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Abstract 

Cholangiocarcinoma (CCA) is a malignancy of the bile ducts that arises from 

their lining epithelial cells. CCA has increasing incidence and mortality. Proline 

Rich Homeodomain / Haematopoietically Expressed Homeobox Protein 

(PRH/HHEX) is a transcription factor that acts as an oncoprotein in CCA. Here, 

using cumulative growth and EdU incorporation assays, I show that PRH 

expression in immortalised cholangiocytes (AKN1 cells) increased cell growth 

and proliferation. Additionally, I show using immunofluorescence imaging and 

Western blotting that PRH expression in AKN1 cells induces cellular 

phenotypes that resembles partial epithelial to mesenchymal transition (EMT), 

and that this morphological transformation is accompanied by an increase in 

cell migration and cell invasion. Recently, PRH expression has been reported 

to upregulate the expression of the mesenchymal marker protein Vimentin in 

CCA cells. To date most published research has focused on Vimentin 

expression in mesenchymal cells and its roles in the cytoplasm. Vimentin is 

known to participate in several biological processes such as cell proliferation, 

EMT, cell adhesion, cell migration, and cell invasion which have been reported 

to be upregulated in cancer cells with the consequence of increased tumour 

growth and disease progress. Knowledge on the role or roles of Vimentin in 

the nucleus is limited. However, nuclear Vimentin was reported to exhibit gene 

regulatory activity in Neuroblastoma cells. To expand knowledge on the 

importance of Vimentin in CCA, I used a combination of high and super-

resolution imaging techniques to show that PRH may spatially exist near 

Vimentin in the nuclear subcellular regions of CCA cells. In addition, I used 
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siRNA to deplete Vimentin in CCA cells and to reveal that Vimentin loss inhibits 

cell proliferation, induces an epithelial-like morphology, and reduces cell 

migration. Gene ontology (GO) and Gene Set Enrichment Analysis (GSEA) of 

RNAseq data generated using these cells revealed that Vimentin, in 

conjunction with PRH, regulates multiple signalling pathways in line with the 

phenotype of Vimentin-depleted cells. This project provides new insights into 

the importance of PRH and Vimentin in CCA. The novel PRH and Vimentin 

spatial organisation and the identified target genes co-regulated by PRH and 

Vimentin serve as new potential targets for future interventional studies. 
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1 Chapter 1: Introduction  

1.1 Cancer  

Cancer is defined by the National Cancer Institute as a collection of related 

diseases characterised by a rapid and uncontrolled division of abnormal 

transformed cells anywhere in the body often caused by the accumulation of 

detrimental variations in the genome (1). The primary cause of cancer 

mortality is related to disseminated tumours as a result of migratory cells 

detached from the original growth, circulated far from their primary locations 

and established as secondary cancers, a process known as metastasis. As a 

consequence, the disruption in normal tissue homeostasis will contribute to a 

loss of normal physiology of the affected organs. 

According to the International Agency for Research on Cancer (IARC), cancer 

is a leading cause of death; the most recent database from GLOBOCAN 2022 

indicates almost 20 million incidents and 9.7 million deaths in the year of 2022 

(2). Incident rate is expected to exceed 35 million cases in the year of 2050 

(2). The impact of cancer on the world is disproportionate for developing 

countries with health inequality issues. In 2012, the American Cancer Society 

reported that the financial loss from cancer is a global economic burden with 

costs reaching $900 billion, and the expenditure on lowering the exposure to 

cancer risk factors is approximately $1.8 billion (3). Recently, the American 

medical association reported that the global burden will reach $25.2 trillion 

over the next 30 years between 2020 and 2050 (4) 
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Prevention, early diagnosis, and treatment are key elements in eradicating 

diseases. Understanding how normal cells transform into cancer cells and 

their consequences in the body can unveil targets for those elements.  

1.2 Hallmarks of cancer  

The development of cancer is described as a multistep process during which 

normal cells gain, through an evolutionary process, characteristics enabling 

them to become malignant (5). These malignant cells survive beyond the 

normal extent seen for normal cells.  

Hanahan & Weinberg (2011) summarised the distinguishing features of cancer 

and referred to them as “The Hallmarks of Cancer” (6). These 10 hallmarks 

are: genetic instability, resisting cell death, evading the inhibition of 

proliferation, sustaining proliferation, replicative immortality, angiogenesis, 

reprogramming metabolism, inducing inflammation, escaping the immune 

system, and metastasis (figure 1-1). Recent reviewers have suggested four 

emerging hallmarks; non-mutational epigenetic re-programming, polymorphic 

microbiomes, senescent cells, and unblocking phenotypic plasticity (7).  
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Figure 1-1 Hallmarks of Cancer.  

There are ten original hallmarks mentioned in the literature that allow a normal cell to become 
cancerous. These hallmarks are genetic instability, resisting cell death, evading growth 
inhibitors (evading inhibition of proliferation), sustaining proliferation, replicative immortality, 
angiogenesis, reprogrammed metabolism, inducing inflammation, escaping the immune 
system, and metastasis(6). There are four emerging hallmarks: non-mutational epigenetic re-
programming, polymorphic microbiomes, senescent cells, and unblocking phenotypic 
plasticity (7). Created with BioRender.com 

1.2.1 Genetic instability  

Genetic stability is the maintenance of faithful genetic material passaged from 

a single somatic cell to the following daughter cells (8). The stable hierarchical 

structure of deoxyribonucleic acid (DNA) in the nucleus must be monitored 

during cell division to ensure a complete copy of (DNA) is passed down to 

daughter cells. In a normal cell cycle (figure 1-2), Gap 1 phase (G1) is the 

window where cells either commit to divide and prepare themselves to start 
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DNA synthesis or exit the cycle to stay in a non-proliferative status, i.e. 

quiescence in (G0). DNA duplication takes place during the synthetic phase 

(S). This stage is followed by a check-up point Gap 2 phase (G2) where DNA 

is condensed, and chromosomes allocate themselves centrally in preparation 

for the next stage. The next mitotic (M) phase is when a parent cell undergoes 

a structural change of the cytoskeleton and narrows at some locations to split 

into two daughter cells with each one having half of the parental genetic 

material. If replication errors are detected, the cell has the ability to halt the 

cycle, repair the damage, and resume the cycle (9). 

 

Figure 1-2 Cell Cycle.  

The cell cycle is composed of four main phases: Gap 1 phase where there is a rapid increase 
in growth and metabolism in preparation for the following step, Synthetic phase during which 
DNA synthesis occurs, Gap 2 phase a checkpoint for DNA synthesis errors, and Mitotic phase 
where cell division happens. G0 is the stage of cell arrest.(10). Created with BioRender.com 

Another protective measure is to eliminate the faulty cell through cell death. 

An example for this is cell apoptosis, which is a terminating programmed cell 

death that can take place when a cell undergoes DNA replication errors (11). 

Therefore, the overall mutation rate is maintained at very low levels. However, 
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defective cells can still escape the repair processes leading to increased 

numbers of cells with DNA damage continuing through mitosis, passing the 

damage to their daughter cells, and accumulating mutations beyond the 

normal rate (12). This phenomenon was hypothesised by Fearon and 

Vogelstein in 1990 as a pathogenesis underlying cancer development when 

they were working on a colorectal neoplasia model to study its genetic basis 

(13). They noticed that the presence of mutation is not sufficient for colorectal 

cancer, instead the amount or frequencies of mutations was a definite reason 

of neoplasia in their model (neoplasia is an abnormal growth of cells) (13).  

Chromosome instability is an example genetic instability where some 

nucleotide deletions, insertions, or substitution leads to abnormal 

chromosomal count or structure (14). The repair mechanism of this 

abnormality may be accompanied by random extra chromosomal DNA 

replications that later get integrated in the genome (15). One such process 

was identified later as chromothripsis, which is a clustered rearrangement of 

DNA along with loss of DNA sequences resulting from a single somatic DNA 

alteration (16, 17). If this occurs in genes driving cell proliferation or inhibiting 

cell death, it could assist cancer development. 

1.2.2 Resisting cell death  

Normal tissue homeostasis is maintained by several mechanisms of cell death 

including apoptosis, necrosis, and autophagy.  

Apoptosis, as mentioned earlier, is a programmed cell death through which 

healthy tissues dispose of abnormal cells. An important regulator in apoptosis 
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is tumour protein 53 (p53), (encoded by the TP53 gene), which is known as 

the guardian of the genome (18). TP53 is a tumour suppressor gene (TSG) 

and p53 induces cell cycle arrest in G1/S phase and allows cells to undergo 

DNA damage repair which normally prevents the formation of abnormal cells 

(18). It can also start a cascade of inflammation-independent proteolysis and 

cellular fragmentation. Deactivation of TSGs interferes with the cellular 

surveillance systems. The most common example in cancer cells is TP53 loss 

of function; making the DNA repair system less sensitive to DNA damage and 

giving rise to apoptosis resistant cells (18). 

Other examples of genes regulating apoptosis can encode apoptotic proteins 

(e.g. Bcl-2 Associated X-protein (Bax),Bcl-2 homologous antagonist killer 

(Bak), and Bcl-2-like protein 11 (Bim)), and anti-apoptotic proteins (e.g. Bcl-2 

and Bcl-XL) that allow cells to overcome stressful stimuli and go on through 

the cell cycle (19, 20). Their functions are dysregulated in cancer due to 

mutations in their encoding genes, most commonly Bcl2 and Bcl-XL, leading 

to accumulation of anti-apoptotic proteins. As a result, cancer cells become 

insensitive to apoptotic signals and overgrow (21). 

Necrosis is defined as a premature cell death where dying cells release their 

contents into the surrounding microenvironment (22). Unlike apoptosis, 

necrosis is triggered mostly through external stimuli and is associated with 

inflammatory responses and inflammatory cytokines release e,g, interleukin-1 

(23). In the cancer microenvironment, necrosis could promote cancer via 

released stimulatory factors that enable adjacent cells to proliferate and thus 

contribute to cancer cells persistence (24). This occurs in response to tumour 
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cells rapid growth depriving their inner core population of blood supply and 

inducing hypoxia. The shedding of the necrotic core releases molecular 

fragments capable of inducing inflammation and recruiting inflammatory cells 

that in turn release pro-tumourigenic cytokines and growth factors. Therefore, 

necrosis in cancer can promote further tumour growth (25). 

Autophagy is a catabolic process where lysosomes initiate cellular 

degradation in response to stress stimuli (26). This has been suggested to be 

one reason behind the regrowth of tumours following chemotherapy (27). 

Chemotherapeutic agents induce cell damage which upregulates autophagy 

to remove degradation products (28). Despite the protective effect of 

autophagy, it enables few cancer cells to survive therapy leaving behind 

residual cancer cells (28). These cells can resume cell proliferation and regrow 

upon cessation of chemotherapy.  

1.2.3 Sustained proliferation  

Cell proliferation in normal tissues is achieved by the progress of cells through 

the cell cycle. We described the cell cycle earlier under “Genetic Instability”. 

that the cell cycle includes two Gap phases (G1 and G2), DNA synthesis 

phase, and a mitosis phase. The transition through G1/S or G2/M checkpoints 

is regulated by ,multiple checkpoint signalling pathways, e.g. p53 pathway, 

cyclin D – CDK 4 / 6 pathway, TGF-β and PI3K/AKT pathways (9), while the 

control of cells passing through S phase is achieved by ATR.Chk1 pathway 

(9). Details on Cyclins and their associated kinases are in the following section.  
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Normal cells Normal cells maintain strict control over the cell cycle and 

respond appropriately to growth signals. However, cancer cells have the ability 

to sustain cell proliferation in several ways including changes in growth factors, 

growth factor signalling and growth factor receptors. Cancer cells can 

overproduce growth factors or their receptors to increase growth factor 

signalling. Growth receptors in cancer cells can also become hypersensitive 

or structurally altered to work either in a ligand-independent manner or to 

create a positive feedback loop (29).  

1.2.4 Cell cycle key regulators 

The key regulators of the cell cycle are different combinations of cyclin (CN) 

proteins and cyclin-dependent protein kinases (CDK). CNs are proteins that 

can be found at different concentration throughout the cell cycle. CNs undergo 

periodic synthesis and degradation to peak at certain phases of the cell cycle 

and serve their purposes when they are required. For instance, CND is 

important during G1 phase, but its levels fluctuate throughout the cell cycle. 

CNE is known as a transition CN at G1/S phases. CNA starts elevating at the 

initiation of S phase and drops toward the beginning of phase M. Whereas, 

CNB peaks during M phase (30). CNs convert the other key regulators of the 

cell cycle CDKs into their active forms. CDKs are serine-threonine kinases 

that need CN to be functional (31). CDKs are considered the driving forces of 

the cell cycle. However, CDKs on their own are inactive. CDKs along with their 

partner CNs form complexes that can phosphorylate their target proteins (32). 

There are several CN/CDK complexes that are important for the cell cycle. 

The most important combinations are CND/CDK4 (33, 34), CND/CDK6 (33), 



 

 

9 

and CNB/CDK1 (35, 36). A prominent example of a CND/CDK4 target protein 

is retinoblastoma tumour suppressor protein (RB1). Non-phosphorylated RB1 

is inactive and inhibits a transcription factor called E2F1 and other E2F family 

members. RB1 undergoes a phosphorylation during G1 phase by CND/CDK4 

and CND/CDK6 and dissociates from E2F1. The latter becomes active and 

upregulates the expression of several target genes including CNE. CNE in turn 

activates CDK2 that further phosphorylates RB1. When RB1 is 

hyperphosphorylated, it can drive DNA replication and encourage the cells to 

proceed towards S phase. (34) 

1.2.4.1 Aberrant CN and CDK  

CN are degraded via ubiquitination-induced proteolysis (37). Their persistence 

at increased concentration throughout the cell cycle allows cells to divide 

uncontrollably and initiate abnormal growth. In addition, the levels of CN in the 

cell are kept under control via several signalling pathways. These pathways 

regulate the genes encoding CNs e.g. MAPK and Wnt signalling pathways 

(38). For example, in hepatic cancer stem cells, the gene encoding CND1 is 

over expressed (38). Another example of aberrant CN in cancer proliferation 

is activated by the binding of epidermal growth factor (EGF) to its receptor 

(EGFR) which is known to stimulate the RAS signalling pathway. RAS can 

trigger downstream effects to induce cancer proliferation through the 

upregulation of CND1 (39). CDK can also be inhibited by CDK inhibitors 

(CDKI) (40). When CDKI binds to an activated CN/CDK complex, CDK 

undergoes conformational changes that expels CN from the complex and 

blocks the ATP binding site (41). An important example of CDKI is a family of 
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Inhibitors called Inhibitor of CDK4A (INK4A) (42).  Currently, there are 4 well 

known INK4A proteins known as p15, 16, 18, and 19. More examples of CDKI 

are p21, p27 and p57. CDKI can inactivate CDK and block the cell cycle at the 

G1/S checkpoint (43). Additionally, p21 and p27 are also capable of blocking 

the cell cycle at S phase. Mutations in any of these CDKI genes can lead to 

cancer development (43). Therefore, genes encoding CDKI are considered 

important TSGs e.g., CDKN1A, CDKN2A, CDKN1B, and CDKN2B (44). 

1.2.5 Evading the inhibition of proliferation 

Normal cellular mitosis is regulated by balanced pro and anti-proliferative 

signals. Cancer cells, however, can proliferate uncontrollably (12). One 

mechanism of cell growth inhibition occurs via cell-to-cell contact and is known 

as contact inhibition. When cells come into very close contact with each other 

as the population is getting denser, they stop proliferating. This feature is 

absent or reduced in cancer cells (45).Cancer cells also simultaneously 

dysregulate other previously discussed growth-related signalling pathways 

and regulators including: p53 (18), the Rb pathway (34), and CDKI, to escape 

proliferation inhibition (44). 

1.2.6 Metastasis  

Metastasis as defined earlier is the spread of tumour cells from their primary 

origin into distant sites where they form secondary growths. It is known as the 

real killer in cancer since it replaces normal functioning tissues with abnormal 

cells (46, 47). Metastasis is a complex and multistep process that relies first 

on the presence of a primary tumour showing increased cell survival and 
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proliferation as well as lack of differentiation ability. In addition to that, 

metastasis also involves other elements including angiogenesis, epithelial to 

mesenchymal transition (EMT), invasion, intravasation, circulation survival, 

extravasation and dormancy, and secondary tumour formation (48)(figure 1-

3).  

 

Figure 1-3 Metastasis.  

There are eight main steps in the process of metastasis: presence of a primary tumour, 
angiogenesis, epithelial to mesenchymal transition (EMT), invasion, intravasation, surviving 
the circulation, extravasation and dormancy and secondary tumour formation. The outcome 
is having cancer cells in a new location distant from their original growth (49). Created with 
BioRender.com 

1.2.6.1 Primary tumour  

The presence of a primary tumour composed of genetically unstable cells 

containing mutations which make them death-resistant, capable of evading 

growth inhibitory signals, and continuously proliferating with immortal 
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replication ability can make the primary tumour mass significantly large and 

the tumour aggressive. This mass can trigger inflammation and establish its 

own vasculature. Only a small fraction of the original tumour (around 0.01% of 

the primary growth) was found to metastasise (50, 51). The hallmark 

angiogenesis provides a gateway to the blood circulation into which the tumour 

can shed cells that can survive the immune system and travel to distant sites. 

The metastatic cells utilise their newly acquired microenvironment to create a 

metastatic niche through intercellular interaction and cross-talking, and 

undergo mesenchymal-to-epithelial transition (MET) to partially regain their 

epithelial characteristics, thereby facilitating their colonisation (49, 52). 

Eventually, these seeded cells can make a secondary tumour (53).  

1.2.6.2 Neoangiogenesis in metastasis  

Avascular tumours lack the potential of growth and metastasis. An important 

add-on angiogenic characteristic for cancer cells is to acquire an altered 

balance between factors that induce and inhibit angiogenesis, i.e. an 

angiogenesis switch (54). Angiogenic inducers, such as vascular endothelial 

growth factors (VEGFs), are potent growth factors that are produced by cells 

to stimulate the formation of blood vessels and other normal physiological 

functions (55, 56). The family of VEGF includes VEGF-A, B, C, D and placental 

growth factor (PIGF) (56). VEGFs turn the switch on if their levels exceeded 

the inhibitors, and the opposite happens when the level of an inhibitor such as 

Thrombospondin-1 (TSP-1) increases (57-59). Overall, neoangiogenesis is an 

important hallmark for cancer progression and metastasis. 
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1.2.6.3 Epithelial to mesenchymal transition  

1.2.6.3.1 Epithelial cells 

The epithelial cells in normal tissues are stationary and held together by 

multiple interactions between cell-surface molecules (figure 1-4). They form a 

strong barrier contributing to the body’s defence against harmful substances 

and pathogens as they line the inner and outer surfaces of organs and cavities. 

They tend to have cuboidal morphology with apical to basal polarity. They also 

strongly interact with their extracellular matrix (ECM) from their basal side and 

that provides support for epithelial cells, tissues and organs (60). This 

interaction is achieved via several cell-basement membrane junctions: 

Hemidesmosomes, focal adhesion, and basal adherens junctions (figure 1-4) 

(59). Hemidesmosomes are specialised structures composed of dense 

protein structures that interlink intracellular intermediate filaments (Keratins) 

with laminin and collagen IV in ECM and convey signalling (61). The main 

components of Hemidesmosomes junctions are Plectin, bulbous pemphigoid 

antigen 1 (BP230), Integrin α, and Integrin αβ (61). Focal adhesion junctions 

are dynamic complexes composed of several protein structures, e.g. Integrin 

α, Integrin αβ, focal adhesion kinase (FAK), Vinculin, and Talin (62). They 

provide the link between intracellular Actin filaments and ECM (62). Basal 

adherens junctions contain Cadherin, Catenin, and Actin as main structural 

components. They provide intercellular connection as well as cell-basement 

membrane anchoring to epithelial cells (62). 

Epithelial cells form tight cellular interactions with the adjacent cells; apical 

tight junctions, that protect from paracellular space infiltration, adherens 
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junctions that link neighbouring cells via their actin cytoskeletons and mainly 

represented by cadherins, gap junctions that allow direct horizontal 

communication, and finally desmosomes (63). 

Losing the contact between epithelial cells and ECM can trigger cell migration, 

EMT and cell survival. Pathway signalling through components of 

Hemidesmosomes and focal adhesion junctions direct cells to migrate through 

various ECM rigidities, particularly FAK, Integrins and Vinculin structures (64). 

In addition, FAK signalling is reported to play integral roles in cancer cells 

survival where FAK upregulation has been associated with anoikis resistance, 

which is cell death induced by detachment. This occurs through FAK activating 

pathways like PI3K-AKT signalling leading to enhancement of cell survival 

upon detachment (65). Furthermore, TGF-β induces EMT via downregulating 

E-Cadherin which is reported to require FAK phosphorylation and activation 

(66)  
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Figure 1-4 Epithelial Cells and Junctions.  

Close and tight arrangements of epithelial cells is maintained in part by different types of 
junctional protein; tight junctions, adherens junctions and desmosomes (67, 68). Anchoring of 
epithelial cells on their basement membrane is maintained by basal junctions: 
hemidesmosomes, focal adhesion junctions, and basal adherens junctions (59). Created with 
BioRender.com 

1.2.6.3.2 E-Cadherin  

E-Cadherin is a calcium-dependent cell adhesion protein that facilitates the 

close and tight arrangements of epithelial cells over their basement membrane 

(69). Therefore, it is usually a strong antagonist for cell migration and invasion. 

