant during later stages of tumour progression or 

transformation into a more aggressive form such as Ca ex PA. At these later stages, altered 

signalling pathways or additional mutations might possibly activate migration and invasion.  
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The apoptosis assay, conducted only 24 hours after transfection, did not yield conclusive results, 

likely because the short timeframe may not have been sufficient to observe the effects of PLAG1 

on cell death. It is possible that PLAG1 requires more time to influence apoptotic pathways. 

Therefore, performing the assay at multiple time points over a longer period could provide a more 

comprehensive understanding on how PLAG1 affects apoptosis, offering better alignment with 

the proximity labelling results.  

Based on the comprehensive data from transcriptomic analysis, IPA analysis, and functional 

assays, PLAG1 demonstrates a dual role in PA. Initially, PLAG1 acts primarily as an oncogene, 

driving tumour growth by enhancing cell proliferation, survival, and the formation of the 

extracellular matrix. This role supports the benign nature of PA by promoting localised tumour 

growth while maintaining encapsulation, a characteristic that prevents the tumour from invading 

surrounding tissues. For instance, the upregulation of pathways related to cell growth, 

extracellular matrix components and extracellular encapsulating structures helps maintain the 

tumour’s non-invasive, well-defined boundary. 

In the early stages of PA, PLAG1’s influence is primarily on pathways that support benign 

characteristics. The absence of significant effects on cell migration and invasion in the functional 

assays aligns with this benign behaviour. The encapsulation of the tumour, supported by PLAG1’s 

regulation of extracellular matrix components and cell adhesion molecules, helps confine the 

tumour and prevent metastasis. 

However, this dual role suggests that PLAG1's function may evolve as the tumour progresses. In 

rare instances, additional genetic changes or disruptions in regulatory networks can lead to a shift 

in PLAG1’s role. For example, changes in the balance of signalling pathways, interactions with 

other regulatory factors, or loss of suppressive mechanisms could enable the tumour to acquire 

invasive and metastatic capabilities. Although PLAG1 initially supports benign growth, these 

alterations might eventually allow the tumour to overcome its encapsulated nature and spread. 

In summary, while PLAG1 primarily supports the benign nature of PA through its early-stage 

effects on growth and encapsulation, its potential for malignancy in rare cases highlights the 

complexity of its role. This dual function underscores the importance of understanding how 
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PLAG1’s regulatory mechanisms can shift from benign to malignant states and emphasises the 

need for further research into the conditions that trigger this transition. 

 

6.1 Conclusion and summary of key findings 

The integration of transcriptomic analysis, IPA analysis of biotin-based proximity labelling, and 

functional assays provides a comprehensive overview of the molecular landscape downstream of 

PLAG1 overexpression in PA. This approach elucidates PLAG1’s complex role in tumour behaviour, 

supporting benign growth and potentially contributing to malignancy in certain cases.  

Dual Role of PLAG1: Functions as an oncogene promoting benign growth through enhanced cell 

proliferation and extracellular matrix formation, with potential for malignant behaviour in rare 

cases.  

Affected Functions and Pathways: Significant effects on cell proliferation and extracellular matrix 

formation. Key pathways activated include Hedgehog, Wnt, and anterior Hox genes, with 

inhibition of PPAR alpha and RXR alpha pathways.  

Upstream Regulators: MYB, JUN, EP300, and CREBBP are crucial regulators interacting with 

PLAG1, impacting its downstream effects and potentially influencing tumour progression. 

Mechanistic Insights: MYB and JUN interact in a network affecting cellular development and 

growth, highlighting their role in regulating tumour behaviour. 

These findings offer crucial insights into how PLAG1 influences PA and underscore the need for 

further research into its role in tumour progression. This study provides a general overview of the 

mechanisms of PLAG1, paving the way for future studies to explore its role in tumour progression 

and transformation.  

 

6.2 Future work 

To build on the findings from the transcriptomic analysis, IPA data, and functional assays regarding 

PLAG1 in PA, several avenues for future research are recommended: 
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1. Co-localisation Studies: Using immunohistochemistry to co-localise PLAG1 with its 

proximal interacting proteins in patient samples of pleomorphic adenoma and carcinoma. 

This will help visualise the spatial distribution and expression patterns of these proteins in 

relation to PLAG1. 