When the gene encoding E-Cadherin (CDH1) is mutated, E-Cadherin levels, 

activity and regulation are affected. CDH1 mutation is associated with several 

cancers, e.g. breast and gastric cancer (70). Loss of E-Cadherin allows cells 

to break free from their neighbours and to invade the basement membrane.  
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1.2.6.3.3 EMT 

EMT is a process that was first described by Elizabeth Hay in her study of 

primitive streak formation (71). It is a reversible physiological process in which 

differentiated epithelial cells, that are usually laterally contacted and basally 

fixed to their basement membrane, lose both their cell-to-cell and cell-to-ECM 

contacts (72). There are three main types of EMT based on the underlying 

context. Type 1 EMT is the physiological form that is important during early 

embryonic development (73). Type 2 EMT is the outcome of tissue injuries, 

growth and fibrosis (73). Whereas type 3 EMT is involved in cancer 

progression and metastasis (74).  

1.2.6.3.3.1  EMT in normal physiology 

In normal physiology, EMT type 1 is primarily involved in embryogenesis and 

tissue regeneration (75). During embryonic development, EMT is essential for 

gastrulation, which is the reorganisation of embryonic tissues into the three 

primary germ layers: ectoderm, endoderm, and mesoderm (75). EMT enables 

these layers to further develop and specialise into specific tissues with distinct 

functions. For example, the neuroepithelial cells of the neuro crest tube 

undergo EMT and migrate rostrally contributing to most of the head structure 

(76). EMT type 2 is associated with inflammation and ceases when 

inflammation subsides (75). It is significantly important for wound healing 

where it stimulates cells motility and proliferation at the edge of wounds and 

contributes to tissue repair (75). In chronic inflammation, EMT is involved in 

the abnormal transformation of myofibroblasts into permanent fibrosis that 

further progresses to organ failure (77). 
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1.2.6.3.3.2  EMT in cancer  

EMT type 3 is associated with neoblastic cells in cancer. They undergo EMT 

and gain features allowing them to invade and migrate into distant locations 

leading to cancer progression (75). The characteristics of EMT in cancer are 

non-coordinated in comparison to physiological EMT (78). 

EMT in cancer is controlled by a complex network of several regulators 

including transforming growth factor-beta (TGF-β), Wnt/β-catenin, NOTCH, 

hedgehog, signal transducer and activator of transcription 3 (STAT3), bone 

morphogenetic protein (BMP), receptor tyrosine kinase (RTK), (ECM)-induced 

pathways, and hypoxia-induced pathways (79-81). EMT is also regulated by 

epigenetic modification which also influences the expression of the previous 

list of EMT regulators particularly TGF-β and by hypoxia (82). 

EMT in cancer results from an alteration in the proteins holding cells together 

(mainly E-Cadherin but including other proteins such as N-Cadherin, Claudin-

1 Zona Ocludin-1, B-Catenin, Snail, Slug, and Vimentin) (83). EMT involves 

the downregulation of several important epithelial markers e.g. E-cadherin 

(figure 1-5), claudin, occlusion and keratin, whereas mesenchymal markers 

such as Vimentin, N-cadherin and α-SMA undergo an upregulation of 

expression (84). This alteration in marker expression occurs gradually over 

time and is induced by specific EMT transcription factors (TFs) that are often 

aberrantly expressed in cancer cells e.g., Snail, Slug and zinc-finger E-box 

binding homeobox (Zeb1/2), and Twist (83, 85-87). 
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1.2.6.3.3.3  Cellular and tissue characterisation of EMT  

Along with the change in expression of the EMT-TFs, morphological changes 

of the cells take place to become more elongated, lacking polarity, expressing 

different marker proteins, capable of synthesizing ECM components and also 

motile and migratory (72). Loss of cell-cell contact is one of the mechanisms 

induced by the alteration in epithelial and mesenchymal markers. For 

example, loss of E-Cadherin induces stress on the structure of adherens 

junctions linking the cells laterally. In response, β-Catenin translocates into the 

nucleus to further progress EMT events (88). Additionally, Actin filaments 

undergo changes in locations where they are in contact with focal adhesion 

junctions leading to cells detaching from the basement membrane (89). 

Tumour cells, therefore, become invasive and migratory. EMT also enable 

tumour cells to confer chemotherapy and radiotherapy resistance via 

enhancing efflux and DNA repair mechanism (90, 91).  

 

Figure 1-5 Epithelial to Mesenchymal Transition (EMT) (67, 68). 

Created with BioRender.com 

These EMT features can be characterised in vitro by investigating the changes 

in expression of epithelial and mesenchymal markers (e.g. RT-qPCR, Western 
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blotting, flowcytometry, and transcriptomic sequencing), assessing cell 

morphology (e.g. immunohistochemistry and immunofluorescence imaging), 

or performing functional assays (e.g. cell adhesion, cell invasion, cell 

migration, and wound healing) (75). 

1.2.6.3.3.4 Partial EMT introduction  

The reverse mechanism to EMT is called MET which has been reported to 

promote colonisation and metastatic niche formation (49). When cells are 

embracing both features as hybrid EMT-MET, it is referred to as partial EMT 

(92). The presence of a mixture of EMT-cells and MET- cells arising from 

epithelial-mesenchymal plasticity is seen more often associated with 

metastasis (93), immune evasion (94), and resistance to treatment (95) 

1.2.6.3.3.4.1 Partial EMT phenotype 

The co-expression of epithelial and mesenchymal markers are key elements 

in partial EMT. Early hybrid EMT states are characterised by expressed 

epithelial markers (E-Cadherin and /or Keratins) and mesenchymal markers 

(Vimentin) with the cells being more rounded as reported in several cancer cell 

lines (e.g. breast (96), pancreatic (97), and colorectal cancers (98)) (68) As 

the hybrid EMT advances towards the late stages, Vimentin marker increases 

accentuating the elongated morphology of the cells (68). (Further impacts of 

Vimentin expression in cancer and EMT is discussed in later sections). 

Additionally, cells in a state of partial EMT are reported to be more invasive 

(99), migratory (100), and with enhanced survival in suspension (101). In vitro 
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experiments to identify EMT markers and phenotypes can be applied in partial 

EMT as well.  

1.2.6.4 Invasion  

After EMT, cancer cells can invade the ECM and the surrounding tissues until 

they reach blood vessels. The two main components of ECM are the basement 

membrane to which epithelial cells are anchored, and the interstitial matrix 

responsible for providing elasticity to the tissues (9). One way a tumour cell 

can invade and migrate through the ECM is by pseudopod formation (102). 

Cancer mesenchymal cells release proteases (e.g. metalloproteinases 

(MMPs)) to free a space for their formed pseudopod. This pseudopod, then, 

will direct itself towards the created space to interact with ECM to which it 

adheres. Next, the cell undergoes cytoskeletal remodelling and contracts itself 

towards the leading pseudopod. Finally, the cell becomes free from adhesion 

with the ECM. This action is repeated as cells migrate either individually, or in 

groups (103). Another form of cancer cell motility for invasion is amoeboid 

movement; an EMT-independent process that lacks ECM degradation (104). 

Ameboid movement is associated with nuclear compression and distortion. It 

can also occur with cancer cells either individually (105), or in groups where 

the leading cells move depending on their pseudopods while the rest of the 

group relies on their interlinking connection with leading cells (106). Both 

pseudopod and amoeboid movements rely on having a leading edge of the 

cell that is responsible of initiating the motility and directing the movement 

towards chemoattractant, i.e. cell polarisation (107).   
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1.2.6.5 Intravasation  

Intravasation is the process via which cancer cells gain access to the 

bloodstream through or between endothelial cells (108). To cross through the 

endothelial cell barrier, cancer cells follow a process similar to their invasion 

motility through the ECM. Intravasation can also happen through the lymphatic 

system and eventually into the blood circulation. The final drainage of lymph 

is into the venous system of the blood circulation.  

1.2.6.6 Surviving the circulation  

Once tumour cells are in the bloodstream, they are called circulating tumour 

cells (CTCs) (48). The path CTCs must travel depends on the anatomical part 

of the vascular system to which they intravasated. The site where CTCs enter 

the circulation can also determine the possible destination for their metastasis 

if they survived within the circulation. It is important to bear in mind that these 

CTCs are amenable to the body immune defence as well as removal by the 

lungs as tumour emboli (50). Additionally, CTCs have to avoid death from the 

stress forces generated by the turbulent blood flow and from the shearing 

pressure developed as blood is being pumped in the circulation (109). CTCs 

can be used for diagnosis and prognosis purposes (110).  

1.2.6.7 Extravasation  

Extravasation is defined as the re-entry of CTCs from a vessel interior into an 

organ parenchyma i.e., their potential secondary location. Due to the ongoing 

hurdles CTCs face while in the bloodstream, their rapid extravasation is 

important for their permanent survival. Extravasation is a multistep 
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mechanism. First, because CTCs tend to aggregate and form clusters while in 

the circulation, CTCs must break their intercellular adhesion and unfold 

themselves into single-file chain allowing their transportation across the blood 

vessels wall (111). Another mechanism through which CTCs can extravasate 

is by forming a CTC-platelet complexes. CTC-platelet interactions facilitates 

their adhesion to endothelial cells via purinoceptor 2 protein receptors (P2Y2) 

that in turn make endothelial cells more permeable (112). In addition, CTC-

platelet interaction can also induce the release of growth factors and cytokines 

to assist with extravasation (113). CTCs were recently found to induce 

necrosis in endothelial cells via death receptor 6 (DR6) (114). Once CTCs 

successfully leave the circulation, they are known as disseminated tumour 

cells (DTCs).  

1.2.6.8 Dormancy and secondary growth  

The secondary location for CTCs is not random. For example, breast cancer 

often metastasises to certain organs in different patients, the other side of the 

breast, the liver, the brain and the bones. The earliest attempt to explain this 

was by Paget et al. in the hypothesis of seed and soil where he explained that 

CTCs can only be attracted and grown in tissues where they can thrive (115).  

In the secondary site, DTCs can become dormant cells, i.e. they will survive 

but not necessarily proliferate (116). However, they have the potential to 

reactivate at any time and proliferate forming a secondary tumour.  
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1.3 Gene expression and regulation in cancer 

1.3.1 The central dogma of molecular biology and gene expression 

The central dogma of molecular biology was first introduced in 1958 by Francis 

Crick as an explanation of the molecular interactions leading to protein 

synthesis (117). It simply stated that the genetic information stored in the DNA 

is conveyed through gene transcription into ribonucleic acid (RNA), and later 

this RNA is translated into proteins (117). It is fundamental for understanding 

molecular biology. It is also important to fathom the current understanding of 

gene expression and regulation.   

Gene expression is defined by the national institute of human genome 

research (NIH) as “The process by which the information encoded in a gene 

is turned into a function.” (118). The flow of information from DNA into RNA is 

called gene transcription, and it occurs by the action of RNA polymerases 

(RNAP). The RNA that is produced in transcription can either lead to protein 

production via a translation process using RNA transcripts in the ribosomes or 

it can give rise to untranslated non-coding RNA (ncRNA) that serve other direct 

functions in the cell (9).  

To understand how gene expression is regulated in cancer, the following 

sections will include a brief explanation of chromatin organisation and 

regulation, the components of a gene transcription complex, the process of 

gene transcription, and gene regulation in cancer. 
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1.3.2 Chromatin organisation  

DNA was first reported to consist of a double-helix polymer strand by Watson 

and Crick in 1953 (119). The DNA is condensed as chromosomes at different 

levels of compactness (figure 1-6).  

 

Figure 1-6 Organisation of DNA in chromatin (9, 120, 121). 

Adopted from Fundamentals of genes and genome (122) 

 

Chromosomes are composed of DNA double-helix strands coiling as 

chromatin. Chromatin consists of DNA helical fibres that are wrapped around 

proteins called histones and other proteins. Histones form octamers with four 

subunits proteins known as histone H2A, H2B, H3 and H4. There are two 

amino acids (a,a), lysine and arginine, on the histone proteins that are 

positively charged while the DNA has negatively charged phosphate groups. 
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Therefore, an attraction force brings DNA closer to wrap around histones. 

When DNA is wrapped twice around a histone tetramer, such an organisation 

gives the nucleosome (9, 120, 121). Nucleosomes are packaged into two 

forms of DNA chromatin. The first one is a highly condensed chromatin, or 

heterochromatin, which is also referred to as closed chromatin. H1 linkers are 

small proteins that link nucleosomes together. They have positive charge 

which helps in condensing chromatin. The second form chromatin, or 

euchromatin, is less tightly packaged and is also known as the open chromatin 

(9). This open form can be accessible to various transcription factors and 

regulatory proteins as will be explained later. 

1.3.3 Chromatin remodelling  

The dynamics of chromatin wrapping and unwrapping is necessary for gene 

expression. Unwrapping or loosening reduces the tightness of the chromatin, 

making spaces that allow the entry of various factors. This is also called 

chromatin remodelling. This remodelling can occur via histone modification, 

nucleosome modification, or protein binding. 

There are several so-called epigenetic mechanisms that regulate histone 

modification including acetylation, methylation, ubiquitination, and 

phosphorylation (123). The most well-known being histone acetylation and 

methylation. Histone acetylation can relax chromatin condensation. This 

occurs upon the addition of an acetyl group by histone acetyl transferase 

(HAT) enzymes on the lysine or arginine residues in histones (124). This 

acetylation neutralises the positive charge of histones, causing the negatively 

charged DNA to repel from histones, and leads to chromatin de-condensation.  
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Acetylated histones can be recognised by a group of proteins known as Ac-

Histone binding proteins including readers, writers, and erasers. Readers 

have motifs that recognise and bind Ac-Histones (125), writers are HAT 

enzymes that add acetyl groups to histones (124), and erasers reverse 

acetylation for example histone deacetylase enzymes (HDACs) which 

condense the chromatin again and inhibit transcription (126).  

Histone methylation is a process where a methyl group is added to lysine and 

arginine residues on histones by writer enzymes such as lysine/arginine-

specific-methyltransferase, and it is associated with both heterochromatin and 

euchromatin depending on how a residue is methylated (124, 127). For 

instance, histone di-methylation in histone 3 Lysine 4 (H3K4me2) can result in 

chromatin unwrapping and active gene expression (128). However, if multiple 

methyl groups are added e.g., Histone 3 Lysine 9 (H3K9me3) which includes 

a tri-methylation, the chromatin forms heterochromatin and gene expression 

is repressed (129). Histone remodelling can also be achieved via protein 

complex regulators such as the switching defective/sucrose non-fermenting 

(SWI/SNF) family of ATP-dependent modifying enzymes. SWI/SNF enzymes 

are able to apply twist and pull forces on the DNA. This combination of actions 

slides the DNA along nucleosomes, destroys contacts between DNA and 

histones, and repositions the nucleosome (130).  Histone remodelling is also 

transcriptionally regulated by pioneer TFs. These factors can scan the DNA 

and discover their binding motifs (short DNA target sites) even when they are 

in heterochromatin. Hepatonuclear factors are well characterised examples of 

pioneer TFs (131, 132).  Nucleosome remodelling can also be brought about  
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via histone subunit alteration, position sliding or through nucleosome loss 

(133). 

Overall, for gene expression to take place, heterochromatin needs to undergo 

chromatin remodelling to be accessible by the different components that are 

required to form what is called a transcription complex to initiate gene 

transcription.  

1.3.4 Transcription complex components  

Before going through the details of gene transcription, this section will briefly 

introduce the main components of the transcription complex. They are RNAP, 

gene promoters and other regulatory elements, transcription factors, and other 

regulatory proteins. 

1.3.4.1 RNA Polymerases  

They can be classified into RNAP I, II, and III. RNAPII can recognise and bind 

to a diverse collection of regulatory elements on gene promoters, while RNAPI 

and RNAPIII bind to less elements to produce non-coding RNA. RNAPII 

cannot bind to DNA directly, and it require the help of basal TFs to bind to 

promoter DNA (134, 135). 

1.3.4.2 Gene promoters and their regulatory elements 

Promoters are regions on the DNA, consisting of 100 – 1000 base pairs, that 

define where gene transcription begins. They can be located upstream of a 

gene transcription starting site (TSS), or downstream of a TSS, or overlapping 

with a gene coding region on the DNA (136). The scheme in (figure 1-7) shows 

a scheme of a typical eukaryotic gene promoter with the different regulatory 
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elements that can be found within the promoter and have sequences for the 

binding of TFs (137). 

 

Figure 1-7 Transcription complex at the promoter region with some of the regulatory 
elements (137).  

Created with BioRender.com 

The most common promoter element is the TATA-box. It is characterised by 

repeated T and A nucleotides that have 2 hydrogen bonds in between making 

them easier to be pulled apart for transcription. The TATA box is a binding 

sequence for TFIID, specifically the TATA box binding protein (TBP) subunit 

of TFIID, that in turn binds to RNAPII (138, 139). Other regulatory DNA 

elements can bind TFs to regulate gene expression in certain tissues, thereby 

called tissue-specific regulatory elements. Although these elements are often 
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located in promoter regions, they are also found in enhancer regions (140). If 

a promoter element is overlapping with the TSS and the gene coding area, it 

is referred to as an initiator (Inr) motif. Inr are usually bound to TFIID (141).  

In addition to the promoter regulatory elements, there are also other distal 

regulatory regions on the DNA, found farther upstream or downstream from 

the TSS called enhancers. These regions can also bind to TFs . Upon binding, 

these TFs are brought closer to the promoter via DNA looping. When it loops 

closer to the promoter, the enhancer can bind to other TF or mediator proteins 

on the promoter forming a transcription initiation complex. This complex in turn 

facilitates the binding of RNAP to the promoter to start gene transcription and 

enhance gene expression (137). 

1.3.4.3 Transcription factors 

Tissue-specific TF can be simply defined as proteins with a sequence-

specific DNA-binding ability that can regulate gene transcription. Their DNA-

binding domains can recognise certain regulatory elements on the promoter 

region or enhancers of the target gene (142). When TFs bind to DNA, they 

can regulate multiple processes in the cell. In addition, TF can often act in 

conjunction with non-DNA-binding co-repressors and co-activators, via their 

other domains, to bring about changes in gene expression. As mentioned 

earlier, some TF can reach their motifs on heterochromatin DNA. Such TF are 

called pioneer TF (131). In contrast basal TF recruit  RNAPII to DNA to 

produce mRNA at all genes transcribed by this RNA polymerase and are 

classified, according to the nuclear extract fraction from which they were 

eluted upon discovery, into TFIIA, TFIIB, TFIIE, TFIIF, TFIIH, and TFIID (143). 
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1.3.4.4 Regulatory proteins  

Regulatory proteins include the various co-activators and co-repressors that 

can interact with DNA-bound TFs to regulate gene expression. Generally, the 

role of the co-regulatory proteins is to recruit chromatin remodelling enzymes 

or chromatin-binding proteins to modify the structural configurations of 

chromatin (144).  

1.3.5 Transcriptional complex formation and gene transcription  

To regulate gene expression, it is required to expose gene promoters through 

chromatin opening. This is facilitated by the action of three components: 

specific DNA regions e.g., CpG islands and nucleosome depleted regions 

(NDR), pioneer TFs, and enhancers. CpG islands are regions on the DNA 

characterised by repeated and dispersed CpG dinucleotides and the lack of 

TATA box elements (145). DNA regions rich in CpG and NDR attracts HATs 

and demethylases which results in loosening of the chromatin (145, 146). 

(142). Enhancers, which are DNA sequences usually located within 10 – 100 

kb from the promoters, provide an indirect mechanism to open the chromatin. 

They can recruit large amounts of TFs, and pioneer TFs, and histone 

modifiers.  Enhancers are brought closer to the promoter by the action of 

various DNA looping proteins, thus increasing the concentration of TF at the 

promoter regions (137). Gene transcription by basal TF is achieved by forming 

pre-initiator complex formation (PIC). PIC is assembled by the recruitment of 

general TF and RNAPII at the promoter site (147). The first approaching TF 

are TFIID, which are composed of TBP and TBP associated factors (TAF). 

This is followed by the accumulation of other types of TFs and RNAPII. RNAPII 
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starts the process of DNA transcription aided by other factors like capping 

enzymes and elongation factors. Together, they help stabilise the newly 

transcribed RNA for elongation to commence (147). Transcription termination 

is RNAPII dependent and can be achieved by three pathways: cleavage of the 

mRNA, polyadenylation of mRNA at 3’ end, and disassembly of RNAPII (148). 

1.3.6 Gene regulation in cancer  

Gene transcription and expression regulation is tightly maintained through a 

harmonious work of various players including epigenetic modifiers, TFs, 

regulatory elements, and RNAPII. Profound gene dysregulation contributes to 

the onset and progression of various diseases including cancer (149). 

Significant alteration in chromatin organisation and remodelling has a great 

impact on the dynamics of gene expression. Particularly, the aberrant 

functioning of histone modifiers may result in unwanted chromatin 

condensation preventing TFs and other regulatory protein from reaching their 

target motifs (gene silencing) or loosening other DNA regions making them 

accessible to regulators (gene activation) (124, 127). Gene dysregulation or 

mutation might affect oncogenes or TSG that directly disturb gene expression 

in cancer. They can also influence the expression of genes crucial for DNA 

repair, cell cycle progression, or apoptosis. This may influence the cellular 

homeostasis and lead to uncontrolled proliferation and persistence of cells 

carrying DNA mutations (149). Additionally, cancer may also cause alteration 

in signalling pathways that can impact the activity or expression of various key 

TFs linked to gene expression (150). Moreover, several super-enhancers in 
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cancer are connected to the activation of genes associated with 

tumorigenesis, e.g., the Myc oncogene (151).   
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1.4 Biliary tract and cholangiocarcinoma  

1.4.1 Biliary System 

1.4.1.1 Anatomy of the biliary system  

The biliary system is part of the gastrointestinal tract located in close relation 

to the liver. It consists of two main components: the gall bladder and the bile 

ducts. The major functions carried out by this system are related to bile 

synthesis, storage and delivery into the duodenum where bile plays an 

important role in the digestion of dietary fats (60).  

 

Figure 1-8 Biliary System.  

The biliary system is composed of the gall bladder and bile ducts. The bile duct tree starts 
within the parenchyma of the liver and directs bile towards the gall bladder or the duodenum. 
Along the way, bile ducts keep converging until, finally, a single common bile duct drains into 
the duodenum. Source: Junqueira’s Basic Histology Text and Atlas (60). 

As seen in (figure 1-8), the gall bladder is a pear-shaped hollow organ that is 

located just below the liver. It serves as a storage site for diluted bile produced 

by hepatocytes, and it also concentrates the bile via water reabsorption. The 
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bile duct tree of the biliary system is a branching tree distributed inside and 

outside the liver parenchyma (the functional tissues in an organ that carry out 

specific tasks). Tracing the bile ducts as they deliver the bile and other 

secretions into the duodenum will also show the size-wise classification. The 

smallest branches are thin tubes known as bile canaliculi located between 

hepatocyte lobules. These canaliculi collect the bile synthesised by 

hepatocytes and drain it into the short canals of Hering. From there, bile drains 

into the intrahepatic bile ductules. These ductules in turn direct the bile into 

bigger interlobular ducts. Interlobular ducts from both lobes of the liver merge 

to form right and left hepatic ducts. These two ducts merge outside the liver 

hilum (point of entry and exit of liver vessels, ducts, and nerves) to make the 

main hepatic duct. Then, this hepatic duct is joined by the cystic duct of the 

gall bladder and together they form the common bile duct (CBD). This point of 

connection is bidirectional, towards the gall bladder for bile storage and 

towards the intestine for secretion and excretion. Finally, CBD will eventually 

open into the duodenum through the ampulla of Vater delivering bile to its site 

of action.  

1.4.1.2 Development of the biliary system  

During the early development of the gastrointestinal tract, the primitive gut 

forms a blind-ended tube divided into three parts: the foregut, mid gut, and 

hind gut. From the foregut, a small endodermal outgrowth is developed which 

is called a bud. This bud consists of rapidly proliferating cells and is later 

separated into liver and biliary buds. The liver bud cells have the ability to 

differentiate into hepatocytes or ductal cells, while the biliary bud cells 
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differentiate into the bile duct, gall bladder and cystic duct. This embryologic 

finding explains the heterogeneity in cellular makeup of liver and bile duct 

cancers (152-154). Bile duct cancer can originate from either hepatic 

progenitor cells or from biliary tree cells (155). The presence of cancer stem 

cells, capable of differentiating into multiple cell types within the tumour 

growth, contributes to the diversity of cholangiocarcinoma (CCA) cell 

populations. 

1.4.1.3 Normal cholangiocytes 

The wall of the hepatic ducts along with the cystic and CBD is made of four 

layers: mucosa, lamina propria, submucosa and muscularis layer. The lining 

mucosa is made up of simple epithelial cells called cholangiocytes (60). These 

cholangiocytes range in morphology and size from small cuboidal to tall 

columnar as the size of the ducts increases. Under normal conditions, these 

cells perform a range of important roles including the synthesis of several 

components of bile juices. Bile juice is a yellowish-green solution consisting 

majorly of water. Other constituents in this solution are bile salts, bile acids, 

bilirubin, cholesterol, fatty acids, vitamins, and salts. The bile acid portion is 

synthesised by the lining of the biliary ducts. In addition to their secretory 

function, cholangiocytes are also capable of reabsorbing water. This diversity 

in morphology and properties, under stressful conditions, produces several 

diseases in the biliary system including the malignant CCA (156, 157). 
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1.4.2 Cholangiocarcinoma 

1.4.2.1 Background and classification  

CCA is a heterogenous group of malignancies that can arise anywhere in the 

biliary tree (158). CCA is classified anatomically based on its location in 

relation to the liver (figure 1-9). When the tumour is developed within the liver 

parenchyma, it is called intrahepatic CCA. If it arises in either of the main 

hepatic duct adjacent to the hilum of the liver, it is called perihilar CCA (159, 

160). A clinical term for perihilar CCA in the converging point of the two ducts 

is Klatskin tumours (161). When it is found in CBD, CCA is classified as 

extrahepatic(159, 160). Around 50% of CCA is perihilar, while extrahepatic 

tumours account for approximately 40% of CCA, and finally 10% of CCA are 

intrahepatic tumours (162). 

 

Figure 1-9  CCA Anatomical Classification.  

CCA is classified for surgical purposes based on its location in the biliary tree. Intrahepatic if 
it buried in the liver tissues. Perihilar when it is in the main right and left hepatic ducts. 
Extrahepatic if develops in the CBD. Source: Kendall et al., 2019 (163). 



 

 

37 

1.4.2.2 CCA Epidemiology, aetiologies and risk factors 

CCA is relatively rare. In the UK, 2.17 cases were registered per 100,000 of 

the population at risk. Whereas, in the northeast regions of Thailand 85 cases 

per 100,000 of the population at risk were reported and this is considered the 

highest prevalence in the world (158) (figure 1-10). 

 

Figure 1-10 Geographic distribution of CCA.  

The map shows the number of reported cases per 100,000 of the population. Source: 
RARECARE project. 

The geographical difference in CCA is also denoted by its risk factors. The 

causative aetiologies appear to vary among populations. Infestation from liver 

flukes e.g. Opistorchis viverrini and Clonorchis sinensis tops the list of the risk 

factors in Thailand and the rest of Southeast Asia (164-166). In 1994 both 

parasites were declared carcinogenic for human by IARC (167). 

Liver flukes are acquired from ingesting raw koi pla fish carrying the adult form 

of the parasites which initiate and sustain a chronic type of inflammation in the 
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biliary tract epithelium (168). However, in Western countries liver flukes are 

very uncommon and 6% to 36% of the diagnosed CCA patients are found to 

have primary sclerosing cholangitis (PSC), which is now considered the main 

factor underlying the pathogenesis of CCA in the West (169, 170). PSC is an 

autoimmune disease that affects the biliary lining epithelium. PSC produces 

chronic inflammation of cholangiocytes that can progress to cause a narrowing 

in the pathway of bile flow leading to a decrease in bile flow that progresses to 

stagnation, i.e. cholestasis (171). 

The list of other hepatobiliary diseases that could potentially lead to CCA 

include primary hepatobiliary diseases e.g. cholelithiasis (172), hepatolithiasis 

and cholecystitis (173), chronic viral and non-viral liver diseases (164, 174-

176), congenital fibro polycystic liver diseases (177, 178), and genetic 

disorders e.g. cystic fibrosis (179). Other risk factors for CCA include 

metabolic syndrome (180), hyperglycaemia, and obesity (181, 182). 

1.4.2.3 Pathogenesis  

Chronic inflammation has been found to induce the molecular aberrations 

behind the development of CCA in animal models (183). In human CCA, 

chronic inflammatory injuries induced by chronic cholestasis are believed to 

lead to the development of precancerous lesions. Inflammation subjects the 

cells to stress conditions that trigger epigenetic changes resulting in altered 

DNA methylation. This results in changes the expression of genes potentially 

activating cell survival signalling (184).  
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1.4.2.4 Clinical presentation and diagnostic work up 

CCA is a clinical challenge as it does not produce a specific clinical picture. 

The earliest signs, symptoms, and physical findings in CCA patients are so 

common that the differential diagnoses would not have CCA at the top of the 

list. In most of the cases, CCA is asymptomatic until the appearance of 

jaundice, that is a yellow discoloration of the skin and mucous membrane. 

Jaundice occurs when the flow of bile within the bile ducts is obstructed often 

late in the disease (185, 186).  

No specific laboratory tests are available to investigate CCA. Instead, patients 

presenting with the previously mentioned clinical picture would go through 

routine blood tests, biochemistry, liver enzymes and liver function tests. 

Biomarkers including Carbohydrate antigen 19-9 (CA 19-9), carcinoembryonic 

antigen (CEA) and Alpha-fetoprotein (AFP) can be elevated however these 

are also nonspecific. Contrast based imaging techniques (e.g., ultrasound, 

computing tomography (CT) scans, magnetic resonance imaging (MRI) and 

endoscopic retrograde cholangiopancreatography (ERCP) are used to confirm 

CCA diagnosis and to acquire biopsies for histopathological studies. Imaging, 

histopathology and molecular profiling are considered the best options for 

CCA diagnosis (187).  

Overall, the prevalence of common presentation accompanied by a cycle of 

non-determining routine laboratory investigations usually trigger the need for 

complexed imaging and invasive biopsy. This is why CCA is often discovered 

late and incidentally in clinics (188, 189). There are active efforts to introduce 

non-invasive diagnostic markers promising early detection, but these are 
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awaiting validation. Recently, biliary next-generation sequencing were 

recommended to be taken forward for further research (190). 

1.4.2.5 CCA TNM staging 

Tumour-node-metastasis (TNM) staging system for CCA is approved by the 

American Joint Cancer Committee/Union for International Cancer Control 

(AJCC/UICC). TNM staging is made separately for each type of CCA (191, 

192).  

1.4.2.6 CCA treatment 

On a global scale, complete surgical resection with negative margins is the 

best option for resectable tumours, but even with surgery there is a high 

recurrence rate of around 50% one-year post operation (193, 194). 

Unfortunately, since the presentation for CCA is late, most of the diagnosed 

cases are inoperable. CCA shows resistance to both chemotherapies and 

radiotherapies. 

The most recent updates on CCA diagnosis and management in the UK were 

commissioned in September 2023 by the British society of Gastroenterology 

Liver Section (190). Complete surgical resection remains the most curative 

option for resectable CCA in operable patients (190). Liver transplantation is 

evaluated based on tumour size and status of extrahepatic diseases (190). 

Palliative jaundice drainage is the recommended management for inoperable 

CCA with endoscopic ultrasound/ERCP, or ERCP alone (190). A combination 

of Cisplatin and Gemcitabine (CisGem) is the first line chemotherapy 

with/without immunotherapy (when available and approved) (190). In 



 

 

41 

November 2023, Durvalumab (Imfinzi) immunotherapy has been added as a 

first option along CisGim. Several targeted therapies are under clinical trials 

(195).  
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1.5 Proline Rich Homeodomain / Haematopoietically Expressed 

Homeobox Protein (PRH/HHEX)  

1.5.1 PRH background and discovery 

Proline rich homeodomain protein or haematopoietically expressed homeobox 

protein (PRH/HHEX) is a TF with an estimated molecular mass of 30 kDa (196-

198). The protein was first identified by Crompton et al. in a study conducted 

to characterise the biochemical functions of homeodomain proteins in the 

haematopoietic system of chicken (199). The same study revealed that 20% 

of the a.a. in the PRH N-terminal domain consisted of proline residues in 

addition to the presence of two conserved and consecutive proline residues in 

the homeodomain, hence the name PRH (199). PRH is a highly conserved 

protein and the PRH homeodomain sequence shows a high percentage of a.a. 

similarity to those of chicken (75%), murine (94%) (199, 200).  

The PRH protein is encoded by the gene HHEX (199-201). This gene was 

referred to as an orphan gene because it is found on chromosome 10, and not 

within the chromosomal clusters containing many of the other human 

homeobox genes (201). In mice, however, HEX gene is located on 

chromosome 19 (202). Morgutti et al. characterised in detail the genomic 

organisation of human HHEX gene by comparing it to the mouse hex gene 

(203). They mapped human HHEX specifically via FISH analysis to 

chromosome 10q24. In addition, they reported that HHEX spans around 5.7 

kb of genomic DNA over 4 exons (203). Morgutti et al. also indicated a high 
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sequence homology in regions around the TSS including TATA box, 5’ UTR 

and 3’ UTR regions required for full HHEX promoter activity (203). 

Upon the initial discovery of PRH, Crompton et al. predicted the potential gene 

transcription activity of PRH because they identified it as a homeodomain 

protein encoded by a homeobox gene. PRH binds to DNA via its 

homeodomain to regulate genes important for vertebrate cell differentiation 

and development (199, 201). 

1.5.2 Regulation of PRH gene expression  

1.5.2.1 Signalling pathway regulation  

Early during embryonic development several signalling pathways modulate 

the activity of TFs that bind and regulate PRH promoter. Wnt/β-catenin 

signalling pathway regulates the expression of PRH which is essential to 

mediate liver and pancreas formation (204, 205). Wnt/β-catenin and TGF-β 

pathways coordinate PRH expression which is required for the early 

specification of the anterior endomesoderm (204). Several pathways such as 

TGF-β / through BMP (206-208), and BMP/ fibroblast growth factor (FGF) 

(207, 208) are also reported to regulate PRH expression and to play an 

important role in organ development (209).  

1.5.2.2 Transcription factor regulation  

Several TFs can regulate the expression of PRH in a cell-type specific manner 

by recognising and binding specific motifs in the intronic regions or 5’ flanking 

regions of the promoter. In hematopoietic cells, TFs such as GATA-1, GATA-

2, and cMyb bind to enhancer elements located in the first intron of HHEX 
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gene (210). Other TFs belonging to Sp family of TFs, namely Sp1 and Sp3, 

bind to GC boxes located in the 5’ flanking region of HHEX promoter in MH1C1 

and K562 cells (211). Thyroid-specific transcription factor (TTF-1) (212), and 

Pax8 (213) can bind and activate the HHEX promoter in thyroid follicular cells. 

In addition, PRH can exert a positive feedback expression on its own promoter 

(212, 214). PRH also forms a positive feedback expression loop with Notch3 

(215). Other TFs capable of activating HHEX promoter include HNF3β and 

GATA-4 in HepG2 liver cells (216). 

1.5.3 PRH expression during embryonic development and in adults 

PRH, like other members of homeodomain protein family, has a spatial and 

temporal expression pattern that is crucial for the expression of key genes 

during embryonic development (217, 218). PRH is expressed and involved in 

the differentiation of various cells into vital organs during embryogenesis such 

as the brain, heart, pancreas, and liver (219-222). Disruption of PRH 

expression and function during embryogenesis is lethal. PRH knockout was 

found to be life incompatible as mice under study were suffering defective 

organogenesis in the brain, blood, and circulatory systems (219, 223). The 

liver was particularly absent in the abdominal cavity of PRH-/- mice (219) 

(figure 1-11). In addition, absence of PRH in the hepatic tissues was 

associated with loss of gall bladder and extrahepatic bile ducts indicating the 

importance of PRH for hepatic post developmental differentiation (224). 
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Figure 1-11 PRH -/- mice failed to develop their liver as indicated by its absence in the 
abdominal cavity (219). 

In adults, RNA and protein analysis revealed that PRH is widely expressed in 

organs such as the thyroid, liver and other tissues (219, 223) and, it is essential 

for the differentiation of hematopoietic cells (225, 226).  

1.5.4 PRH protein structure  

A monomer of human PRH is composed of 270 a.a. with a molecular mass of 

30 kDa. However, it appears to have a molecular mass of  37 kDa when run 

on sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

(227). As shown in (figure 1-12-A), the PRH monomer has three functional 

domains by which it affects different target genes: an N-terminal domain, a 

central homeodomain, and a C-terminal domain (228-230).  
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Figure 1-12: PRH monomer.  

(A)The three domains of PRH: N-terminal repressing domain, DNA binding domain and C-
terminal activating domain. (B) PMT of PRH by CK2 phosphorylation. (C) Truncated forms of 
PRH – phosphorylated homeodomains. Source: Adopted and modified from Gaston et al., 
Cell Biosci (2016)(231). 

1.5.4.1 The N-terminal domain  

PRH N-terminal domain is also known as the proline-rich domain since it 

consists of 136 a.a. [1-136] where 20% of those residues are proline (199). 

Functionally, this region is referred to as the repression domain because via 

several protein-protein interactions (PPI) it results in transcriptional repression 
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(199, 232). Examples of those interacting proteins include eukaryotic 

translation initiation factor 4E (eIF4E) to inhibit cell proliferation (233), 

members of the groucho/transducin-like enhancer (TLE) co-repressor family 

(234), the ring domain of promyelocytic leukaemia (PML) protein (227, 233), 

and the β subunit of protein kinase CK2 (228). However, the PRH N-terminal 

region also interacts with HC8 proteasome subunit (235). The absence of the 

N-terminal domain in PRH produces a truncated form of PRH that can still bind 

to DNA, but fails to repress transcription (236). Moreover, this domain helps 

with forming higher-order arrangements of PRH proteins, a process known as 

PRH oligomerisation (196). 

1.5.4.2 The homeodomain  

This domain  consists of 60 a.a. [137-196] and characterised by the presence 

of a helix-loop-helix motif (229). It recognises and binds to specific DNA 

sequences (5’-CAAG- 3’ and 5’-ATTAA-3’) on its target genes, hence it is also 

referred to as the DNA-binding domain (197, 237). This homeodomain-DNA 

binding is sometimes coupled with N-terminal domain PPI to regulate target 

genes (196, 197). Pellizari et al reported that this sort of mechanism is required 

for PRH to bind Thyroglobulin promoter, regulate its expression, and affect 

thyroid differentiation (237). Other examples of PRH interaction with other 

proteins via this domain include JUN (238), and HNF1α (239),  

1.5.4.3 The C-terminal (activation) domain  

The C-terminal region of PRH is made up of 74 a.a. [197-270] is an acidic 

domain. It is the transcriptional activating part of the PRH protein regardless 
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of cell type (230). It can bind to other co-activator and TFs e.g. serum response 

factor (240). In addition, both PRH acidic domain and homeodomain are 

required to activate sodium-dependent bile acid transporter (NTCP) gene in 

hepatocytes (230), and hepatocyte nuclear factor 1α (HNF1α) (239). Without 

this activating domain, NTCP is negatively impacted (230). 

1.5.5 PRH oligomerisation and high-order assembly 

Soufi et al. were first to demonstrate PRH oligomerisation via its N-terminal 

domain in vitro as well as confirming this via cross-linking in vivo (196). In their 

work, they saw PRH elute as a 250 kDa form from a gel filtration column. They 

also revealed via analytical ultracentrifugation that PRH can exist at 280 kDa 

and larger complexes. With cross-linking in cells, they reported that PRH is 

oligomeric (196). They proposed that PRH N-terminal domain has a novel 

dimerising motif [1-46 a.a.] that enables PRH intermolecular interactions to 

appear in different assemblies ranging from dimers to double octamers (196). 

Soufi et al. proposed a model to explain PRH octamer formation. They 

suggested considering the full length PRH to comprise three parts; P, R, and 

H. “P” which represent PRH dimerisation region can interact with another “P” 

forming a dimer. In addition, the other two parts are “R” which is the repression 

region, and “H” the homeodomain and C-terminal together. Parts “R” and “H” 

within a certain dimer can interact with other “R” and “H” located on another 

dimer, therefore, forming a tetramer.  The free “R” and “H” in this tetramer can 

in turn interact with other “R” and “H” on another similarly formed tetramer 

resulting in an octamer PRH (196). Furthermore, the authors used linear 

dichroism and electron microscopy (EM) to indicate that PRH octamers appear 
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as spheres that self-associate to form larger particles, or hexadecameric 

spheres (198). In fact, octameric and hexadecameric PRH were shown by 

dynamic light scattering to be the dominant species in vitro (198). These 

structures are very stable capable of surviving heat-induced and chemical 

denaturation (241).  

Nuclear PRH complexes can self-associate and accumulate more PRH 

domains leading to DNA compaction. Such configurations allow PRH to bind 

tandem arrays of PRH-binding sites on target genes, therefore, providing high 

affinity bindings to their target genes  (196, 198). For example, PRH oligomers 

can spread along multiple DNA-binding sites on Goosecoid (GSC)promoter to 

modulate chromatin structures and repress gene expression (196, 197).  

1.5.6 PRH post translational modification by CK2 phosphorylation 

Protein Kinase CK2 (Casein Kinase 2 or CK2) is an enzyme comprised of four 

subunits: two catalytic  subunits and two regulatory β subunits. CK2 is known 

to affect the survival of cells through controlling progression of the cell cycle 

(242). CK2, by its  subunit, can interact with PRH while CK2 α subunit 

phosphorylate S163 and S177 of PRH homeodomain to deactivate its 

transcriptional activity and send it for cleavage by the proteasome (figure 1-

12-B and C). This phosphorylation and processing lead to the formation of a 

truncated form of PRH known as PRHΔC. PRHΔC can suppress the 

repression activity of other full-length PRH (PRH octamers) by sequestering 

the co-repressor TLE1 and most likely via other mechanisms. (197, 228, 234). 
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Phosphorylated PRH interacts with TEAD4 in colorectal cancer to modulate 

YAP/TEAD and promotes tumourigenesis (243). 

1.5.7 PRH subcellular distribution  

The database COMPARTMENT is developed by Binder et al. which integrates 

findings from curated literature that used high throughput microscopy, findings 

from protein localisation proteomic databases, and text mining to provide 

information on protein subcellular localisation (244). According to the database 

COMPARTMENT, PRH is mainly a nuclear protein with lesser abundance in 

the cytosol and in various cytosolic organelles such as the mitochondria and 

the lysosomes (figure 1-13) (244). Nuclear PRH (dark green) has the strongest 

evidence since knowledge from curated literature were referenced. Several 

microscopic imaging techniques helped revealing this distribution including 

immunofluorescence (196), immunohistochemistry (245), and subcellular 

fractionation experiments (246). 

 

Figure 1-13 PRH subcellular distribution according to COMPARTMENT.  
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Adopted from COMPARTMENT (244) 

PRH spatial distribution has been reviewed in the literature. It is context 

dependent, and the redistribution of PRH localisation has been found to be 

causally linked to changes in its function, specifically in relation to cancer 

development (231, 247). 

1.5.7.1 Nuclear PRH  

PRH in the nucleoplasm, as mentioned earlier, is a TF that interacts via its 

homeodomain with DNA motifs to regulate gene expression and control tissue 

differentiation (196, 241). Ectopic PRH within nuclear bodies was reported to 

be partially co-localising with eIF4E and PML bodies to inhibit eIF4E transport 

in U937 and K562 myeloid cells to repress cell proliferation (233).  