2. Immunoprecipitation: Employing immunoprecipitation to further study protein-protein 

interactions. This technique involves pulling down PLAG1 and any interacting proteins 

from cell lysates using specific antibodies. The co-precipitated proteins can then be 

analysed to identify and characterise additional interactors. 

3. Validation of Key Findings: Performing additional validation experiments to confirm the 

observed effects of PLAG1 on cell proliferation, extracellular matrix formation, and key 

signalling pathways. This could involve using different cell lines or animal models. 

4. Extended Functional Assays: Conducting long-term functional assays, including migration 

and invasion assays at various time points, to better understand the role of PLAG1 in 

tumour progression and potential malignant transformation. 

5. Detailed Mechanistic Studies: Exploring in greater depth the interaction between PLAG1 

and identified upstream regulators like MYB and JUN. Investigating how these interactions 

influence downstream signalling pathways and tumour behaviour. 

6. Broader Molecular Profiling: Expanding the molecular profiling to include proteomics and 

metabolomics to gain a more comprehensive understanding of how PLAG1 affects tumour 

biology. 

7. Clinical Correlation: Correlating the findings with clinical data to assess the relevance of 

PLAG1 expression and associated pathways in patient outcomes and disease progression.  

8. Investigate Dual Role of PLAG1: Examining the conditions under which PLAG1 shifts from 

supporting benign tumour growth to potentially driving malignancy. This includes 

studying the transition from benign to malignant states and identifying additional genetic 

or environmental factors involved. 

 

These steps will help further elucidate the role of PLAG1 in pleomorphic adenoma and provide 

insights into its potential as a therapeutic target or biomarker for tumour progression. 
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6.3 Study strengths: 

Comprehensive Approach: The integration of transcriptomic analysis, biotin-based proximity 

labelling, and functional assays provides a thorough understanding of PLAG1's role in 

pleomorphic adenoma. By combining these methods, the study offers a broad perspective on 

gene expression, protein interactions, and cellular behaviour. 

Detailed Pathway Analysis: The use of IPA to identify canonical pathways and upstream 

regulators allows for in-depth insights into how PLAG1 influences tumour biology. This includes 

understanding specific signalling pathways like Hedgehog and Wnt, which are crucial in tumour 

progression. 

Functional Validation: Functional assays such as proliferation, colony formation, and apoptosis 

provide direct evidence of PLAG1's effects on cellular processes. These assays help validate the 

findings from transcriptomic data and protein interaction studies, confirming their biological 

relevance. 

Advanced Techniques: The use of biotin-based proximity labelling technique enables the 

identification of PLAG1 interacting proteins. This approach enhances the understanding of 

PLAG1’s molecular interactions and its impact on tumorigenesis. 

 

6.4 Study limitations: 

Limited Long-Term Data: Functional assays like apoptosis were only performed 24 hours after 

transfection, which may not capture the full extent of PLAG1’s effects over time. Longer-term 

studies are needed to assess the full impact of PLAG1 on cell behaviour. 

Cell Line and Model Variability: Results obtained from cell lines may not fully represent the 

complexity of human tumours. Differences in cell line characteristics and the lack of human tissue 

diversity might limit the generalisability of the findings. 
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Incomplete Interaction Data: While biotin-based proximity labelling provides valuable 

information on protein interactions, it may not capture all potential interactors or the dynamic 

nature of these interactions in different cellular contexts. 

Lack of Clinical Correlation: The study does not include direct analysis of patient samples beyond 

initial observations. Correlating findings with clinical outcomes and tissue samples would 

strengthen the relevance and applicability of the results. 

These strengths and limitations highlight the study's comprehensive approach to understanding 

PLAG1 in pleomorphic adenoma while also pointing out areas where further research and 

refinement are needed. 
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Table 8.1. Analysis ready molecules. 
The table comprises proteins identified through biotin-based proximity labelling, processed for 

downstream analysis in Ingenuity Pathway Analysis (IPA). 