1.5.7.2 Cytoplasmic PRH  

Normal breast (214), and thyroid (245) tissues exhibit nucleocytoplasmic 

distribution of PRH on immunohistochemistry. Ghosh  et al. conducted the first 

experiment of PRH subcellular localisation in COS and MLE15 cell lines and 

mouse embryo (248). They reported PRH being primarily cytoplasmic in the 

definitive endoderm cells of mice embryo (7.5 days) using immunoblotting and 

immunofluorescence staining (248). Cytoplasmic compartmentalisation of 

PRH is a mechanism to inhibit its nuclear functions on target genes, but it may 

have other additional functions (245, 249). Several reports showed that a shift 

from nuclear to cytoplasmic localisation is implicated in the neoplastic 

transformation of increased cell proliferation and migration in breast (214, 

249), thyroid (245), and haematopoietic cancers (250).  
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1.5.7.3 Nucleocytoplasmic trafficking of PRH 

One way to illustrate the shuttling mechanism of PRH in cells was carried out 

by Ploski et al. (251). They used digitonin permeabilised cells to shown that 

PRH is one of many import cargos for Karyopherin/Importin 7 (KAP7) which is 

a structural protein in the cell. KAP7 mediates the transport of PRH into the 

nuclear compartment through direct protein binding. KAP7 depletion 

prevented the accumulation of PRH in the nucleus of HEK293 cells (251).  

1.5.7.4 PRH subcellular localisation on immunofluorescence imaging 

Immunofluorescence imaging is one of many methods applied to show PRH 

spatial distribution in cells. The Human Atlas provides reference images of 

PRH subcellular localisation in three different cell lines: HEL (an 

erythroleukemia cells). K562 (lymphoblast cells from myelogenous 

leukaemia), and U2OS (osteosarcoma cells) (252). (figure 1-14) 

 

Figure 1-14 PRH subcellular localisation.  

Adopted from The Human Atlas (252) 

These images are approved for PRH in the nucleoplasm, nuclear bodies, and 

in the cytoplasm. They all show high PRH nuclear to cytoplasmic ratio. 

Moreover, they all show PRH as discrete foci in both compartments (196, 252).  
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1.5.8 The role of PRH in the regulation of target gene expression 

PRH exhibits either a repressing and activating effect via direct promoter 

binding, or by interacting with other TFs to ultimately regulate the transcription 

of its target genes (8, 9). The PRH homeodomain can directly bind to DNA to 

downregulate its target genes e.g. endothelial specific molecule (ESM-1) 

(253), thyroglobulin (TG) (237), chordin (CHRD), GSC (197, 254) and VEGFA 

(255). PRH can act via recruitment of co-repressors proteins from the 

Groucho/TLE family and by competing with TATA box protein (256, 257). PRH 

activates the transcription of other target genes e.g. Endoglin (ENG) and 

sodium/taurocholate co-transporting polypeptide (NTCP) again by direct 

contact to their promoter DNA (230, 258). PRH, via its N-terminal domain, 

suppresses eIF4E-mediated transport of certain TF mRNA across the nuclear 

membrane. Therefore, it interferes with the translation of those trapped mRNA. 

For example, PRH can interfere with the cell cycle by preventing the translation 

of cyclin D1 in leukaemia cells (233). 

1.5.9 PRH in Cancer  

Any perturbations in the status of PRH, expression and/or subcellular 

localisation, can result in target genes dysregulation which is implicated in the 

development of cancer in liver, thyroid, breast, prostate, bile duct, colon, and 

haematopoietic cells (214, 215, 243, 245, 259, 260).  

PRH can act as a TSG to inhibit angiogenesis as well as cell proliferation and 

migration. PRH overexpression can inhibit the action of VEGF and EIF-4E to 

reduce angiogenesis and cell proliferation in leukaemia cells, respectively 
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(233, 255, 261). In hepatocellular carcinoma, a decline in PRH expression was 

observed as the cancer progresses from grade II to grade III. In addition, PRH 

overexpression in a hepatoma cell line resulted in increased expression of 

TP53 and RB1, and decreased expression of Bcl2 proto-oncogenes. When 

these cells were injected in nude mice, they prevented tumour formation in the 

liver (259).  

ENG has an important role in angiogenesis and proliferation. Endoglin is a co-

receptor for TGF- β type I and II. It function as a growth inhibitor by regulating 

cellular proliferation and survival i.e. prevent tumour formation (262, 263). 

PRH inhibits tumour cell migration and invasion by direct alteration of ENG 

transcription in prostate and breast cancers (260). 

PRH also represses the EMT inducer GSC (a homeobox gene that promotes 

tumourigenesis and increase migration) in breast cancer and therefore 

downregulates EMT (264). In contrast, PRH knockdown works in favour of 

tumourigenesis. In breast and thyroid cancer cells, PRH knockdown and 

cytoplasmic mis-localisation de-repress VEGF expression and induce 

angiogenesis and cell survival (255). PRH also directly represses ESM-1 

expression which was found to be associated with lung and kidney cancers 

(265). Exogenous PRH also downregulates MMP10 which is important for 

breast tumour cells invasion (261).  

PRH has been also reported as an oncoprotein in several cancers. For 

example, PRH is upregulated by LMO2 oncogene to promote acute T cell 

lymphoblastic lymphoma (266). In colorectal cancer (CRC), PRH interacts 
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with the complex YAP/TEAD4, and promotes tumorigenesis. This interaction 

is  associated with poor prognosis in CRC patients (243).  

PRH mis-localisation is linked to certain cancers. In breast cancer, PRH is 

predominantly located in the cytoplasm compared to normal breast tissues 

where PRH is both nuclear and cytoplasmic (267). A similar observation 

regarding PRH cytoplasmic localisation was reported in thyroid cancer (245). 

Loss of nuclear localisation was also found to associate with human myeloid 

leukaemia (250, 268) 

1.5.10 PRH in CCA 

Recently, aberrant PRH was reported to induce molecular and cellular profiles 

suggesting that PRH has an oncoprotein role in CCA (260). PRH expression 

is very low in primary biliary epithelial cells (BECs) and normal immortalised 

bile duct cells (AKN1 and MMNK1) but PRH expression at protein level is high 

in several CCA cell lines (CCLP1, CCSW1, rmCCA1, HuCCA1). In addition, 

PRH at mRNA level showed various levels of positive fold changes in CCA 

patients compared to normal subjects(215). These observations were 

supported by in vitro works where PRH depletion in CCA cells resulted in a 

reduction in tumour cell proliferation, colony formation, migration, and 

invasion. Loss of PRH in CCA cells is associated with induced E-Cadherin and 

decreased Vimentin expression which correlates with the phenotypes seen. 

Moreover, in vivo implantation of PRH-depleted CCA cells in xenograft mouse 

model generated significantly smaller and less tumours compared to control 

cells 21 days after injection. In contrast, PRH overexpression in CCA cell lines 

and in normal immortalised or primary bile duct cells promoted cell 
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proliferation, migration, and invasion. Gene set enrichment analysis (GSEA) 

and gene ontology (GO) of PRH depletion and overexpression showed 

enrichment of genes associated with MET, EMT which is consistent with the 

in vitro findings (215).  

PRH was reported to regulate two important signalling pathways in CCA: 

Notch3 and Wnt. PRH is an indirect regulator of Notch3 in CCA where it forms 

a positive feedback loop with Notch3 contributing to the upregulation of genes 

driving CCA tumourigenesis (215). In addition, PRH expression in CCA cells 

directly upregulates the expression of genes that are involved in Wnt pathway 

(WNT11, WNT16, TCF7L1, and DKK1) (215). Wnt activation in CCA by PRH 

was also mediated through Notch3. GSEA and GO revealed that PRH and 

Notch3 co-regulate genes in EMT that were found to promote CCA 

tumourigenesis (215). 

  



 

 

57 

1.6 PRH and Vimentin in CCA 

Kitchen et al. indicated that PRH depletion was accompanied by a reduction 

in Vimentin expression at the mRNA and protein level  (215). This is also 

reflected in cell morphology and phenotype as they became more epithelial 

and less proliferative and migratory (215). In contrast, PRH overexpression in 

AKN1 and BECs cells is associated with more mesenchymal cells that showed 

increased Vimentin expression along with increased cell proliferation, 

migration, and Invasion (215). The regulation of Vimentin expression by PRH 

in CCA was found to be Notch3 dependent (215). 

Yet, unpublished data from the Jayaraman laboratory shows that the PRH and 

Vimentin proteins interact in CCA cells. Co-immunoprecipitation assay (CoIP) 

revealed Vimentin as a protein binding partner for PRH in CCLP Myc-PRH and 

CCLP AdEmpty cellular fractions. This was confirmed by mass spectrometry 

in CCLP1 CCA cells (Ka Ying Lee and Jayaraman) (269). Investigating the 

interaction and interplay between PRH and Vimentin in CCA is important to 

reveal whether Vimentin plays a role in the transcriptional activity of PRH and 

vice versa, or if both proteins are needed together as a complex to regulate 

common biological functions e.g. cell proliferation, or protein degradation. 
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1.7 Vimentin  

1.7.1 Background  

Vimentin is a 57 kDa protein encoded by the gene VIM located on 

chromosome 10 (270, 271). It was given the name Vimentin in 1978 by Franke 

et al. to differentiate it from other rod-like proteins (272). Vimentin is a major 

cytoskeletal protein that belongs to class III intermediate filaments family 

(273). These intermediate filaments are one of three major types; the others 

being microfilaments and microtubules (10). Altogether, they generally provide 

a mechanical support that maintain cellular shape as well as playing roles in 

cell division and motility (10). These intermediate filaments consist of laterally 

connected groups of 8-rod strands that collectively give the final formation of 

an intermediate filament (figure 1-15) (274).  

 

Figure 1-15 A schematic illustration of intermediate filaments assembly (274). 

Intermediate filaments include six subtypes and each has a well-known 

representative protein: type 1 Keratin, type II Keratin, type III Vimentin, type IV 

Neurofilaments, type V nuclear Lamins, and type VI Nestin (9). Vimentin is 
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mainly found in mesenchymal cells; it is a well-known mesenchymal marker 

with a high importance during development and in disease states (273).  

1.7.2 Regulation of Vimentin gene expression  

1.7.2.1 Transcriptional regulation  

The Vimentin gene promotor has been functionally analysed and reported to 

comprise three parts; a negative regulatory region flanked by positive 

regulatory regions (275). Several TFs binds directly or indirectly to the VIM 

promoter, including Sp1 TF which recognises GC boxes on the promoter and 

regulate Vimentin expression, and thereby control cell proliferation (276-278). 

VIM is also regulated by AP-1, which is a dimeric TF composed of two subunits 

(Jun and Fos)(279). In fact, AP-1 has a tandem binding sequences on the VIM 

promoter, and AP-1 increases Vimentin expression in breast cancer cells 

(276), and in colorectal cancer cells (280). Other TFs binding to enhancer 

regions on VIM promoter include NF-kB (281, 282), PEA3 (283), and β-catenin 

(284). STAT3 also activates Vimentin expression by binding to an anti-silencer 

elements (ASE) only when ZBP-89 is bound to a silencer element on the 

promoter (285). 

Indirect transcriptional promoter regulation can also occur. For instance, c-Jun 

interacts with Sp1 when the latter is bound to GC-boxes (286). In addition, 

TGFβ1 also signals through AP-1, Sp1 and Smads in order to differentiate 

skeletal myogenic cells via controlling Vimentin expression (287).  
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1.7.2.2 Epigenetics  

DNA methylation is a chemical modification involves the addition of a methyl 

group on a cytosine to form a 5-methylcytosine (5mC). This modification 

silences gene expression by recruiting repressing proteins, such as methyl-

CpG binding domain (MBD) proteins. As a result, MBD proteins attract other 

chromatin modifiers e.g. HDAC1. HDAC1 in turn causes DNA deacetylation, 

condensate the chromatin, and interfere with TF binding (288). A similar 

observation of promoter methylation and Vimentin expression level has been 

linked to cervical cancer (289). In contrast, treating colon cancer cells with an 

anti-methylation has seen to activate Vimentin expression (290). Moreover, 

ZBP-89 binds to a repressor element on Vimentin promoter, recruits HDAC1 

to silence Vimentin expression in HeLa cells. Reversing deacetylation by using 

a HDAC1 inhibitor seemed to revoke that observation (291).  

1.7.2.3 Non-coding RNAs  

ncRNA are single stranded RNA that are not translated or encoding a protein, 

but they are still functional (292). When these strands are longer than 200 

nucleotides, they are classified as long ncRNA (lncRNA). Whereas small 

ncRNA (sncRNA) are shorter than 200 nucleotides. One example of this class 

are micro RNAs  (miRNAs or miR) with a length ranging from 15 to 20 

nucleotides and an important role in gene expression (292). miRNAs can bind 

to target mRNA and cause a post-transcriptional mRNA silencing (293). They 

regulate several EMT related genes including Vimentin. In 2020, Lin et al. 

discovered a novel long ncRNA called RNA-01488 that was found to reduce 
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Vimentin expression via miR-124-3p/miR-138-5p which inhibited metastasis 

(294).  

1.7.3 Vimentin expression  

Vimentin protein is widely distributed  in normal human tissues as indicated by 

the Human Protein Atlas project (295). Vimentin is expressed in cells of major 

organs e.g., the brain, lungs, liver, immune system cells, blood vessels, skin 

and adipose tissues as reviewed by Danielsson et al. (296) (figure 1-16). 

 

 

Figure 1-16 Vimentin expression in normal human tissues as reported by the human 
protein atlas (296). 



 

 

62 

Vimentin expression occurs early during embryogenic development in mice, 

specifically starting on day 8.5 during the formation and migration of primary 

mesenchymal cells of the primitive streak (297), a process that represents 

physiological EMT-MET. In adult mice, Vimentin is expressed in connective 

tissues, muscle and brain tissues (298). Vimentin null mice (VIM -/-) grow 

suffering multiple developmental defects including neuronal growth anomalies 

(299), impaired wound healing (300), and fragile vasculature (301).  

1.7.4 Vimentin structure and organisation 

Vimentin was predicted to have filaments with a 10 nm diameter when it was 

investigated in various cell lines from mice, chickens, and humans using 

various techniques including EM (302-306). A Vimentin monomer is comprised 

of 466 a.a. residues (figure 1-17). A monomer of Vimentin and other 

intermediate filaments includes a central α-helical domain flanked by two non- 

α-helical domains. The central part is also known as the “rod” domain. The N-

terminal region is also called the “head” domain. The C-terminal part includes 

61 a.a. residues and called the “tail” domain (307). The head domain 

comprises approximately 96 a.a through which Vimentin can identify and bind 

G-rich highly repetitive region on DNA (308). To investigate the functions of 

genes harbouring G-rich highly repetitive region, the sequences were retrieved 

for gene ontology. Functional pathway analysis revealed that Vimentin binds 

to G-Quadruplex region on DNA at genes associated with cell-cell 

communication, signal transduction, and neurogenesis (309). This head 

domain has been investigated extensively, and it is a site for phosphorylation 

and glycosylation and it interacts with other Vimentin heads or tails in Vimentin 
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monomers (310). Truncated Vimentin (1 – 411 a.a.), or “tailless Vimentin”, was 

thought to have little impact on mature filaments formation (310, 311). 

However, it was reported later that tailless Vimentin disrupts mitosis or leads 

to asymmetrical division (312). 

 

Figure 1-17 A monomer of Vimentin and its domains (307, 313, 314). 

The “rod” central part in intermediate filaments is characterised by having 

coiled subsegments 1A, 1B, 2A, 2B1 and 2B2 with connecting linkers in 

between (315). These coiled-coiled-α-helical subsegments attribute to 

Vimentin interacting with other proteins under class III (e.g. Desmin) or class 

IV (Neurofilament NF-L). This interaction enables Vimentin monomers to form 

stable polymers ranging from homodimers to tetramers and octamers (316). 

This is indicated through the stepwise organisations which Vimentin can be 

seen forming in live cell imaging and EM (317) (figure 1-18). Meire et al 

reported that a group of 8-linked tetramers form a unit-length filament (ULF) 

(318). This ULF phenomena explained an older suggestion that there are 

smaller non-filamentous Vimentins serving as building blocks via aggregating 

to form short intermediate filaments, also referred to as squiggles, followed by 

further lateral linking to finally give the mature Vimentin intracellular network 

(317). Plectin is an example of a linker protein that crosslinks Vimentin with 

the rest of the cytoskeleton (319). 
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Figure 1-18 Vimentin assembly from monomers into cytoskeleton (317-320)  

Created with BioRender.com 

Vimentin polymerisation is controlled by the phosphorylation status of the 

proteins (321). Depolymerised Vimentin can repolymerise in vitro indicating 

distinct biochemical features for Vimentin, such as filaments dynamism and 

elasticity, as compared to the rest of the cytoskeleton (322). Further to 

Vimentin structural polymerisation which forms its intracellular networks, 

assembly and disassembly through precursor exchange between polymerised 

and soluble Vimentins allows the cells to regulate this network formation (323). 

This remodelling is required for cellular motility such as cell migration. Another 

mechanism influencing Vimentin network construction is enzymatic 

proteolysis via caspases or viral proteases. These proteases cleave Vimentin 

at various a.a. locations dismantling Vimentin filaments into smaller 

aggregates and ultimately leading to cell dysmorphology and apoptosis (324, 

325). 

1.7.5 Post-translational modification of Vimentin (PTM) 

Proteomic analysis identified several PMT mechanisms regulating Vimentin 

activity including phosphorylation, proteolysis, ubiquitination, citrullination, 
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Acytylation, ADP ribosylation, s-nitrosylation, s-glutathylnation, glycosylation, 

and SUMOylation (326). PMT regulates the spatial organization of the 

Vimentin network in the cell which impacts on the cell behavior and 

interactions with the surrounding ECM (327). For instance, Vimentin filaments 

undergo phosphorylation to link with other cytoskeletal filaments to form the 

cytoskeleton. Phosphorylation of Vimentin was found to re-organise the 

filaments to help with cell motility (328).  

1.7.6 Vimentin forms and subcellular localisation 

Vimentin was first proposed as an intracellular and cytoplasmic filamentous 

protein, via microscopic imaging (272, 329). However, several studies later 

reported the presence of Vimentin on the cell surface (330), as well as a 

secretory form by Golgi apparatus (331), and on the surface of circulating cells 

(332). Moreover, it was proposed that Vimentin could be nuclear (333), 

interacting with Actin during cell mitosis (312). According to the database 

COMPARTMENT, Vimentin is mainly an intracellular protein with abundant 

cytoplasmic distribution in addition to its nuclear existence (figure 1-19) (244). 

This different localisation of Vimentin influences its biological roles.  
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Figure 1-19 Vimentin subcellular distribution according to COMPARTMENT.  

Adopted from COMPARTMENT (244). 

Cytoplasmic filamentous Vimentin is the most common and well-

investigated form of the protein. Cells exploit the polymerisation and 

phosphorylation of Vimentin, as mentioned earlier, to form structures ranging 

from small squiggling proteins to a large network in the cytosol (317, 323). This 

network serves a plethora of functions that have been reviewed extensively in 

the literature and found to be required physiologically to sustain normal cellular 

performance, or pathologically for the cells to initiate and survive in diseases 

including cancer (296). For instance, the expression of Vimentin is important 

as cells migrate or invade the environment (334, 335). To confirm the need for 

cytoplasmic Vimentin filaments in biological cell processes, Berr et al. 

conducted scratch wound healing assay and transwell invasion assay after 

they knocked out  Vimentin in (KPV -/-) mice model cell line of non-small cell 

lung carcinoma where they reported significant reduction in cell motility and 
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invasion compared to control cells.(336) Similar findings were observed using 

3D (KPV -/-) spheroids. They concluded that mature Vimentin filaments are 

required for the in vivo progression of non-small cell lung carcinoma (336). 

Cell surface Vimentin interacts via its N-terminus with phospholipids in the 

cell membrane (337). Vimentin was also detected on the cell surface of natural 

killer cells (338). One proposed mechanism to explain the presence of 

Vimentin on the surface of cells is the potential interaction between charged 

residues in Vimentin and polar cell membranes, since Vimentin is not known 

to have a secretory signal sequence (339). More recent studies suggested that 

Vimentin can act as a receptor or ligand of a receptor owing to its cell surface 

expression. This was proposed upon an observation of Vimentin interacting 

with von Willebrand factor (VWF) in ELISA experiments (330). VWF is needed 

for platelet aggregation and adhesion which is an initial reaction to stop 

bleeding or start an atheroma (340). This Vimentin-VWF interaction was 

further confirmed later through a bleeding time measurement in Vimentin 

knockout mice tails, where bleeding was found longer compared to control 

mice group (330, 341). These findings indicate that Vimentin PPI on cell 

surface is important for disease development, e.g. stroke (330, 341). Recently, 

a study was conducted to investigate the significance of cell surface Vimentin 

on human articular chondrocytes (342). The authors reported that disturbing 

cytoplasmic Vimentin network increased the levels of Vimentin on the 

chondrocyte surface. As a result, surface Vimentin expression enhanced 

senescence-associated phenotypes of the chondrocyte cells which are 

typically observed in osteoarthritis (342). The same study indicated that high 
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levels of surface Vimentin increased the expression of genes encoding 

Integrin proteins of adherens junctions, which was seen in vitro as delayed 

detachment of cells upon trypsinisation (342). Overall, the authors concluded 

that cytoplasmic Vimentin network is essential for maintaining a normal 

differentiation of chondrocytes, while cell surface Vimentin is an important 

marker of dysfunctional chondrocytes and is also important for cell adhesion 

(342). 

Secreted Vimentin is related to the previous extracellular form since Vimentin 

was observed to be released to the outer surface of the cells in response to 

inflammatory signals (331). Vimentin was also detected on HMEC-1 

endothelial cells as an antigen for PAL-E antibodies through cell-specific PMT 

(343). Moreover, secreted Vimentin was also identified by using antibodies 

specific for secreted form on Sezary cells (atypical malignant T cells). 

Therefore, Vimentin has been proposed as a marker in Sezary disease, which 

is a rare form of cutaneous T-cell lymphoma (344). In addition, Vimentin was 

reported to exist in high abundance within activated human macrophages 

(331). Interestingly, Vimentin was secreted extracellularly in TNF-α-activated 

macrophages forming a pool within the vicinity of the cells. This Vimentin was 

found to exist in a non-filamentous form that is eventually released into the 

surrounding cell media. Subsequent stimulation of non-activated 

macrophages using the conditioned media significantly increased the 

migratory speed and phagocytosis activity of the cells (345). Altogether, these 

findings highlighted the roles of secreted Vimentin as marker in diseases as 
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well as a facilitator of macrophages which could be link to their importance for 

bacterial killing. 

Nuclear Vimentin has been reported recently in multiple cell types. In vitro 

observation of Vimentin tail and nuclear envelop Lamin B interaction through 

different experiments including immunoprecipitation was one of the earliest 

suggestions of Vimentin extending between the cytosolic skeleton and the 

protein framework inside the nucleus (346). More recently, Vimentin has been 

reported to regulate gene expression (347).  

Mergui et al. investigated the regulation of p21Waf1 expression by Vimentin and 

they confirmed nuclear localisation (348). The authors reported that 

downregulation of Vimentin was accompanied by a similar change in p21Waf1 

mRNA. Similarly, upregulating Vimentin expression led to activation of P21Waf1 

activity and nuclear localisation of Vimentin (348). This finding along other 

reports of nuclear Vimentin reviewed in the literature raised the hypothesis that 

Vimentin plays a role in transcriptional regulation (347). 

1.7.6.1 Cytoplasmic to nuclear trafficking of Vimentin 

In 1998, Hertig et al. suggested that Vimentin could gain nuclear access 

depending on the transport of DNA through nuclear pores (349). The authors 

relied on a previous experiment where non-karyophilic substances were 

introduced into the nucleus of mammalian cells via oligodeoxyribonucleotide-

mediated nuclear import (350). The authors injected FITC-labelled Vimentin 

into Human GMO 0970C fibroblasts and followed with confocal laser scanning 

of the cells to monitor the integration of injected Vimentin with endogenous 
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Vimentin filaments. Later, they injected Oligo (dG)25 into the cells where they 

reported that Oligo (dG)25 managed to extract considerable amounts of FITC-

labelled Vimentin from the cytoplasm and channelled into the nucleus through 

formation of nuclear pore complexes (349). Therefore, they suggested that 

Vimentin can be transported to the nucleus together with DNA fragments 

through nuclear pore complexes (349). 

Another mechanism via which Vimentin gain nuclear access and nuclear 

localisation is by PTM. Vimentin interacts with SUMO1 and SUMO2/3 (small 

ubiquitin-like modifiers) in a process called SUMOylation (351). SUMOylation 

regulates nuclear localising signals that in turn facilitate the recognition of 

proteins by the nuclear receptors that mediate nuclear import (352). Vimentin 

trafficking is upregulated by controlling the levels of SUMO1 and SUMO2/3 

expression through P62 protein in polyploid giant cancer cells. Once Vimentin 

is in the nucleus, it acts as a TF to promote cell migration and invasion. 

Subsequent Vimentin ChIPseq and gene ontology analysis in these cells 

confirmed the implication of Vimentin in pathways associated with cell invasion 

and migration for cancer metastasis (351). Particularly, RT-qPCR validation of 

gene ontology confirmed that Vimentin knockdown in these cells 

downregulated CD42 which was associated with a reduction in transwell cell 

migration. This suggested that Vimentin trafficking into the nucleus via 

SUMOylation is required for the transcription of CD42 gene to modulate its 

function in polyploid giant cancer cells (351) 
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1.7.7 Vimentin subcellular localisation on immunofluorescence 

imaging 

The Human Atlas provides reference images of Vimentin subcellular 

localisation in three different cell lines: ASC52telo (hTERT immortalised 

adipose derived Mesenchymal stem cell line). U-251MG (malignant 

glioblastoma tumour), and U2OS (osteosarcoma cells) (252). (figure 1-20) 

 

Figure 1-20 Vimentin approved filamentous expression in the cytoplasm.  

Adopted from The Human Atlas (252). 

These images are approved for Vimentin immediate filaments morphology in 

the cytoplasm. In addition, Vimentin in U-251MG cells can also be seen as 

small foci. Overall, all the cells show high Vimentin cytoplasmic to nuclear 

ratio.  

1.7.8 Vimentin functions / roles 

Cytosolic Vimentin forms an elastic network which can withstand mechanical 

stresses by allowing a range of deformations and recoiling without affecting 

the integrity of the cytoplasm; therefore, contributing to cell stiffness and 

shape preservation (334, 353-355). This feature was seen during transwell 

migration by (VIM +/+) mouse fibroblasts (MF) compared to (VIM -/-), as offering 
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protection to the nuclei by the Vimentin nuclear cage (356). The consequence 

of Vimentin loss on stiffness was reported in (VIM -/-) MF where they exhibited 

more surface spread in response to mechanical indentation compared to 

control cells indicating the need for Vimentin to maintain elasticity (357). Lack 

of Vimentin was found to increase the stiffness of (VIM -/-) mice carotid arteries 

due to sub-endothelial regulation of smooth muscles differentiation and 

membrane matrix interaction (358).  

Another major role of Vimentin is in EMT regulation, for which Vimentin is a 

well-known canonical marker (359). EMT is an essential step in many events 

including cell plasticity, adhesion, migration, invasion, metastasis, and wound 

healing. These processes are directly or indirectly dependent on Vimentin-

linked cytoskeletal remodelling, and they are tightly regulated by different 

signalling pathways where Vimentin is either an upstream or downstream 

player (359).  

Cell plasticity is defined as the ability of the cells to reversibly alter their 

phenotype and adopt a new identity that renders adaptation to their 

surrounding environment (360, 361). Plasticity can happen normally e.g. 

during stem cell differentiation (361), or pathologically conditions such as  pre-

cancerous states like oesophageal metaplasia or trans-differentiation (362). 

An inverse relationship between Vimentin expression and cell differentiation 

has been reported by Chen et al. where they reported increased neuronal cell 

differentiation in phosphorylated-Vimentin deficient mice (363).  

Single cell motility is achieved via cellular contractile forces generated by the 

interaction of different types of cytoskeleton filaments including Vimentin and 
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actomyosin with the surrounding extracellular matrix (364). One explanation 

behind this motility is that it is initiated by EMT where cells gain the 

mesenchymal phenotype and become amoeboid after breaking free from their 

neighbouring cells by downregulating the linking junctional proteins, losing 

their apical to basal polarity, becoming more undifferentiated, and therefore, 

more motile (365). For instance in gene expression profiling of epithelial-

mesenchymal-amoeboid transition in breast cancer samples there was VIM 

upregulation and CDH1 downregulation (365).  

Cell adhesion is a process induced by several adhesion molecules, protein 

complexes or junctions via which cells maintain their lateral cell-cell contacts 

or their anchoring on a basement membrane (9). After the cells gain an 

amoeboid morphology, the cells lose their adhesiveness with their 

surroundings setting them free to move (68). In endothelial cells, Vimentin was 

found to maintain cell adhesion via interaction with β3-Integrins and Plectin 

after which Vimentin is recruited to the cell surface (366). Β3-Integrin is a major 

adhesion-regulating cell receptor (367). (368). Additionally, Vimentin was 

found to bind via its Ser38 residue to another Integrin protein α5β1-Integrin 

facilitating cell adhesion (369). Plectin is a cytoskeletal linker protein that can 

undergo interaction with Vimentin to facilitate Vimentin polymerisation (370, 

371).  

Cell migration is a multistep process initiated by EMT in a similar fashion to 

cell motility (372, 373). It differs from motility in the fact that it is considered 

more of an organised outcome to signalling chemicals rather than a random 

event. In addition, migration can occur to either single cells or for a population 
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of close cells, with the latter needing an attraction signal from a leading 

migrating cell plus cytoskeletal crosslinking and ECM interaction (374). One 

suggested mechanism explaining how directed migration is regulated by 

Vimentin is the increase in Actin filament flow rates when they encounter 

Vimentin compared to areas deficient of Vimentin (375). Vimentin also 

stabilise microtubules through direct interaction via its tail domain and thereby 

regulates cell migration, adhesion, and cell division (376, 377). Furthermore, 

cell migration was one of the reported outcome of (VIM -/-) MF in comparison 

to their control where they experienced not only a reduction in cell stability and 

cell motility, but also a reduction in directed cell migration (378). Vimentin over 

expression in gastric cancer GES-1 cells led to more migratory cells in 

transwell migration assay (379). Vimentin-regulated EMT also has a major 

impact on wounds healing process. It regulates TGFβ-slug signalling 

pathway in EMT which activates keratinocytes to differentiate (380). An 

evidence of Vimentin expression importance for healing is demonstrated by 

(VIM -/-) MF that were showing scarring and impaired wound closure (300). 

The reasoning for this compromised wound healing was the impaired 

keratinisation (380) and decreased TGFβ-stimulated fibroblast proliferation 

(380). 

Cell invasion also involves EMT (359). However, cell invasion is 

characterised by having the cells degrading ECM with the help of matrix 

metalloproteinases giving them access to neighbouring tissues (381). In MCF7 

breast cancer cells, Vimentin overexpression correlates with poor prognosis 

and activates various EMT-related TF such as Slug which in turn induces EMT 
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and tumorigenesis (335). In cancer, upregulated Vimentin was found to 

regulate tumour cell invasion in different tissues including lung, prostate and 

melanoma (347).  

Cell metastasis is a possible consequence following cell migration and 

invasion. Vimentin affects metastasis by controlling EMT first, and then 

regulates both of cell migration and invasion. For example, (VIM -/-) MF of lung 

adenocarcinoma have reduced metastasis (382). 

Cell proliferation is a biological process by which cells grow in number via 

cell division. Vimentin expression is induced in response to wound injury, via 

the activation of TGFβ pathway, to promote cell proliferation and encourage 

wound healing. Cell proliferation correlates with cell plasticity since several 

oncogenes that control Vimentin stiffness and morphology were found to 

induce cell proliferations e.g c-Myc. C-Myc oncogene over expression induced 

Vimentin re-organisation into thicker filaments around the nuclei of Rat1 cells 

affecting their stiffness (383). Although Vimentin expression has been mostly 

known to induce cell proliferation, Vimentin loss was recently reported to also 

promote cell proliferation in HepG2 liver cancer cells via Rictor/AKT/β-catenin 

signalling pathway (384). 

Vimentin also acts in cell mitosis by interacting with Actin filaments and 

microtubules (312). Actin filaments belongs to microfilaments family of the 

cytoskeleton (9). Towards the end of a mitosis, actin filaments go through 

remodelling to allow cell division. Vimentin filaments play a role in normal cell 

division by interacting with cortical actin (312). Aberrant bundling of Vimentin 

localisation was found to produce mitosis catastrophe signs, while Vimentin 
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wildtype was more peripheral and intertwining with actomyosin cortex on 

super-resolution microscopy (312). Further 3D images of Vimentin and Actin 

co-staining and distribution in image stacks revealed that Vimentin affects the 

distribution of cortical Actin during mitosis (312). Vimentin is also involved in 

cell apoptosis during which caspases have been reported to disassemble 

Vimentin filaments, forming pro-apoptotic fragments that activate apoptosis, 

and this later leads to nuclear fragmentation (324). Caspase-induced Vimentin 

collapse was antagonised by using a caspase inhibitor which confirmed the 

observation (324). 

Vimentin is an essential player in Notch-Jagged signalling pathway. This 

pathway is involved in vascular remodelling and angiogenesis (301). Vascular 

remodelling is a response mechanism to vascular stress. To explain how 

Vimentin is exactly affecting vascular remodelling, Langlois et al. investigated 

the response of the arteries in (VIM -/-) mice to the vasomotor reagents: 

phenylephrine, acetylcholine, and sodium nitroprusside. The authors reported 

a reduction in arterial relaxation associated with a stiffness in the arterial walls 

reflecting the underlying defective endothelial differentiation (358). Later, it 

was suggested that defective vascular remodelling and differentiation in (VIM 

-/-) mice were connected to Notch3-Jagged signalling dysregulation (301, 385). 

Vimentin phosphorylation at serine 38 interacts with Jagged1; this interaction 

is required for an effective propagation of Notch3-Jagged1 activation across 

the arterial wall (301).  Angiogenesis is the emergence of new blood vessels 

from existing vasculature (386). To assess the importance of Vimentin in 

angiogenesis, Antofolk et al. compared the placental vascular development 
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pattern between (VIM -/-) mice and VIM wildtype mice. On day 11.5, (VIM -/-) 

mice showed an abnormal placenta vascular pattern which later became less 

branching and less complex compared to the control (387). This reduction of 

angiogenesis and its developmental attenuation was seen to be rescued by 

adding recombinant Jagged1 which indicates the importance of Vimentin in 

Jagged1-Notch signalling for angiogenesis (387). 

There is abundant evidence on the need of mature Vimentin filaments for 

pathway signalling. Some studies stated that Vimentin organisation into 

filaments was required for the activation of certain signalling pathways, e.g. 

β3-adrenergic receptor-activated ERK/MAP signalling pathway in adipocytes 

(388). When β3-adrenergic receptors are activated, they associate with 

Vimentin filaments in a Src kinase-dependent mechanism. This leads to 

ERK/MAP activation and lipolysis stimulation. There was a significant 

decrease in lipolysis when Vimentin filaments were disturbed (388). In 

addition, phosphorylation of Vimentin filaments initiated the interaction 

between Vimentin and Jagged 1 of Notch signalling which resulted in the 

remodelling of arterial walls (388). Although phosphorylation of Vimentin 

affects the assembly of Vimentin filaments and generates active short 

Vimentin filaments (squiggles) which can modulate cell migration (389), there 

are no reports on whether that phosphorylation breaks down Vimentin into 

active monomers, or monomers of Vimentin are driving pathway signalling in 

the literature.  
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Additional biological functions, where Vimentin is taking part in their 

occurrences, include lipid metabolism and homeostasis (390), response to 

viral infections (391) and bacterial inflammatory responses (392).  

In addition to Vimentin and other subtypes of intermediate filaments, there are 

other two major types of skeletal proteins: microfilaments (Actin) and 

microtubules (Tubulin) (10). Recent interests to study cytoskeletal protein-TF 

interaction and gene regulation have emerged. The interaction between 

cytoskeletal Actin microfilaments and the nuclear components has been 

reviewed to occur via intermediate protein monomers e.g. G-actin binding 

proteins (G-ABP) (393). Myocardin-related transcription factors (MRTFs) are 

G-ABP that can translocate into the nucleus and modulate the activity of SRF 

transcription factors on muscle-contractile genes (394). Dysregulated Actin-

induced MRTF-SRF circuit was associated with Infant acute megakaryoblastic 

leukaemia (395). This adds on the complexity of functions played by the cell 

cytoskeleton and highlight a new target for interventional studies.  

1.7.9 Vimentin in cancer  

Increased Vimentin expression is linked to the tumorigenesis and 

aggressiveness of several epithelial cancers e.g. cervical (396), and renal 

cancers (397), prostate (398), breast (399), lung (400), oral (401), and 

gastrointestinal cancers (379). It was even suggested to serve a good marker 

for either diagnosis in oral cancer (401), or prognosis in gastric cancer (402), 

colorectal cancer (403, 404), and in hepatocellular carcinoma where it was 

seen secreted by cancer cells (405).  
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1.8 Aims of the project 

PRH has been investigated extensively as a TF regulating target genes 

essential to embryonic development and tumourigenesis. Research regarding 

PRH in diseases development, cancer specifically, are ongoing. However, our 

understanding of the specific mechanisms via which PRH regulates gene 

expression and interaction with other proteins to promote the development of 

CCA is limited and relatively new. Vimentin is highly expressed in CCA cells. 

However, the roles of Vimentin other than as a cytoskeletal protein and 

mesenchymal cell marker are also poorly understood.  

Hypothesis: PRH expression in CCA is associated with alterations in cellular 

phenotype and drives PRH-Vimentin nuclear localisation to co-regulate gene 

expression that contributes to CCA tumourigenesis.  

The general aim of this project is to shed light on the potential collaborative 

regulation of gene expression in CCA by PRH and Vimentin.  

The specific aims for this project are: 

1. To express PRH tagged with green fluorescent protein (GFP) in AKN1 

cells and to examine the change in phenotype of these immortalised 

cholangiocytes using cell proliferation, cell migration, and cell invasion 

assays. 

2. To investigate nuclear spatial existence of PRH and Vimentin in CCA 

by examining protein subcellular localisation in CCA cell lines using 

confocal and the super-resolution PALM dSTORM imaging techniques. 
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3. To explore the biological changes brought about by Vimentin loss in 

CCA and examine the effect on gene expression co-regulation by PRH 

and Vimentin in CCA cells using siRNA-mediated protein knockdown 

and genome-wide mRNA sequencing. 

  



 

 

81 

2 Chapter 2: Materials and methods 

2.1 Cell culture  

2.1.1 Cell lines  

Three cell lines were used throughout the project: AKN1, CCLP1, and 

CCSW1. A summary of all the used cell lines is provided in table 2-1.  

AKN1 cells are human immortalised cholangiocytes isolated from a donated 

normal liver without a recipient in 1998 (406). Sections of histologically normal 

liver cells underwent serial dilutional cloning to separate hepatocytes and non-

parenchymal cells (406). The cells were grown in a long-term cell culture 

where they went through histological, morphological, microscopic, 

cytogenetic, karyotypic characterisation. AKN1 cells were reported as 

hepatocyte-like cells with biliary epithelium characteristics expressing 

cytokeratin 8 (CK8), cytokeratin 18 (CK18), cytokeratin 19 (CK19), human 

epithelial antigen (HEA), and gamma-glutamyl transpeptidase (GGT). 

However, the cells do not express Albumin that is a hepatocyte marker. 

Genomic DNA testing showed a significant nuclear accumulation of wildtype 

p53 protein without mutation of p53 gene (406). Routine morphologic 

inspection revealed that the cells acquired neoplastic transformation 

associated with abnormal karyotypic changes of chromosomes 2 and 8 which 

led to cells immortalisation. AKN1 cells injection in nude mice generated low 

frequency small tumours within 14 days (406). There are no reports in the 

literature regarding neoR gene in AKN1 cells. No other mutations were stated 

in AKN1 cells.  
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CCLP1 and CCSW1 are CCA cell lines isolated from resected tumours; 

moderate to poorly differentiated intrahepatic CCA (CCLP1) and moderately 

differentiated intrahepatic CCA (CCSW1)(407). The cells of both cell lines 

were isolated from dissociated small tumour cuts followed by mesh filtration 

and centrifugation separation of tumour cells. The cell lines were established 

in a long-term culture growth undergoing characterisation and removal of 

contaminating fibroblasts. They both strongly expressed cytokeratin AEI, but 

not CEA-19 or Albumin. Both CCLP1 and CCSW1 were tumourigenic in nude 

mice generating tumours that were similar to the original tumours (407).  

All the cell lines were tested regularly for mycoplasma infection.  

Table 2-1 Cell lines properties 

Cell Line AKN1 CCLP1 CCSW1 

Origin 

Normal donated liver 
with no recipient.  

Liver bile ducts 

Intrahepatic 
CCA tumour 

Intrahepatic 
CCA tumour 

Differentiation Differentiated 
Moderate to 
poor 

Moderate 

Morphology 
in 2D cell 
culture 

Epithelial Mesenchymal Mesenchymal 

Growth 
Properties 

Adherent Adherent Adherent 

Isolation  
Serial dilutional 
clonal of donated 
normal human liver  

Enzymatic 
dissociation + 
filtration + 
centrifugation 

Enzymatic 
dissociation + 
filtration + 
centrifugation 

Mutation 
profile 

Accumulation of p53 
proteins without 
mutation in p53 
gene. No further 
information available 
regarding specific 
mutations. 

No TP53, KRAS, NRAS, HRAS, 
PIK3CA, PTEN, or MYC 
mutations. (408). 
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2.1.2 Cell growth and maintenance  

The cells were grown in various sizes of flasks with vent caps (25 cm² - 225 

cm² Rectangular Canted Neck Cell Culture Flask with Vent Cap, Corning).   

The growth media, or complete media (CM), for all the above cell lines 

consisted of Dulbecco’s Modified Eagle Medium – high glucose (DMEM, 

Sigma Aldrich, D5796) supplemented with 10% (v/v) foetal bovine serum 

(FBS, GIBCO®, 10270106) and 1% (v/v) non-essential amino acids (NEAA, 

Sigma-Aldrich, M7145).  

The cells were incubated in a humidified environment with 5% CO2 at 37°C. 

Passaging was done when the cells were around 80% confluent. Briefly, old 

media was aspirated and discarded. The cells were washed 2 -3 times with 

warm Phosphate Buffered Saline (PBS, Sigma-Aldrich®, D8537). Then, cells 

were trypsinised with 3 ml Trypsin-EDTA solution (Sigma-Aldrich®, 15400054) 

diluted (1:10 v/v) in PBS. The flask was incubated for 5 min in a humidified 

environment with 5% CO2 at 37°C until the cells were detached. Trypsin was 

neutralised with an equal volume of CM. The suspension was centrifuged at 

300xg for 5 minutes. The cells were then resuspended in fresh CM and 

subcultured into a new flask at the required dilution ratio (1:3 to 1:10).  

2.1.3 Cell counting  

For counting purposes, cells were trypsinised as mentioned in the previous 

section. A sample of the cell suspension was diluted 1:1 (v/v) in 0.4% trypan 

blue in distilled water (Trypan Blue, GIBCO®, 15250061). From this mix, 10 µl 
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of the suspension was loaded under the coverslip of a haemocytometer. Blue-

stained (dead) and non-blue (live) cells were counted in all 4 corners and the 

counts were averaged. The final cell number as (cell/ml) and percentage of 

live cells were calculated considering the dilution factor from the addition of 

trypan blue. Alternatively, an automated cell counter (CellDrop™ BF – 

brightfield, DeNovix, bioscience) was used to obtain the same information. 