ID Symbol Expr Log Ratio Expr p-value Expr False Discovery Rate (q-value) 

P01040 CSTA 10.00 0.00E+00 0.00E+00 

Q7LFL8 CXXC5 10.00 0.00E+00 0.00E+00 

Q09472 EP300 10.00 0.00E+00 0.00E+00 

P05412 JUN 10.00 0.00E+00 0.00E+00 

Q13118-2 KLF10 10.00 0.00E+00 0.00E+00 

P61626 LYZ 10.00 0.00E+00 0.00E+00 

P10242-4 MYB 10.00 0.00E+00 0.00E+00 

P49116 NR2C2 10.00 0.00E+00 0.00E+00 

Q6DJT9 PLAG1 10.00 0.00E+00 0.00E+00 

O43435-3 TBX1 10.00 0.00E+00 0.00E+00 

Q8NFU7 TET1 10.00 0.00E+00 0.00E+00 

Q8WUH6 TMEM26
3 

10.00 0.00E+00 0.00E+00 

O75132 ZBED4 10.00 0.00E+00 0.00E+00 

Q96JP5-2 ZFP91 1.24 6.45E-04 4.70E-02 

P62854 RPS26 0.43 9.27E-04 4.70E-02 

P11498 PC 2.07 1.06E-03 4.70E-02 

Q9NRZ9-
2 

HELLS 1.95 1.13E-03 4.70E-02 

Q5T3J3 LRIF1 1.46 1.63E-03 4.70E-02 

Q9BXF3 CECR2 1.67 1.66E-03 4.70E-02 

Q9Y2X9 ZNF281 2.44 1.67E-03 4.70E-02 

Q6W2J9 BCOR 2.68 1.76E-03 4.70E-02 

Q96DT7 ZBTB10 2.29 2.50E-03 4.85E-02 

Q15723-2 ELF2 1.44 2.84E-03 5.02E-02 

Q8NEZ4 KMT2C 4.31 3.42E-03 5.17E-02 

Q14687 GSE1 3.09 3.43E-03 5.17E-02 

Q2KHR3 QSER1 2.77 3.90E-03 5.41E-02 

Q86T24 ZBTB33 2.29 4.40E-03 5.67E-02 

Q9ULL5-2 PRR12 1.62 5.31E-03 6.10E-02 

O00763-3 ACACB 2.23 5.40E-03 6.11E-02 

O75925 PIAS1 1.87 5.46E-03 6.11E-02 

Q9UQR1 ZNF148 2.15 5.50E-03 6.11E-02 

O00268 TAF4 2.63 5.64E-03 6.20E-02 

O60315-2 ZEB2 2.83 5.73E-03 6.20E-02 

Q8IWI9 MGA 1.62 6.23E-03 6.28E-02 

P50219 MNX1 1.37 6.58E-03 6.48E-02 

O14497 ARID1A 3.01 7.33E-03 6.77E-02 

Q8IVW6 ARID3B 1.89 7.57E-03 6.80E-02 

Q02413 DSG1 1.49 7.69E-03 6.83E-02 

Q92766 RREB1 1.53 7.94E-03 6.89E-02 
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Q04726-2 TLE3 2.71 8.32E-03 6.93E-02 