Finally, viable cells were re-seeded at the desired density for different 

experimental protocols.  

2.1.4 Cell pelleting  

When cell pellets were needed for either RNA extraction or protein analysis, 

the whole cell suspension was centrifuged at 300xg for 5 minutes. Supernatant 

was discarded and the pellet were resuspended in PBS to wash away traces 

of trypsin and media. From there, the cells were centrifuged in an Eppendorf 

microcentrifuge 5415 – (1000 round per minute (rpm)) for 1- 3 minutes to 

collect the final pellet. Pellets were stored in -80°C if not used immediately. 

2.1.5 Cell thawing 

To revive the cells from long-term storage, they were brought on ice and 

submerged quickly in a 37°C water bath to defrost. Afterwards, cells were 

transferred into a sterile falcon tube containing 5 ml of fresh CM and 

centrifuged at 300xg for 5 minutes. The supernatant was discarded, and cells 

were resuspended in an appropriate volume of fresh CM, transferred to a 

suitable sterile flask, and incubated in a humidified environment with 5% CO2 

at 37°C. The next day, the old media was replaced with a fresh media to 



 

 

85 

remove any dead cells. Cells were left to reach the desired confluency for 

passaging. Cells went through at least one passage before being used for 

experiments. 

2.1.6 Cell freezing 

For cryo-storage, at least 1X106 cells were pelleted as described in (2.1.4Cell 

pelleting) and resuspended in 1 ml of freezing medium consisted of 80% (v/v) 

CM with 10% (v/v) FBS and 10% (v/v) Dimethyl sulfoxide (DMSO, Sigma-

Aldrich®, 10213810). The cells were transferred into labelled cryo-vials and 

placed in a Mr Frosty container containing isopropanol to gradually freeze the 

cells at a cooling rate of -1C per minute. The Mr Frosty was kept at -80°C 

overnight before transferring the cryo-vials to -150C (or liquid nitrogen) for 

prolonged storage. 

2.2 Preparation of cell lines  

2.2.1 Stable AKN1 PRH overexpressing cell line  

2.2.1.1 Plasmids 

To generate AKN1 cells stably expressing enhanced GFP, we used an empty 

EGFP C1 plasmid (pEGFP-C1 from Addgene – 45769). These cells were used 

as control cell line in experiments. To generate AKN1 cells stably expressing 

PRH fused to EGFP and a Myc tag, we used a pEGFP-PRH-Myc plasmid that 

has the human PRH cDNA cloned from the vector pBluescript-PRH in-frame 

with N-terminal GFP and a C-terminal Myc tag followed by a translation stop 

codon. Both plasmids were provided by (Professor Sheela Jayaraman). 
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2.2.1.2 Plasmid amplification  

2.2.1.2.1 Bacterial strain 

Escherichia coli (E. coli) XL1 blue. Genotype: recA1 endA1 gyrA96 thi-1 

hsdR17 supE44 relA1 lac [F′ proAB lacIq ZΔM15 Tn10 (Tetr)] (Agilent, 

200249). 

2.2.1.2.2 LB broth and LB agar plates  

To prepare one litre of Luria-Bertani broth (LB) media, 25 g of LB powder (LB, 

Sigma Aldrich, L3022) was dissolved in double-distilled water (ddH2O) and 

mixed to homogenise. LB broth was autoclaved for 15 minutes at 121°C for 

sterilisation and stored at 4°C.  

To prepare LB agar for agar plates, 2 g of LB powder and 2 g of bacterial agar 

(Sigma Aldrich, A5306) were added to 100 ml ddH2O and mixed to complete 

dissolving. The solution was sterilised by autoclaving at 121°C for 15 minutes 

and stored at 22°C if not used immediately. To prepare the agar plates, 15 – 

20 ml was poured into 10 cm Petri dishes close to Bunsen flame. The plates 

were left on the bench at 22°C to solidify for 15-20 minutes.  

Before using the LB broth or pouring the agar, an appropriate dose of a specific 

antibiotic was added as suggested in table 2-2.  

Table 2-2 Selecting antibiotics 

Antibiotic Recommended Concentration 

Ampicillin 100 µg/mL 

Kanamycin 50 µg/mL 
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2.2.1.2.3 Preparation of competent cells 

E. coli XL1 blue were resuspended in 700 µl of LB broth. The tube was placed 

in a shaking incubator for 45 – 90 minutes at 37°C. Next, the tube was 

centrifuged in an Eppendorf microcentrifuge 5415 – (1000 rpm) for 1- 3 

minutes to make a concentrated vial. Most of the supernatant was discarded 

by simple inversion, while the left over was used to resuspend the pelleted 

bacteria and the cells were spread on a 50 µg/ml Tetracycline-supplemented 

agar plate. The inverted plate was incubated overnight at 37°C. The following 

day, a single colony was picked and inoculated into 5 ml of LB broth media 

supplemented with 50 µg/ml Tetracycline. The tube was placed in a shaking 

incubator where it was left to grow overnight at 37°C. The following day, the 

whole culture was transferred to a 500 ml LB broth with 50 µg/ml Tetracycline. 

The bottle was placed in a shaking incubator overnight at 37°C. The next day, 

50 ml of the culture was transferred into a pre-chilled falcon tube and incubated 

on ice for 10 minutes. After that, the tube was centrifuged at 3000 xg for 10 

minutes at 4°C. The supernatant was discarded, and the pellet was 

resuspended in 5 ml ice-cold 0.1 M CaCl2 (CaCl2, Sigma-Aldrich®, 449709) 

and again placed on ice to chill for 10 minutes. The suspension was 

centrifuged again at 3000 xg for 10 minutes at 4°C. Again, the supernatant 

was discarded, and the pellet was resuspended in 1 ml ice cold 0.1 M CaCl2 

and incubated on ice for 30-40 minutes (up to 1 hour). 1 ml of sterile 100% 

Glycerol (Fisher Scientific, 10021083) was added into the suspension, mixed 

and aliquoted as 100 µl into prechilled Eppendorf tubes. The bacteria were 

snap frozen in liquid nitrogen before storage at -80°C.  
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2.2.1.2.4 Bacterial transformation  

An aliquot of the competent cells was placed on ice to thaw. DNA plasmids 

were added to the competent cells (0.5 – 1 µg of DNA/100 µl of cells) and left 

on ice for 30 minutes. After incubation, the mixture was placed for 45 seconds 

(up to 2 minutes) in a heating plate for a heat shock at 42°C then immediately 

placed on ice for 2 minutes (up to 5 minutes) to allow DNA incorporation. 700 

µl of LB broth was added to the cells. The tube was incubated in a shaker for 

1 hour at 37°C. Later, the tube was centrifuged in an Eppendorf 

microcentrifuge 5415 – (5000 rpm) for 1 minute. Most of the supernatant was 

discarded by simple inversion and the formed pellet was resuspended in the 

leftover LB broth. The mixture was spread on an agar plate supplemented with 

50mg/ml of Ampicillin (Rosch, 10835242001) or 10mg/ml Tetracycline as 

required, and left in a 37°C incubator overnight.  

The following day, A single colony was inoculated into 5 ml LB broth with 

antibiotic and placed in a 37°C shaking incubator overnight. After that, the 

whole suspension was transferred into 250 ml of antibiotic-supplemented LB 

broth. The subculture was incubated again overnight before it was ready for 

plasmid purification. 

2.2.1.2.5 Plasmid purification  

To purify the plasmids, a Maxi prep kit (Qiagen®, 12163) was used following 

the protocol provided from the supplier. Briefly, the bacterial culture collected 

from the previous transformation was pelleted by centrifugation at 6000 xg for 

15 min at 4°C. The formed pallet was then resuspended in 10 ml of a lysis 
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buffer P1. After that, an equal volume of buffer P2 was added, and the solution 

was mixed by inversion. The mix was incubated at 22°C for 5 minutes. After 

the incubation, 10 ml of buffer P3 was added to the mix and left to incubate on 

ice for 20 minutes. This was followed by two consecutive 4°C centrifugations: 

first at 14,000–18,000 xg for 10 minutes, then the supernatant from the first at 

≥20,000 xg for 15 minutes. A Qiagen column was equilibrated by using a 10 

ml of QBT buffer. The supernatant from the centrifugation above was 

transferred to the column to flow by gravity into the column’s resin. The column 

was washed twice by passing 30 ml of buffer QC. DNA was eluted using a 15 

ml of buffer QF and precipitated by adding 10 ml of isopropanol. The mix was 

then centrifuged at 4°C at ≥15,000 xg for 30 minutes. The pellet was washed 

with 5 ml of 70% ethanol and centrifuged at ≥15,000 xg for 10 min. The DNA 

pellet was air dried for 10 minutes and finally dissolved in an appropriate 

volume 10 mM Tris·Cl, pH 8.5 buffer. All buffers were supplied in the kit.  

Table 2-3 QIAGEN plasmid Maxiprep Kit buffers 

Buffer Purpose 

P1 Re-suspension/RNase A buffer 

P2 Lysis buffer 

P3 Neutralisation buffer 

QBT Equilibration buffer 

QC Washing buffer 

QF Elution buffer 
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2.2.1.2.6 DNA quantification 

To quantify the purified plasmid DNA, first, the absorbance at 260 nm was 

obtained using a nanodrop UV spectrophotometer (NanoDrop™ 2000 UV – 

Thermo Scientific). The concentration was measured by applying the formula 

(A260 of 1.0 = 50 g/ml pure DNA plasmid). To check purity, the ratio of A260 

/ A280 was obtained; aiming for a value between 1.9 and 2.1 which indicated 

a highly pure plasmid DNA sample.  

2.2.1.3 Plasmid verification 

2.2.1.3.1 Diagnostic restriction digest   

To perform plasmid restriction digestion, four sterile PCR tubes were prepared 

as in the example table 2-4. 

Table 2-4 Diagnostic restriction digest experiment preparation 

Component 
Uncut 

plasmid 
EcoRI Kpnl 

Cut with 
both 

enzymes 

DNA (µg/µL) 1 1 1 1 

10X Buffer (µL) 2 2 2 2 

Restriction enzyme 1 (µL) -- 1 -- 1 

Restriction enzyme 2 (µL) -- -- 1 1 

Distilled water (µL) 17 16 16 15 
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The tubes were incubated for 1 hour at 37C. The reaction was stopped by 

heat inactivation at 65°C for 15 minutes. All the restriction enzymes and 

buffers were purchased from BioLabs.   

2.2.1.3.2 2% Agarose gel for DNA electrophoresis 

A 2% agarose gel was prepared by dissolving agarose (Sigma Aldrich, A9539) 

in Tris-acetate EDTA (TAE) buffer composed of 40mM Tris-acetate (Sigma 

Aldrich, T1258) and 1mM EDTA (Sigma Aldrich E1644). The 2% agarose 

solution was microwaved until it became clear and left to cool down on the 

bench. 0.5 µg/ml Ethidium Bromide (Promega, H5041) was added to the 

solution and mixed by swirling. Agarose solution was poured into a gel tray 

with a well-comb in place and left to solidify at 22°C.  

2.2.1.3.3 DNA gel electrophoresis 

The comb was removed from the gel and the tray was placed in an 

electrophoresis tank containing TAE buffer. DNA gel loading dye was added 

to each restriction reaction mix. A 5 µl of DNA hyper ladder (Bioline, BIO-

33056) was added to the first lane in the gel. Uncut plasmid was loaded into 

the second lane. Lanes 3 and 4 were used for plasmids cut with a single 

restriction enzyme. Finally, the reaction representing plasmid with both 

restriction enzymes was loaded in lane 5. The voltage was adjusted to 100 V 

and left to run until loaded samples were 80% away from the wells. The gel 

was imaged using a Gel DocTM EZ Gel Documentation System from Biorad. 

The bands were analysed using the software Image LabTM. Bands were 

examined for backbone and insert sizes.   
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2.2.1.4 pEGFP-PRH-Myc transfection and selection  

2.2.1.4.1 Transfection  

To produce an AKN1 cells expressing GFP-PRH-Myc, 3X105 cells/well were 

seeded in a 6-well plate and left to adhere overnight in a humidified 

environment with 5% CO2 at 37°C. When cells reached 60-70% confluence, 

they were considered ready for transfection. Branched polyethylenimine (PEI, 

Sigma Aldrich, 408727) was used at 6:1 ratio (PEI: DNA) for transfection. A 

working PEI solution was prepared by making a stock of 1 mg/ml. The pH was 

adjusted to 7.5. The solution was sterilised by filtration. Aliquots were stored 

at -20°C. PEI transfection protocol is summarised in table 2-5. 

Table 2-5 AKN1 PEI transfection 

 

pEGFP 
pEGFP-PRH-

Myc 

OptiMEM media (µl) 100 100 

DNA GFP (µg) 2 -- 

DNA GFP-PRH-Myc (µl) -- 2 

25 mg/ml PEI (µl) 12 12 

Incubation (minutes) 10 10 

Complete media (µl) 600 600 

Transfection mix on cells (µl) 714 714 

Incubation with transfection mix 
(hours) 

2-3 2-3 

Complete media (ml) 2 2 
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First, a mix of serum-free media (Opti-MEM, 31985062, Gibco™), DNA and 

PEI was prepared and immediately pulse-vortexed for 15 second. The mix was 

incubated for 10 minutes at 22°C. After incubation, 600 µl of complete media 

was added to both tubes and mixed thoroughly. This transfection mix was used 

to replace the old media for AKN1 cells prepared earlier. 2-3 hours later, 2 ml 

of fresh CM was added to all wells. The plate was incubated in a humidified 

environment with 5% CO2 at 37°C. 24-hour post-transfection the cells were 

inspected for GFP expression using Leica DMI3000 B fluorescence 

microscope at 10X magnification. 

2.2.1.4.2 Geneticin (G418) selection 

5 X 104 AKN1 cells were seeded in a 24-well plate and left to adhere overnight 

in an incubator with 5% CO2 at 37°C. A range of G418 doses (G418, Sigma-

Aldrich®, A1720) was added to the cells after reaching 70% confluence, 2 

wells / dose. A pair of wells was grown free of G418 as a control. The plate 

was inspected visually every day for signs of cell death. Media with or without 

G418 was replaced every 3 days. The optimal dose of G418 for selection was 

determined as the lowest dose required to kill all the cells over 5-7 days.  

Transfected AKN1 cells were selected with 750 ug/ml Geneticin antibiotic. This 

eliminated the cells that did not express GFP and maintained the growth of 

cells expressing neoR for antibiotic resistance. The same growth and 

maintenance protocols were applied after transfection with the addition of a 

maintenance dose of G418 to the conditioning medium.  
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2.2.1.5 Fluorescent-Activated Cell Sorting (FACS) for 

monoclonal/polyclonal stable cell line 

Flow cytometry is a technology that enables studying cell type and status by 

analysing the cell’s response to fluorescent illumination. A single-cell 

suspension is passed through a fluorescent light beam that the cells scatter 

differently depending on various factors including fluorescent labelling, or 

fluorescent protein expression. Therefore, the cells can be counted and sorted 

into different groups (409).  

Wild type AKN1, AKN1 GFP and AKN1 GFP-PRH-Myc cells were trypsinised 

and quantified to make suspensions of 2X107 cells/ml and 5 X106 cells/ml, 

respectively. New labelled Eppendorf tubes or 96-well plates were prepared 

with fresh CM to receive the single-sorted cells. All vessels were transferred 

on ice to the flow cytometry facility. Wildtype AKN1 cells were used as a 

reference for cells without GFP using MoFlo™ XDP cell sorter. Scatter-gating 

steps were applied to isolate single GFP-expressing cells. GFP protein was 

excited using 488 nm laser, and the fluorescent signals were detected using a 

528/29 filter. Single-sorted cells were collected in 96-well plates containing 

fresh media, while polyclonal-sorted cells were collected in Eppendorf tubes. 

The cells were immediately taken back to the cell culture hood where 

polyclonal-sorted cells were suspended in an appropriate-sized flask. The 

cells were incubated in a humidified environment with 5% CO2 at 37°C for 

growth expansion. Cell maintenance and GFP expression imaging were 

carried out when needed. Data were analysed using Kaluza software and 

represented in histograms and density plots.   
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2.2.1.6 Limiting serial dilution  

Limiting dilution of cells is a cost-effective and convenient method to isolate 

single cells (410). It enables the separation of individual cells based on various 

factors such as GFP expression. It relies on preparing high dilutions of cell 

suspensions to allow the transfer of a single cell per aliquot with simple 

pipetting. Due to the high chance of having multiple cells per aliquot, this 

technique might need to be repeated to achieve a true single-cell / well (411). 

Adherent cells were trypsinised and neutralised with equal volume of CM. The 

cells were pelleted and resuspended in fresh CM at a concentration of 0.5-0.8 

cell / 100 µl. 100 µl of the suspension was transferred into each well of 96-well 

plate. This would increase the chances of having a single cell with each 100 

µl aliquot. The cells were incubated in a humidified environment with 5% CO2 

at 37°C for growth expansion. 
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2.2.2 Vimentin knockdown cells  

AllStar negative control siRNA (1027418, Qiagen) and VIM5 siRNA 

(Hs_VIM_5 FlexiTube siRNA, NM_003380, Qiagen) were used to transfect 

CCLP1 and CCSW1 cells. RNAiMAX lipofectamine was used to produce 

CCLP1 and CCSW1 Vimentin knockdown cells. The protocol for transfection 

is summarised in table 2-6 and (figure 2-1). 

Table 2-6 siVIM5 transfection 

 
siControl (AllStar 
negative) 

siVIM5 

Opti-MEM (ml) 2 2 

50 nM siControl (µl) 2 -- 

50 nM siVIM5 (µl) -- 2 

RNAiMAX (µl) 25 25 
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Figure 2-1 siVIM5 transfection protocol.  

Created with BioRender.com 

In brief, two 15 ml falcon tubes were labelled as siControl and siVIM5. The 

transfection mix for each tube consisted of Opti-MEM media, siRNA and 

RNAiMAX lipofectamine (ThermoFischer, 13778150). The contents were 

mixed gently, and immediately transferred to their respective labelled vessels. 

Both vessels were incubated for 30 minutes at 22°C. During incubation, cells 

were trypsinised and quantified to make a suspension of 2 X 106 cells in 10 ml 

of growing media without antibiotics for each condition. After the 30 minutes 

incubation of the transfection mix, cells were added to their respective plates 

and incubated in a humidified environment with 5% CO2 at 37°C for 48 hours. 

After 48 hours incubation, cells were trypsinised and pelleted for RNA 
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extraction, cDNA preparation and real time quantitative polymerase chain 

reaction (RT-qPCR). Cells were also used to seed for experiments.  

2.3 Microscopy  

2.3.1 Fluorescent microscopy   

2.3.1.1 Live cell imaging  

Cells grown in flasks or plates were examined for GFP expression using a 

Leica DMI3000 B fluorescence microscope choosing filters for brightfield and 

GFP. After obtaining the images, cells were immediately placed back in the 

incubator. The software “FIJI is just image J” (FIJI) was used to process and 

analyse the images. 

2.3.1.2 Fixed cell imaging  

Cells were grown on 19 mm diameter coverslips (Fisherbrand™, 12323138) 

and incubated overnight in a humidified environment with 5% CO2 at 37°C to 

adhere. The following day cells were gently washed with PBS three times for 

5 minutes. For fixation 4% Formaldehyde (FA, Thermo Scientific™, 28908) 

was prepared (FA/PBS, v/v), and was used to fix the cells for 10 minutes. After 

fixation, cells were washed with PBS three times for 5 minutes. For nuclear 

staining, 4′,6-diamidino-2-phenylindole (DAPI) (Sigma®, D9542) was prepared 

as DAPI:PBS (1:1000, v/v) using a 1mg/ml DAPI stock. The solution was 

added on the cells for 15 minutes. Cells were washed twice in PBS for 5 

minutes. Coverslips were mounted with immu-mount medium (Fischer 

Scientific, 10662815) containing bisbenzimide (Sigma-Aldrich®, 33258) on 

glass slides (Fischer Scientific, 12372098). Slides were left to dry overnight in 
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the fridge. Images were obtained with a Leica DMI3000 B fluorescence 

microscope choosing the appropriate filters, using the same exposure time, 

shuttle opening and gain for all pictures. After taking the plate out of the 

incubator, all steps were performed at 22°C. 

2.3.2 Immunofluorescence staining and imaging 

2.3.2.1 Cell fixation, staining and imaging  

Coverslips were sterilised in 100% ethanol for a minimum of 20 minutes and 

left to dry inside cell culture hood. The coverslips were placed in the wells of a 

12-well plate. 50X103 – 80X103 cells were seeded on coverslips. The plate 

was incubated in a humidified environment with 5% CO2 at 37°C for the cells 

to adhere overnight. The next day, old media was removed, and the cells were 

washed gently with PBS. Cells were fixed with 4% FA for 10-50 minutes. When 

FA was removed, cells were washed in PBS three times for 5 minutes. If cells 

were not to be stained immediately, they were stored with PBS supplemented 

with 0.02% sodium azide (NaN3, Sigma Aldrich, 71289) in 4C. After washing 

with PBS, cells were permeabilised for 15 minutes with 0.01-0.02% Triton® X-

100 (Sigma Aldrich, T8787) prepared in PBS (v/v). To remove all traces of 

Triton® X-100, cells were washed four times with PBS for 5 minutes. After that, 

cells were blocked with 3% Bovine Serum Albumin (BSA, Sigma-Aldrich®, 

A9418) (BSA/PBS, w/v) for 30 minutes. Primary antibodies were diluted in 3% 

BSA as shown in table 2-8. Cells were incubated with primary antibody 

overnight in 4C (or, for 2 hours at 22). The following day, cells were washed 

four times with PBS for 5 minutes. Secondary antibodies were prepared in the 
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blocking solution as shown in table 2-8. Cells were incubated with secondary 

antibodies for 50 minutes in room temperature. After the addition of secondary 

antibodies, the plate was covered with tin foil to protect from light exposure. 

Cells were washed four times with PBS for 5 minutes. For nuclear DAPI stain, 

cells were incubated in DAPI/PBS (1:1000, v/v) for 15 minutes in 22°C. 

DAPI/PBS solution was discarded, and cells were washed three times with 

PBS for 5 minutes. Coverslips were mounted with immu-mount medium 

containing bisbenzimide. Slides were left to dry overnight in 4C. The following 

day, coverslips were sealed with fast dry transparent nail polish. Images were 

obtained with either a Leica DMI3000 B fluorescence microscope or a confocal 

Leica DMI4000B microscope.  

Table 2-7 List of immunofluorescence staining buffers 

Purpose Buffer Preparation 

Fixation 4% FA 1:4 dilution of 16% FA stock in PBS 

Washing 1X PBS 1X PBS  

Blocking 3% BSA 
1.5 g of BSA 

50 ml of PBS 

Permeabilisation 
1X PBS+ 0.05% 

Triton 

50 ml PBS 

25 µl triton  

Preservation 
1X PBS + 0.02% 

NaN3 

PBS supplemented with 0.02% 

NaN3 (1/500 dilution of 10% stock) 
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Table 2-8 List of immunofluorescence antibodies 

Antibody 
Dilution 

(v/v) 
Supplier 

Monoclonal Anti-HHEX antibody 

produced in mouse 
1:500 

Sigma Aldrich, 

SAB1403914 

M3 1:5000 
Dr. Sheela 

Jayaraman 

Mouse monoclonal [OTI3E6] to Hex 1:100 Abcam, Ab117864 

Rabbit polyclonal to Hex 1:500 Abcam, Ab34222 

HHEX Antibody (2018B) 

[Unconjugated] 
1:500 

Novus Biologicals, 

2018B 

HHEX Antibody (906705) 1:500 
Novus Biologicals, 

906705 

Vimentin (D21H3) XP® Rabbit mAb  1:500 Cell Signalling, 5741  

Rabbit IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody TRITC 
1:1000 

Thermo Fischer, 

A16040 

Donkey anti-Rabbit IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor 488 

1:1000 

Thermo Fischer, A-

21206 

 

Donkey anti-Mouse IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor 555 

1:1000 
Thermo Fischer, A-

31570 

Donkey anti-Mouse IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor Plus 488 

1:1000 
Thermo Fischer, 

A32766 

Goat anti-Rabbit IgG-H+L Cy5TM 

Conjugated  
1:1000 

Thermo Fischer, 

A10523 
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Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody, 

Cyanine5 

1:1000 
Thermo Fischer, 

A10524 

Anti-Rabbit IgG (H+L), F(ab′)2 

fragment, CF™680 antibody 

produced in goat  

1:1000 

 

Sigma Aldrich, 

SAB4600362 

Anti-Mouse IgG (H+L), F(ab′)2 

fragment, CF™680 antibody 

produced in goat 

1:1000 

 

Sigma Aldrich, 

SAB4600361 

Texas Red™-X Phalloidin 1:40 
(Thermo Fischer, 

T7471) 

 

2.3.3 Photo-activated localisation microscopy – direct stochastic 

optical reconstruction microscopy (PALM dSTORM) 

immunofluorescence staining  

2.3.3.1 Coverslip preparation  

19 mm diameter round glass coverslips with high adherability surface (zeiss, 

474030-9000-000) were cleaned prior to seeding cells for 

immunofluorescence PALM sSTORM. The entire process was carried out 

inside a fume-hood. A detergent solution consisted of 5:1:1 ration of 

H2O:H2O2:NH4OH was prepared and stored in glass bottles inside a 

flammables store cabinet. Coverslips were placed on corrosive-resistant rack 

(Mini rack, Thermo Fischer, C14784). The entire rack was submerged in a 

beaker filled with the detergent solution. This beaker was placed inside a 

bigger beaker containing water at a higher level than the coverslips. 
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Everything was covered with tin foil and placed on a hot plate prepared to keep 

the water at 70C for 2-3 hours. During this incubation, the tin foil was slowly 

turning black. With a metal tong, the coverslips rack was removed and placed 

in a beaker filled with fresh water. The coverslips were washed 3 times by 

moving the rack up and down replacing the water in between. Another wash 

was done by submerging the rack in 100% ethanol. After that, coverslips were 

left to dry on clean tissue paper. Excess ethanol was removed by manually 

shaking every coverslip in air using metal tongs. To sterilise the coverslips for 

cell culture, they were quickly (less than a second) passed through a flame 3 

times. Finally, coverslips were stored on the rack wrapped in tin foil to 

protected them from dust.  

2.3.3.2 Cell preparation and staining  

Cells were seeded on treated coverslips from the previous section and left 

overnight to adhere. On the following day, old media was discarded, and the 

cells were washed twice with PBS. Cells were fixed with 4% formaldehyde in 

PBS for 12 minutes. After fixation, cells were washed with PBS three times for 

5 minutes to remove all the traces of the fixing reagent. To avoid 

autofluorescence from residual formaldehyde, 50 mM NH4Cl (sigma Aldrich, 

A9434) was added. Cells were incubated for 15 minutes. Coverslips were 

washed three times with PBS for 5 minutes. For simultaneous 

permeabilization and blocking, cells were incubated for 30 minutes with 3% 

(w/v) BSA in PBS supplemented with 0.1% triton X-100. After that, the cells 

were immediately incubated with a primary antibody prepared in the same 

buffer used in the previous step. Cells were left to incubate overnight in the 
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cold room at 4C. The following day, coverslips were washed three times with 

0.2% BSA, 0.05% triton X-100 for 10 minutes. Appropriate Alexafluor-

conjugated secondary antibodies were prepared in the same buffer used in 

the previous step. Cells were incubated with secondary antibody for an hour 

at 22C. Cells were washed three times with 0.2% BSA supplemented with 

0.05% Triton x-100 for 10 minutes. Another wash was performed using 1X Tris 

Buffer Saline (TBS, Sigma Aldrich, 6664) followed by 1X PBS for 10 minutes 

each. Cells were post-fixed with 4% formaldehyde in PBS for 10 minutes then 

washed with PBS three times for 10 minutes each wash. The last washing 

solution was replaced with PBS supplemented with 0.02% NAN3 for prolonged 

storage of the coverslips. Cells were left at 4°C until imaging.  

Table 2-9 List of PALM dSTORM buffers 

Purpose Buffer Preparation 

Fixation 4% FA 1:4 dilution of 16% FA stock in PBS 

Quenching 50 mM NH4Cl 
669 mg  
250 ml water  
Filter  

Blocking and 
permeabilization 

3% BSA + 
0.01% Triton 

1.5 g of BSA 
50 ml of PBS 
50 µl triton  

Washing  
0.2% BSA + 
0.05% Triton 

100 mg BSA 
50 ml PBS 
25 µl triton  

Washing  1X TBS 1X TBS 

Washing  1X PBS 1X PBS  

Preservation  
1X PBS + 
0.02% NaN3 

PBS supplemented with 0.02% 
NaN3 (1/500 dilution of 10% stock) 
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Table 2-10 List of PALM dSTORM antibodies 

Antibody Dilution (v/v) Supplier 

Monoclonal Anti-HHEX antibody 

produced in mouse 
1:500 

Sigma Aldrich, 

SAB1403914 

Vimentin (D21H3) XP® Rabbit mAb  1:500 Cell Signaling, 5741  

Donkey anti-Rabbit IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, 

Alexa Fluor 488 

1:1000 

Thermo Fischer, A-

21206 

 

Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody, 

Cyanine5 

1:1000 
Thermo Fischer, 

A10524 

 

2.3.3.3 Coverslips preparation for imaging  

Prior to imaging, cells on coverslips were incubated for 15 minutes at 22C with 

fiducial fluorescent beads prepared in PBS (TetraSpeck™ Microspheres, 0.1 

µm, fluorescent beads, Invitrogen, T7279). 

An imaging buffer was needed for PALM dSTORM acquisition. This buffer 

helps maintain the blinking ability of the fluorophore used to label the protein 

of interest. The fluorophore was excited, and a light was emitted. Then, the 

fluorophore goes into a dark state. This process is repeated sequentially until 

all the particles were imaged. Generally, three buffers were prepared. Buffer 
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A (10 mM Tris (pH8) + 50 mM NaCl), Buffer B (50 mM Tris (pH8) + 10 mM 

NaCl + 10% glucose (Sigma Aldrich, G2133-50KU)), and GLOX buffer (250 

ul) composed of (10 mg Glucose oxidase (Sigma Aldrich, G2133-50KU))+ 50 

µl Catalase (17 mg/ml) (Sigma Aldrich, C40-100MG) + 200 µl buffer A). On 

the day of imaging, a mix of buffer B, GLOX and BME was prepared on ice.  

For each sample coverslip, a double-sided sticky spacer (Grace Bio-Labs 

SecureSeal™ imaging spacer, Sigma Aldrich, GBL654002) was placed on a 

glass slide. This spacer acted as a small reservoir to contain the buffer 

mentioned above. Sample coverslips were washed by submerging them 

quickly in a beaker full of distilled water. They were left to stand and dry on 

paper tissues for 30 seconds. The edges of sample coverslips were wiped with 

a cotton bud. 10 µl of the imaging buffer was added on the spacer. Then, 

coverslips were inverted on the spacer with cells facing down.  

Table 2-11 List of PALM dSTORM imaging buffers 

Buffer Makeup Preparation 

Buffer A 
10 mM Tris (pH8) + 50 

mM NaCl 

• 158 mg TrisHCl 

• 100 ml distilled water 

• Adjust pH 8  

• 292 mg NaCl 

Buffer B 

50 mM Tris (pH8) + 10 

mM NaCl + 10% 

glucose 

• 788 mg TrisHCl 

• 100 ml distilled water 

• Adjust pH to 8 

• 58 mg NaCl 

• 10 gm glucose  
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GLOX 
Glucose + Catalase + 

Buffer A 

• 10 mg Glucose oxidase 

• 50 µl Catalase (17 mg/ml) 

• 200 µl Buffer A 

• Vortex to dissolve glucose 

oxidase  

• Spin down 14000 rpm 

• Only use supernatant  

• Keep on ice  

• Store at 4 for 2 weeks  

• Everytime to use, spin down 

14000 rpm 

Imaging 

buffer 
GLOX + Buffer B 

• On ice  

o 7 µl GLOX 

o 7 µl BME 

o 960 µl Buffer B 

Add enough on coverslips (10 µl) 

2.3.3.4 Imaging 

A Zeiss Elyra PS.1 system for super resolution imaging with ZENBlack  

software was used to image the slides. First, the view was adjusted while the 

definite focus was off. 488 laser excitation was used to screen cells and adjust 

the focus. Once the focus and the field were satisfying, the slide was fixed on 

the stage with a clip and the image was re-focused. The green laser was 

turned off to avoid bleaching the sample. The acquisition mode was changed 

to continuous, and the slide was put under definite focus and a snap image 

was captured. Next, the acquisition mode was changed to HiLO followed by 

imaging a wide-field view then a nuclear view. The microscope settings were 
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then adjusted to record a STROM image. 20,000 to 25,000 frames were taken 

with continuous red laser excitation first then green laser. Images were saved 

in CZI format. 

2.3.3.5 PALM dSTORM image analysis 

 

Figure 2-2 Summary of PALM dSTORM imaging and analysis (412). 

Created with BioRender.com 

2.3.3.5.1 Qualitative analysis 

ZENBlack software was used to produce rendered images for display and to 

generate data for quantitative analysis in Mathworks MATLAB. PLAM 

rendering parameters were adjusted. First, molecules settings were adjusted 

to account for molecules overlapping. In addition, signal to noise ratio was set 

at 6 to accommodate for background noise. Also, under localisation settings 

both localisation algorithms and Gaussian filter were selected. Frames were 
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scanned rapidly under the previous settings. Once satisfied, changes were 

applied, and a super resolution image was produced. This super resolution 

image was also rendered for the best visual presentation. ZENBlack has 

several filters that could be applied for that purpose. First, drift was corrected 

according to the fiducial bead if they were used, or automatically in the 

absence of beads. Under the statistics tab, image precision was checked while 

observing precision histogram. Poorly localised molecules must be removed 

to ensure high localisation accuracy. Particles with 5 to 75 nm precision were 

kept. Under PAL render, settings were applied appropriately to define the final 

image appearance. Both precision table and histogram were exported for 

quantitative analysis. Images were snapped at different magnifications to 

show molecules clustering. All the previous processing was done for the red 

and green channels separately.  

2.3.3.5.2 Quantitative analysis 

Precision tables were imported into MATLAB. The package for co-clustering 

analysis for single molecule localisation microscopy (SMLM) data (ClusDoC) 

was downloaded from (https://github.com/PRNicovich/ClusDoC) (412). 

Additional toolboxes were downloaded from MATLAB library include Image 

processing toolbox, Parallel computing toolbox and Statistics and machine 

learning. These tools ensured the optimum performance of the ClusDoC 

package.  

To start quantitative analysis, ClusDoC package path was added and opened 

in MATLAB. The tool was initiated by inserting the script ClusDoC in the script 

window. Then, the localisation table was uploaded. Followed by choosing an 

https://github.com/PRNicovich/ClusDoC
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output folder for the results. Then using the tool selection, regions of interests 

(ROI) for analysis was traced (nuclear). This region could be taken as several 

parts rather than choosing the whole nuclear area all at once to prevent 

MATLAB crashing. Once the area was selected, the file of selection could be 

saved in case it was needed for repeating the analysis. Ripley’s K was started 

to generate Max R for both channels. If the ROI was divided, then the average 

MAX R was used for DBSCAN. The parameters for Ripley’s K were adjusted 

to start at 0 nm to 1000 nm and calculate Ripley’s K every 10 nm steps. The 

value for maximum radius (Max r), which represented the radius with the 

highest probability of aggregations, was recorded for the following ClusDoC 

step.To scan PRH-Vimentin for clusters and characterise their clustering, we 

used the tool ClusDoC. This tool can perform two tasks simultaneously: cluster 

scanning with DBSCAN, and co-loclaisation with DoC. The parameters under 

the DoC were applied similarly on both channels. L(r)-r radius was calculated 

from the Ripley’s function step. Co-localisation threshold was a standard value 

of 0.4 (413). The minimum number of co-localised clusters was chosen as 10. 

The remaining were left unchanged (412, 413). The parameters for DBSCAN 

were adjusted for each channel independently. Epsilon (nm) input was equal 

to the peak value of the localisation precision histogram for each fluorophore 

min (Pts) was adjusted as 5. Plot cutoff and parenthesis threat were kept as 

default, L(r) -r Radius (nm) value was taken from the Ripley’s function step. 

Finally, the smooth radius was made at 7 nm. The outcome was exported as 

txt file for EXCEL analysis. In EXCEL, the average of all images was calculated 

and presented in violin plots.  
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2.3.4 Fluorescent correlation spectrometry  

Fluorescent correlation spectrometry (FCS) is a tool to study molecular 

dynamics via analysing the intensity fluctuation of diffused fluorescent 

molecules through a focused light (414). It can provide details on the 

concentration, diffusion, and brightness properties of cellular fluorescent 

components. 

Different cell conditions were seeded on a Nunc Lab-tek chambered cover 

glass 8-well chamber (155361, Thermo Scientific). Each condition was seeded 

in 4 different densities (5 – 10 – 20 – 30) X103 cells/well. The cells were 

incubated in a humidified environment with 5% CO2 at 37°C to adhere 

overnight. The following day, the media was discarded, and the cells were 

washed gently with PBS. To image the cells for FCS, PBS was replaced with 

a 180 µl of HEPES-buffered saline solution (pH 7.45; Sodium pyruvate 2 mM, 

NaCl 145 mM, D-Glucose 10 mM, KCl 5 mM, MgSO4.7H2O 1 mM, HEPES 10 

mM, CaCl2 1.7 mM, NaHCO3 1.5 mM). The buffer was left on the cells for 10 

minutes before imaging took place. Acquisition was done at 24°C to minimise 

cell movement and using a Zeiss LSM880 microscope on a Zeiss Axio 

Observer Z1 stand. Initial confocal images of the cells were acquired using a 

488 nm laser for excitation. Images were processed using ZENBlack software 

(Carl Zeiss, Germany). GFP fluctuations were recorded following the method 

published by Goulding et al. (415).  Correlation analysis from GFP dynamics 

data were analysed using ZENBlack software, and presented in Z-intensity 

scan, correlation 2x3D model. 
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2.4 Western blotting 

2.4.1 Whole cell protein extraction and quantification  

Cell pellets were resuspended in cold working solution lysis buffer consisted 

of 1X cell lysis buffer (table 2-12 for recipe), 1X cOmplete™ Protease Inhibitor 

Cocktail (Roche, 11697498001), 1XPhoStopTM (Roche, 4906845001), and 

1X Phenylmethanesulfonyl fluoride (PMSF, Sigma-Aldrich®, P7626). The 

suspension was sonicated, while kept in iced water, using UltrawaveTM for 12 

minutes. Alternatively, up and down pipetting with a fine tip or small gauge 

syringe needle was used. After that, the suspension was centrifuged at 

maximum speed for 30 minutes at 4°C. The supernatant was transferred to a 

new Eppendorf tube and stored at -80 °C. 

2.4.2 Protein quantification  

2 µl of the extract was used for protein quantification using a protein assay 

reagent (Bio-Rad®, 5000001) following the Bradford protocol (416). In brief, 

protein extract was diluted in distilled water. BSA stock solution was used to 

make serial dilutions stocks used to generate a BSA standard curve from 

which the concentration of proteins in the extract was interpolated. Bradford 

reagent was diluted 1:4 in distilled water (V/V). 10 µl of diluted lysate and BSA 

serial dilutions were transferred into separate wells of a pre-labelled 96-well 

plate in triplicate. 200 µl of working Bradford solution was added to all the 

wells. Extra blank wells were added to correct for the background later. The 

plate was read using a Tecan micro plate reader. The concentration of the 

unknown samples was interpolated from the BSA standard curve.  
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2.4.3 Loading sample preparation  

For future sample loading, equal amounts of protein lysates were prepared 

with a 1X loading dye (table 2-12 for recipe) and distilled water. The samples 

were heated for 5 minutes at 95°C just before loading. 

2.4.4 Sodium dodecyl sulphate - poly acrylamide gel electrophoresis  

2.4.4.1 Protein loading  

Equal amounts of proteins ranged between (5-100 µg) were loaded into 

washed wells of 10% Mini-PROTEAN® TGX™ precast protein gels (Bio-

Rad®, 4561033). A 3 µl Precision-Plus ProteinTM Dual Colour (Bio-Rad®, 

1610374) was used as a reference protein ladder. The gels were run in SDS 

PAGE tank filed with a running buffer [0.25 M Trizma (Sigma Aldrich, T1503), 

2 M Glycine (Severn biotech ltd®, 30-21-70), 10% SDS (SigmaAldrich, 

L3771)] at 100 V until the required level of protein separation was reached.  

2.4.4.2 Transfer  

Trans-Blot® Turbo™ RTA Mini PVDF Transfer Kit (Bio-Rad®, 1704272) was 

used to transfer the protein into Polyvinylidene difluoride (PVDF) membrane 

pre-activated in methanol (Sigma-Aldrich®, 179957). A commercial transfer 

buffer from Biorad, diluted in 100% ethanol and distilled water, was used for 

the transfer. A sandwich of stacks, membrane, gel, stacks was arranged. The 

transfer process was carried out using a Biorad Turbo transfer system with 

mixed molecular weight settings. 
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2.4.4.3 Blocking  

The membrane was blocked in a 5% BSA prepared in 0.01% TBS-T [15 mM 

NaCl (Sigma-Aldrich®, 378860), 2 mM Tris-HCl (Sigma-Aldrich®, 

10812846001), pH: 7.6, 0.01% Tween (Sigma-Aldrich®, P9416)] for either 1-

2 hours at 22°C, or overnight at 4°C. This was performed to block non-specific 

protein binding. 

2.4.4.4 Probing and washing 

The next step was to probe the membrane with primary antibodies (table 2-

13) diluted in the blocking solution. The incubation lasted for either (1-1.5 hour) 

at 22°C, or overnight at 4°C. To remove unbound antibody, the membrane 

was washed three times, for 10 minutes in TBS-T. Secondary fluorescent 

antibodies (table 2-13) were prepared in the blocking solution and the 

membrane was incubated in that solution for 1 hour at 22°C protected from 

light. Alternatively, HRP-conjugated secondary antibodies in 5% BSA were 

also used. The membrane was washed with TBS-T for 10 minutes three times. 

When HRP-conjugated antibodies were used, the membrane was further 

treated with a chemiluminescence blotting substrate (Rosch, 11520709001).  

2.4.4.5 Imaging, densitometric measurement and statistical analysis  

Membranes were imaged using Odyssey Fc imaging system (LI-COR 

Bioscience, UK). Densitometric quantification of the bands was performed 

using the Image Studio-Lite 5.2 software (LI-COR Biosciences Ltd. UK). 

Intensity values for protein of interest were normalised to the intensity of 
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housekeeping proteins. Results were presented as fold changes to show 

relative protein expression. 

2.4.4.6 Membrane stripping  

Whenever a membrane was used for a second round of probing, it was first 

stripped of the previous probing using a stripping buffer insisted of 0.4 M NaOH 

in distilled water. The membrane was incubated for 15 minutes in the stripping 

buffer at 22°C. That was followed by three washes with TBST, 5 minutes each. 

Then, the membrane was blocked as usual in 5% BSA before re-probing with 

a primary antibody. 