O15014 ZNF609 2.06 8.69E-03 7.02E-02 

P14923 JUP 1.04 9.69E-03 7.29E-02 

Q9H0E3-3 SAP130 1.22 9.78E-03 7.29E-02 

Q9ULK4-4 MED23 2.43 1.13E-02 7.78E-02 

Q9UPN9 TRIM33 1.89 1.13E-02 7.80E-02 

P62979 RPS27A 0.60 1.16E-02 7.86E-02 

Q5H9F3 BCORL1 3.11 1.18E-02 7.86E-02 

Q13085 ACACA 2.25 1.18E-02 7.86E-02 

Q6P4R8-3 NFRKB 1.38 1.23E-02 8.09E-02 

Q8NFD5 ARID1B 3.00 1.34E-02 8.17E-02 

O14686 KMT2D 4.78 1.37E-02 8.17E-02 

P05165 PCCA 2.33 1.38E-02 8.17E-02 

O43847 NRDC 0.83 1.38E-02 8.17E-02 

P17535 JUND 1.34 1.40E-02 8.17E-02 

O75376 NCOR1 1.87 1.41E-02 8.18E-02 

Q9NPI1 BRD7 0.70 1.44E-02 8.21E-02 

Q8WXX7 AUTS2 1.44 1.47E-02 8.27E-02 

P38646 HSPA9 1.07 1.71E-02 8.90E-02 

P11021 HSPA5 0.72 1.73E-02 8.95E-02 

P62937 PPIA 1.72 1.76E-02 9.00E-02 

Q9UKD1 GMEB2 1.73 1.78E-02 9.05E-02 

Q9ULM3 YEATS2 1.60 1.80E-02 9.09E-02 

P15924 DSP 1.00 1.81E-02 9.09E-02 

Q8NHM5
-3 

KDM2B 1.79 1.87E-02 9.26E-02 

Q9Y618-5 NCOR2 3.12 2.00E-02 9.72E-02 

Q68CP9-3 ARID2 1.52 2.02E-02 9.76E-02 

P05089-3 ARG1 1.90 2.13E-02 9.77E-02 

O15164-2 TRIM24 1.52 2.15E-02 9.77E-02 

Q6ZW49 PAXIP1 1.13 2.23E-02 9.98E-02 

Q5T749 KPRP 1.13 2.36E-02 1.04E-01 

P14859-5 POU2F1 1.33 2.39E-02 1.04E-01 

Q96RQ3 MCCC1 2.42 2.46E-02 1.06E-01 

Q8N2W9 PIAS4 1.74 2.52E-02 1.07E-01 

Q7Z3K3-5 POGZ 0.75 2.67E-02 1.12E-01 

Q2TAL8 QRICH1 1.63 2.69E-02 1.12E-01 

P19793-2 RXRA 1.64 2.75E-02 1.12E-01 

Q9UPW6 SATB2 3.40 2.75E-02 1.12E-01 

O15550 KDM6A 3.16 2.76E-02 1.12E-01 

Q15652 JMJD1C 1.58 2.96E-02 1.16E-01 

Q86V15 CASZ1 2.12 2.96E-02 1.16E-01 

Q6ZRI6 C15orf39 2.23 3.11E-02 1.19E-01 

O60281 ZNF292 1.91 3.11E-02 1.19E-01 

Q14686 NCOA6 2.67 3.17E-02 1.20E-01 

P13056 NR2C1 1.24 3.26E-02 1.21E-01 
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Q5T5X7 BEND3 3.27 3.38E-02 1.24E-01 

P06702 S100A9 1.83 3.46E-02 1.26E-01 

Q96RN5-
3 

MED15 2.61 3.58E-02 1.29E-01 

Q92793 CREBBP 2.42 3.59E-02 1.29E-01 

Q99697-3 PITX2 1.86 3.68E-02 1.31E-01 

Q15084-3 PDIA6 0.37 3.77E-02 1.32E-01 

P39880-2 CUX1 1.39 3.81E-02 1.33E-01 

Q9HCK8 CHD8 1.24 4.04E-02 1.38E-01 

P62263 RPS14 0.42 4.07E-02 1.39E-01 

Q92610 ZNF592 0.37 4.20E-02 1.42E-01 

Q7Z589 EMSY 1.56 4.22E-02 1.42E-01 

P38398-4 BRCA1 0.69 4.23E-02 1.42E-01 

Q99081 TCF12 1.71 4.24E-02 1.42E-01 

Q9H2F5-3 EPC1 1.04 4.24E-02 1.42E-01 

P46937-6 YAP1 1.33 4.31E-02 1.44E-01 

P62826 RAN 0.12 4.53E-02 1.49E-01 

P62888 RPL30 0.19 4.60E-02 1.51E-01 

Q8NB78 KDM1B 0.80 4.61E-02 1.51E-01 

Q9H334-6 FOXP1 2.33 4.67E-02 1.52E-01 

P85037 FOXK1 0.46 4.80E-02 1.55E-01 

Q8NEM7-
2 

SUPT20H 1.12 4.83E-02 1.55E-01 

P11142 HSPA8 0.57 4.85E-02 1.55E-01 

Q6MZP7 LIN54 1.02 4.87E-02 1.55E-01 

P05166 PCCB 1.68 4.87E-02 1.55E-01 
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Table 8.2. Activation of Anterior HOX Genes. 
The table lists proteins identified in the dataset that are associated with the activation of anterior HOX 

genes. The proteins include transcription factors and chromatin regulators that influence HOX gene 

expression. 

Symbol Entrez Gene Name Expr 
Log 
Ratio 

Expr p-
value 

Expr False Discover 
(q-value) 

Expected 

CREBBP CREB binding protein 2.416 0.0359 0.129 Up 

EP300 E1A binding protein p300 10 0 0 Up 

JUN Jun proto-oncogene, AP-1 
transcription factor subunit 

10 0 0 Up 

KDM6A lysine demethylase 6A 3.156 0.0276 0.112 Up 

KMT2C lysine methyltransferase 2C 4.311 0.00342 0.0517 Up 

KMT2D lysine methyltransferase 2D 4.78 0.0137 0.0817 Up 

NCOA6 nuclear receptor coactivator 6 2.667 0.0317 0.12 Up 

NCOR1 nuclear receptor corepressor 1 1.866 0.0141 0.0818 Up 

PAXIP1 PAX interacting protein 1 1.125 0.0223 0.0998 Up 

RXRA retinoid X receptor alpha 1.64 0.0275 0.112 Up 

 

 

Table 8.3. Transcriptional Regulation by RUNX1. 
The table displays proteins from the dataset that are involved in RUNX1-mediated transcriptional 

regulation. This includes co-factors, chromatin remodelers, and transcriptional regulators that may 

interact with RUNX1. 

Symbol Entrez Gene Name Expr 
Log 
Ratio 

Expr p-
value 

Expr FDR (q-value) Expected 

ARID2 AT-rich interaction domain 2 1.516 0.0202 0.0976 Up 

ARID1A AT-rich interaction domain 1A 3.009 0.00733 0.0677 Up 

ARID1B AT-rich interaction domain 1B 3.001 0.0134 0.0817 Up 

AUTS2 activator of transcription and 
developmental regulator AUTS2 

1.439 0.0147 0.0827 Up 

CREBBP CREB binding protein 2.416 0.0359 0.129 Up 

ELF2 E74 like ETS transcription factor 2 1.439 0.00284 0.0502 Up 

EP300 E1A binding protein p300 10 0 0 Up 

MYB MYB proto-oncogene, transcription 
factor 

10 0 0 Up 

RPS27A ribosomal protein S27a 0.596 0.0116 0.0786 Up 

TCF12 transcription factor 12 1.715 0.0424 0.142 Up 

YAP1 Yes1 associated transcriptional 
regulator 

1.328 0.0431 0.144 Up 
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Table 8.4. Down-Regulation of the PPARα/RXRα Pathway. 
This table highlights proteins that are linked to the PPARα/RXRα signalling pathway. The data suggest 

downregulation of this pathway, as indicated by changes in protein expression levels. 

Symbol Entrez Gene Name Expr Log 
Ratio 

Expr p-value Expr FDR 
(q-value) 

Expected 

CREBBP CREB binding protein 2.416 0.0359 0.129 Down 

EP300 E1A binding protein p300 10 0 0 Down 

JUN Jun proto-oncogene, AP-1 
transcription factor subunit 

10 0 0 Down 

MED23 mediator complex subunit 23 2.429 0.0113 0.0778  

NCOA6 nuclear receptor coactivator 6 2.667 0.0317 0.12  

NCOR1 nuclear receptor corepressor 1 1.866 0.0141 0.0818 Down 

NCOR2 nuclear receptor corepressor 2 3.121 0.02 0.0972 Down 

NR2C2 nuclear receptor subfamily 2 
group C member 2 

10 0 0 Down 

RXRA retinoid X receptor alpha 1.64 0.0275 0.112 Up 

 

 

Table 8.5. Inhibition of the Sumoylation Pathway. 
This table presents proteins associated with the SUMOylation pathway, a post-translational modification 

process that regulates protein function and stability. The dataset suggests inhibition of this pathway based 

on protein expression changes. 

Symbol Entrez Gene Name Expr 
Log 

Ratio 

Expr p-
value 

Expr FDR 
(q-value) 

Expected 

CREBBP CREB binding protein 2.416 0.0359 0.129 Down 

EP300 E1A binding protein p300 10 0 0 Down 

JUN Jun proto-oncogene, AP-1 transcription 
factor subunit 

10 0 0 Up 

MYB MYB proto-oncogene, transcription 
factor 

10 0 0 Down 

PIAS1 protein inhibitor of activated STAT 1 1.866 0.00546 0.0611 Down 

PIAS4 protein inhibitor of activated STAT 4 1.743 0.0252 0.107 Down 

RAN RAN, member RAS oncogene family 0.123 0.0453 0.149  
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Table 8.6. MYB Mechanistic Network. 
This table illustrates a mechanistic network involving MYB, a key transcription factor. It maps MYB’s interactions with other molecules, 
showing activation, inhibition, or other functional relationships. 

Target Expr 
Log 
Ratio 

Molecule Type MYB NFKBIA JNK 
(family) 

TP53 FOS JUN 

ACACA 2.253 Enzyme     Inhibited  

ACACB 2.231 Enzyme    Inhibited   

ARG1 1.902 Enzyme    Activated  Inhibited 

BRCA1 0.686 transcription regulator Activated  Activated Inhibited Affected Affected 

CASZ1 2.118 Enzyme     Affected  

CREBBP 2.416 transcription regulator     Affected  

CSTA 10 Other     Activated Activated 

HSPA5 0.721 Enzyme Affected Inhibited Activated Inhibited Activated  

HSPA8 0.572 Enzyme Affected Inhibited  Inhibited   

JMJD1C 1.577 Enzyme    Inhibited   

JUN 10 transcription regulator Affected Activated Activated Inhibited Affected Activated 

JUND 1.345 transcription regulator   Activated Affected   

KMT2D 4.78 transcription regulator    Activated   

LYZ 10 enzyme  Affected  Activated   

MYB 10 transcription regulator Activated     Activated 

NCOR2 3.121 transcription regulator    Activated   

NR2C1 1.237 transcription regulator    Affected   

PCCA 2.326 enzyme    Activated   

PDIA6 0.368 enzyme    Activated   

PIAS1 1.866 transcription regulator     Affected  

RAN 0.123 enzyme    Affected   

RPS26 0.429 Other    Activated   

RXRA 1.64 ligand-dependent 
nuclear receptor 

  Inhibited  Activated Activated 

S100A9 1.827 Other  Affected  Activated Inhibited  

TCF12 1.715 transcription regulator  Activated     
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TET1 10 enzyme    Activated Affected  

YAP1 1.328 transcription regulator  Inhibited     

ZEB2 2.829 transcription regulator   
 

 Inhibited  Affected 

 

 

Table 8.7. JUN Mechanistic Network. 
This table describes the mechanistic interactions of JUN, a component of the AP-1 transcription factor complex. It outlines how JUN interacts with 

other regulatory proteins, transcription factors, and signalling moleculesThe table includes information on activation and inhibition relationships. 

Target Expr Log Ratio Molecule Type JUN JNK (family) TGFB1 SPI1 SNAI2 FOS TP53 

JUN 10 transcription regulator Activated Activated Activated Inhibited   Affected Inhibited 

AUTS2 1.439 Other     Inhibited         

NCOR2 3.121 transcription regulator             Activated 

RPS26 0.429 Other             Activated 

PITX2 1.861 transcription regulator     Activated         

DSP 1 Other     Affected   Inhibited     

PDIA6 0.368 enzyme             Activated 

ZEB2 2.829 transcription regulator Affected   Activated       Inhibited 

YAP1 1.328 transcription regulator     Activated   Inhibited     

KLF10 10 transcription regulator     Activated         

PIAS1 1.866 transcription regulator           Affected   

JUND 1.345 transcription regulator   Activated Inhibited       Affected 

ZNF281 2.435 transcription regulator     Activated         

HSPA8 0.572 enzyme       Affected     Inhibited 

RXRA 1.64 ligand-dependent 
nuclear receptor 

Activated Inhibited Activated     Activated   

CSTA 10 Other Activated         Activated   

ARG1 1.902 enzyme Inhibited   Activated Activated     Activated 

CREBBP 2.416 transcription regulator           Affected   

PCCA 2.326 enzyme             Activated 
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RAN 0.123 enzyme             Affected 

CASZ1 2.118 enzyme           Affected   

JMJD1C 1.577 enzyme             Inhibited 

BRCA1 0.686 transcription regulator Affected Activated Inhibited   Inhibited Affected Inhibited 

TCF12 1.715 transcription regulator     Affected         

TET1 10 enzyme           Affected Activated 

S100A9 1.827 Other           Inhibited Activated 

JUP 1.038 Other     Inhibited   Inhibited     

MYB 10 transcription regulator Activated   Inhibited Inhibited       

TRIM33 1.887 transcription regulator     Inhibited         

GSE1 3.086 Other     Affected         

LYZ 10 enzyme       Activated     Activated 

HSPA5 0.721 enzyme   Activated Activated     Activated Inhibited 

KMT2D 4.78 transcription regulator     Inhibited       Activated 

ACACB 2.231 enzyme             Inhibited 

NR2C1 1.237 transcription regulator             Affected 

PCCB 1.677 enzyme     Affected         

ACACA 2.253 enzyme     Activated     Inhibited   

ARID1A 3.009 transcription regulator       Affected       
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