Table 2-12 List of Western blotting buffers 

Buffer Purpose Preparation 

RIPA Lysis 
buffer (10X LB) 

Whole cell lysis 
buffer 

• 3 ml of 5 M Sodium chloride (150 
mM final concentration) 

• 5 ml of 1 M, pH 8.0 Tris-HCl (50 
mM final concentration) 

• 1 ml of 1% Nonidet P-40 

• 5 ml of 10% Sodium deoxycholate 
(0.5% final concentration) 

• 1 ml of 10% SDS (0.1% final 
concentration) 

cOmplete™ 
Protease 
Inhibitor 
Cocktail (25X) 
 

Component of 
lysis buffer  

• Dissolve 1 tab in 2 ml distilled 
water 

PMSF 
(10837091001) 
200X - 200 
mM 
 

Component of 
lysis buffer mix 

• 1.39352 gm PMSF  

• 40 ml of isopropanol   

Loading blue 
buffer (5X) 

Loading dye 
• 50% Glycerol (10 ml of 100% 

glycerol) 
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• 300mM Tris-HCL pH: 6.8 (6 ml of 
1 M solution) 

• 10% 2Mercaptoethanol (2 ml in 
final solution) 

• 5mg/ml bromophenol blue (100 
mg (for total volume) in 2 ml 
methanol) 

• 10% SDS (2 gm for total volume) 

TrisGlyc 10X  
 

Component of 
run buffer 

• 30.285 gm TrisBase  

• 150.012 gm Glycine   

• 1 L distilled water  

10% SDS 
Component of 
run buffer 

• 50 gm SDS  

• 500 ml distilled water 

TBS 10X  
 

Component of 
washing buffer 

• 24 gm Tris base  

• 88 gm NaCl  

• 600 ml dH2O 

• pH 7.6 with 12N HCl 

Tris Glycine Run buffer  
• 100 ml TrisGlyc 

• 10 ml 10% SDS 

• 890 ml distilled water 

Turbo transfer 
buffer (fridge) 
 

Transfer buffer  

• 200 ml Transfer buffer main stock  

• 200 ml Ethanol (or methanol) 

• 600 ml distilled water 

• Complete volume to 1 L with 
dH2O 

5% BSA Blocking buffer 
• 2.5 g of BSA 

• 50 ml of TBST 

TBST Washing buffer 
• 100 ml TBS 10X 

• 900 ml distilled water 

• 1 ml tween  

0.4M NaOH Stripping buffer 
• 16 g NaOH 

• 1 L distilled water 

 

Table 2-13 List of Antibodies used in Western blotting 

Antibody Dilution (v/v) Supplier 
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Lamin A/C  1:1000 
Cell Signaling 
technology®, 2032S 

Lamin A/C 1:10000 Abcam, ab108922 

β-Actin  1:5000 
Cell Signaling 
technology®, 4967 

β-Actin C4 1:10000 Santa Cruz,  sc-47778 

GAPDH 1:5000 
Cell Signaling 
technology®, 2118 

Monoclonal Anti-HHEX  1:1000 
(Sigma Aldrich, 
SAB1403914) 

HHEX Antibody (2018B) 
[Unconjugated] 

1:500 Novus Biologicals, 2018B 

M3 1:10000 Dr. Sheela Jayaraman  

Myc-Tag (9B11) Mouse mAb 1:1000 
Cell Signaling 
technology®, 2276 

GFP Antibody #2555 1:1000 
Cell Signaling 
technology®, 2555 

Vimentin (D21H3) XP® 
Rabbit mAb  

1:1000 Cell Signaling, 5741  

E-Cadherin (24E10) Rabbit 
mAb  

1:1000 Cell Signaling, 3195 

Snail (C15D3) Rabbit mAb  1:1000 Cell Signaling, 3879 

Slug (C19G7) Rabbit mAb  1:1000 Cell Signaling, 9585 

Claudin-1 (D5H1D) XP® 
Rabbit mAb  

1:1000 Cell Signaling, 13255 

β-Catenin (D10A8) XP® 
Rabbit mAb  

1:1000 Cell Signaling, 8480 

ZO-1 (D7D12) Rabbit mAb  1:1000 Cell Signaling, 8193 

Human/Mouse Cleaved 
Caspase-3 (Asp175) Antibody 

1:1000 R&D system, MAB835 

Rabbit IgG (H+L) Highly 
Cross-Adsorbed Secondary 
Antibody  

1:1000 (Thermo Fischer, A16040) 

IRDye® 800CW Donkey anti-
Mouse IgG Secondary 
Antibody 

1:5000 Li-Cor, 926-32212 
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2.5 Nucleic acid experiments 

2.5.1 RT-qPCR primer design, preparation, and storage 

The DNA sequence of the target gene was acquired using the University of 

California Santa Cruz (UCSC) genome browser gateway available on 

(https://genome.ucsc.edu/cgi-bin/hgTracks) (417, 418). PCR primers were 

designed using the National Center for Biotechnology Information (NCBI) 

primer-blast. The selection of suitable primer pairs was done following criteria 

obtained from the literature to ensure primer efficiency and specificity (419). 

Primers were screened using the OligoAnalyzer tool from Integrated DNA 

Technologies available from 

(https://www.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fan

IRDye® 800CW Donkey anti-
Rabbit IgG Secondary 
Antibody 

1:5000 Li-Cor, 926-32213 

IRDye® 680RD Donkey anti-
Mouse IgG Secondary 
Antibody 

1:5000 Li-Cor, 926-68072 

IRDye® 680RD Donkey anti-
Rabbit IgG Secondary 
Antibody 

1:5000 Li-Cor, 926-68073 

Anti-Rabbit IgG (H+L), F(ab′)2 
fragment, CF™680 antibody 
produced in goat  

1:5000 
(Sigma Aldrich, 
SAB4600362) 

Anti-Mouse IgG (H+L), F(ab′)2 
fragment, CF™680 antibody 
produced in goat 

1:5000 
(Sigma Aldrich, 
SAB4600361) 

Goat Anti-Rabbit IgG 
Antibody, Fc, HRP conjugate 

1:5000 (Sigma Aldrich, AP156P) 

Goat Anti-Mouse IgG 
Antibody, Fc, HRP conjugate 

1:5000 (Sigma Aldrich, AP127P) 

https://genome.ucsc.edu/cgi-bin/hgTracks
https://www.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
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alyzer ). Main (100 µM) and working (10 µM) stocks of the lyophilised primers 

were prepared in PCR grade water (Invitrogen™, 10977035) inside a PCR 

hood and stored in -20C. 

2.5.2 Primer optimisation 

2.5.2.1 Gradient PCR 

A PCR reaction mix was prepared to test a range of annealing temperature 

(Ta) for the primers. A single reaction mix was composed of diluted cDNA 

samples, PCR green master mix (Thermo Scientific™, K1081), PCR grade 

water, forward and reverse primers (final concentration 500 nM). PCR 

products were amplified using Applied Biosystems Veriti 96-Well 

Programmable Thermocycler.  

2.5.2.2 DNA gel electrophoresis  

2.5.2.2.1 Agarose gel 

A 2% agarose gel was prepared as in section (2.2.1.2.2.1). 

2.5.2.2.2 DNA electrophoresis 

A 5 µl of DNA hyper ladder and samples from the above-mentioned gradient 

PCR run were loaded in the gel. The voltage was adjusted to 100 V and left to 

run until loaded samples were 80% away from the wells. The gel was imaged 

using a Gel DocTM EZ Gel Documentation System from Biorad. The bands 

were analyzed using Image LabTM software.  

https://www.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
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2.5.2.3 Primer standard curve   

A 2-fold serial dilution of cDNA was used to prepare several reaction mixes for 

RT-qPCR run using Rotor-Gene SYBR® Green PCR Kit (Qiagen, 204074) 

following the provided protocol. Each reaction contained SYBR green, forward 

primer, reverse primer, PCR water and cDNA (replaced with PCR water for no 

template control = NTC). An example of sample preparation is illustrated in 

(figure 2-3). Ta for RT-qPCR cycles was adjusted according to DNA gel 

electrophoresis bands. The band with the best intensity represented the Ta for 

the tested primer pairs.  

Amplification plots, melting curves and standard curves were analysed using 

Rotor-Gene Q software for Ct values, single peak production and primer 

efficiencies, respectively. The amplification plot is considered good if the plot 

was showing 1 Ct difference in between the samples (depending on the 

dilution factor used for serial dilution). The melting plot was considered good 

if peaks from all the samples were at the same melting temperature and NTC 

was flat. The standard curve was examined for efficiency; values within the 

range 90-110% indicated an amplification factor close to 2 representing good 

duplication of RT-qPCR products each cycle. If all three curves pass the 

inspection, primer pairs were considered good for RT-qPCR.  
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Table 2-14 RT-qPCR cycles 

Cycle Cycle Point 

Hold  95°C, 10 minutes 

Cycling (45 repeats)  Step 1: Hold at 95°C, 10 seconds 

Step 2: Hold at (Ta)°C, 15 seconds 

Step 3: Hold at 72°C, 10 seconds 

Melt  Ramp from 72°C to 95°C 

1 degree each step 

Wait 90 seconds (pre-melt conditioningfor first 
step) 

Wait 5 seconds for each step afterwards 
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Figure 2-3 RT-qPCR primer standard curve.  

Created with BioRender.com 
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2.5.2.4 Primer concentrations  

The range of primers concentration in PCR or RT-qPCR reactions was 250-

500 nM. If the primers were still not efficient after trying a range of Ta, RT-

qPCR for primer efficiency were repeated using a serial dilation of primers in 

the reaction mix. If primers were still inefficient (assuming MgCl2 was 

adequate), designing new primer pairs was preferred over further optimisation.  

2.5.3 RNA extraction 

A cell pellet was used for the extraction of RNA following the protocol provided 

by RNeasy Kit (Qiagen, 74106). Briefly, cells were lysed in the presence of β-

mercaptoethanol to minimise the effect of RNAse in the sample. RNA was 

precipitated with 70% Ethanol. The mix was passed through a silica gel 

column. The column was washed once with a stringent washing buffer (RW1), 

followed by two washes with a mild detergent buffer (RPE). RNA was eluted 

from the column using nuclease free water. The quality and concentration of 

the extracted RNA was checked using a Nanodrop. Samples free of protein 

and salt contamination were used for cDNA reverse transcription. All buffers 

were supplied in the kit. 

Table 2-15 Qiagen RNeasy buffers 

Buffer Purpose 

RLT Lysis buffer 

RW1 Stringent washing buffer 

RPE Mild detergent buffer 
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2.5.4 cDNA reverse transcription 

Equal amounts of RNA from different conditions were reversely transcribed 

into cDNA following the protocol provided by QuantiNova for the reverse 

transcription kit (Qiagen, 205413). In summary, a mix of RNA, nuclease free 

water and genomic DNA removal mix was prepared and incubated at 45°C for 

2 minutes. Then, a mix of reverse transcriptase enzyme and reverse 

transcription reaction mix was added. The reaction was incubated at several 

temperatures (annealing at 25°C for 3 minutes, reverse transcription at 45°C 

for 10 minutes, and inactivation at 85°C for 5 minutes) using Applied 

Biosystems Veriti 96-Well Programmable Thermocycler. cDNA was stored at 

-20°C until required. 

2.5.5 RT-qPCR  

Rotor-Gene SYBR® Green PCR kit was used to amplify and detect the 

expression of genes of interest and housekeeping genes. An example of RT-

qPCR reactions preparation is illustrated in (figure 2-4). Briefly, the reaction 

mix composed of SYBR green, forward and reverse primers, PCR water, and 

cDNA (without cDNA in case of NTC). Primers we used are listed in table 2-

16. The temperature profile for a standard RT-qPCR run was mentioned 

previously in (table 2-14) Results were exported as an EXCEL document for 

analysis.  
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Figure 2-4 RT-qPCR reaction mix preparation.  

Created with BioRender.com 
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2.5.6 Analysis  

Ct values were analysed using the Pfaffle method which corrects gene 

expression by considering the values of primer efficiency (amplification factor) 

(420). First, Ct of samples were normalised to Ct of experimental controls. 

Then, the amplification factor of each primer was used to calculate the total 

amplification using the number of Ct for each sample or control. Finally, the 

fold change of GOI was calculated by normalising it to a housekeeping gene 

cDNA (HK).  Mean average of multiple experiments was calculated to find the 

overall expression of gene of interest in samples and controls. Results were 

plotted as bar charts representing mRNA relative fold change.  

Table 2-16 List of primers used in RT-qPCR 

 Forward Reverse 

GAPDH  
TCC TTG GAG GCC ATG 
TGG GCC AT 

TGA TGA CAT CAA GAA GGT 
GGT GAA G 

BACT  
AAAGACCTGTACGCCAAC
AC 

GTCATACTCCTGCTTGCTG
AT 

HPRT  
AAATTCTTTGCTGACCTG
CTG  

TCCCCTGTTGACTGGTCATT  

PRH  
AAA CCT CTA CTC TGG 
AGC CC 

GGT CTG GTC GTT GGA 
GAA TC 

VIM  
TGAGTACCGGAGACAGG
TGCAG 

TAGCAGCTTCAACGGCAAA
GTTC 

CDKN1A  
ATCTGTGAAGCATGGTGG
G 

CCAGGCCAAGAAGAAGAGG
A 

CDKN1B  
CTGCAACCGACGATTCTT
TCTACT 

GGGCGTCTGCTCCACAGA 

CND2  
GGACATCCAACCCTACAT
GC 

CGCACTTCTGTTCCTCACA
G 

E-
Cadherin  

GTA ACG ACG TTG CAC 
CAA CC 

AGC CAG CTT CTT GAA GCG 
AT 
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S1PR1 
CCTGTGACATCCTCTTCA
GAGC 

CACTTGCAGCAGGACATGA
TCC 

PLAC8 
ACTCCAACTGGCAGACAG
GCAT 

GAGAGTCCTCATTGCGACG
CTT 

TNC 
ATGTCCTCCTGACAGCCG
AGAA 

AGTCACGGTGAGGTTTTCC
AGC 

SLC7A11 
TCCTGCTTTGGCTCCATG
AACG 

AGAGGAGTGTGCTTGCGGA
CAT 

GSN 
ATCTGCCATCCTGACTGC
TCAG 

CTTCCCACCAAACAGGCTC
ATG 

WASF1 
CCCTACCTGTAATCAGTG
ATGCC 

GCTTCCTGTTCACGCTGCT
CTT 

STAT3 
CTTTGAGACCGAGGTGTA
TCACC 

GGTCAGCATGTTGTACCAC
AGG 

MMP10 
TCCAGGCTGTATGAAGGA
GAGG 

GGTAGGCATGAGCCAAACT
GTG 

 

2.6 Proliferation assays 

2.6.1  Cumulative growth curve   

2X104 cells were seeded in a 24-well plate as duplicates/condition. Total 

number of cells were counted (as descried earlier) every 48 hours over 12-day 

period. The cells were re-seeded at 1:5 dilution. The counting was corrected 

for both re-seeding dilution and suspension volume each time. Average of the 

duplicate counts was calculated for each condition at each time point. A 

cumulative growth curve was plotted using cell number against time.  

To calculate the doubling time between the two conditions, the following 

formula was used: 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (ℎ𝑜𝑢𝑟𝑠) =  
𝑡2 − 𝑡1

3.32 × (𝐿𝑜𝑔 𝑛2 − 𝐿𝑜𝑔 𝑛1)
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2.6.2 EdU incorporation assay  

2.6.2.1 Seeding 

To examine cell proliferation rate by detecting the number of cells in the S 

phase of cell cycle, a Click-iT™ EdU Microplate Assay (Invitrogen™, C10499) 

that can measure active DNA synthesis was performed. A summary of the 

experimental steps can be seen in (figure 2-5). 1X104 cells were seeded in a 

96-well plate in quadruplet per condition. The cells were incubated in a 

humidified environment with 5% CO2 at 37°C overnight to adhere. The 

following day, the assay was performed following the protocol provided by the 

manufacturer. Briefly, the assay was initiated by adding EdU to the cells. Cells 

without EdU for background detection were kept in media only. After 2 hours 

of incubation in a humidified environment with 5% CO2 at 37°C, the cells were 

fixed and incubated with EdU ClickIT cocktail at 22°C. After that, cells were 

blocked and washed in a BSA washing buffer. Finally, SIGMAFAST™ OPD 

(Sigma-Aldrich®, P9187) that is an HRP-substrate for Fluorescein/Oregon 

Green Polyclonal antibody (included in the kit) was added. The color intensity 

from adding OPD substrate was used to reflect the level of DNA synthesis. 

The absorbance was measured at 450 nm using a Tecan Infinite F50 

microplate reader (Scientific laboratory supplies) 
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Figure 2-5 EdU incorporation assay experimental steps.   

Created with BioRender.com 

2.6.2.2 Crystal violet staining to correct for cell number  

After the last step from the previous section, the substrate was removed, and 

the wells were washed once with tap water. The plate was dried, then 50 µl of 

0.5% crystal violet was added to all the wells. The plate was left on a rotatory 

shaker for 30 minutes at 22°C. Crystal violet was removed and discarded 

appropriately. The plate was then washed by submerging in tap water until all 

the excess stain was removed. Then, 100 µl of 1% SDS was used to dissolve 

crystal violet over a period of 1 hour on a rotatory shaker at 22°C. The 

absorbance was afterwards detected using a Tecan Infinite F50 microplate 

reader at 570 nm.  

2.6.2.3 Analysis 

Readings obtained from OPD substrate measurement were normalised to 

crystal violet values. Non EdU values were averaged and subtracted from EdU 
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readings. Then, the average EdU readings were calculated for each condition 

and presented as fold changes.  

2.7 Transwell migration assay (chemotaxis) 

Transwell migration, also known as chemotaxis, is an in vitro method to assess 

the directed migratory potential of cells across a porous membrane in 

response to a chemical gradient (421). (figure 2-6 for experimental steps). 

 

Figure 2-6 Transwell migration (Chemotaxis) assay experimental steps. 

Created with BioRender.com 

2.7.1 Seeding for transwell migration assay 

Cells were starved overnight in 0.2% FBS media while incubated in a 

humidified environment with 5% CO2 at 37°C. The next day, 8X104 – 200 X103 
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cells were seeded in 24-well ThinCertTM inserts with pores size of 8 µM 

(Greiner Bio-one GmbH, 662638) as duplicates / condition. A chemoattracting 

gradient was made across the insert membranes by using a starving medium 

(2% FBS) in the inserts and (10% FBS) in the receiving wells. 1 mM of 

Hydroxyurea (Sigma Aldrich, H8627) was added on both sides of the 

membrane to prevent cell proliferation. The plate was incubated in a 

humidified environment with 5% CO2 at 37°C. Hydroxyurea was topped up in 

both apical and basal compartment daily. After 48-72 hours, media was 

aspirated from both sides of all inserts. Cells on the basal side of the 

membrane (migrated cells) were labelled with 8 µM Calcein AM (Sigma 

Aldrich, 206700) in 450 µl of fresh serum free media for 45 minutes. Finally, 

migrated cells on the basal part of the insert were trypsinised with 500 µl of 

trypsin. 200 µl of each condition in duplicates was transferred into a black 

Clear® 96 well plate (Greiner Bio-one,655096) or a black 96-well plate 

(Greiner Bio-one, 655076). Additional wells containing trypsin only were used 

for background fluorescence. Fluorescence was detected at an excitation 

wavelength of 485 nm and emission wavelength of 520 nm using a FlexStation 

reader. The number of migrated cells was estimated by interpolating the 

fluorescence produced by the migrated cells against a standard curve of 

serially diluted cells labelled with Calcein AM. PC3 cells were used as positive 

controls, while inserts without chemoattraction were used as negative controls.  

2.7.2 CalceinAM standard curve 

Wild type cells were starved overnight in 0.2% FBS media. The following day, 

cells were trypsinised and normalised with equal volume of media. 2X106 cell 
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were counted and pelleted to remove supernatant. The cells were 

resuspended in 5 ml free media containing 8 uM Calcein AM and incubated 

for 45 – 60 minutes in a humidified environment with 5% CO2 at 37°C. The 

containing falcon tube was flicked every 10 minutes to resuspend the cells if 

they precipitated at the bottom due to gravity. When the incubation was 

complete, the cells were pelleted and resuspended in 2 ml of trypsin. A 2-fold 

serial dilution was performed in trypsin (1 – 1/16). 200 µl from each 

compartment was transferred into a black plate in triplicates, trypsin only wells 

were used to obtain background readings. Fluorescence was detected at an 

excitation wavelength of 485 nm and emission wavelength of 520 nm using a 

fluorescent reader flex station. Data were corrected by subtracting the 

background of trypsin only. Then, triplicates were averaged and plotted 

against cell number to make a Calcein standard curve. This standard curve 

was used to estimate the number of migrated cells. The number was corrected 

to represent the original volume of suspension containing the migrated cells. 

Replicates were averaged and percentage of migrated cells were calculated 

using the formula: 

𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 % =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑜𝑛 𝑏𝑎𝑠𝑎𝑙 𝑠𝑖𝑑𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 
 × 100 

Data were expressed as percentage of migration for all conditions. 

2.8 Transwell invasion assay  

Transwell invasion assay is an in vitro method to investigate the invasive 

potential of cells across a porous membrane coated with synthetic ECM in 
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response to chemical gradient (421). (figure 2-7 for experimental steps). 

 

Figure 2-7 Transwell invasion assay experimental steps. 

Created with BioRender.com 

2.8.1 Inserts coating with ECM gel layer  

ECM gel (Corning matrigel matrix, 356234) was thawed overnight at 4°C. 

Then, ECM was diluted to 8-12 mg/ml in serum free media while on ice. 200 – 

300 µl was used to coat the apical side of the inserts. They were placed in 

their respective well plate and incubated for 2 hours or more to solidify. After 

the incubation, the apical side of the inserts was gently washed with PBS to 

remove the media leaving a thin layer of ECM at the bottom of the inserts. This 
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washing step was performed immediately before seeding to avoid drying the 

ECM gel. 

2.8.2 Seeding, labelling and detection  

Cells were starved overnight in 0.2% FBS media. Cell suspension was 

prepared to seed 5X104 - 10 X104 cells in a 200 µl volume of 2% FBS media 

as duplicates per condition. 10% FBS was added in the receiving wells. 1 mM 

of Hydroxyurea was added on both sides of the membrane to prevent cellular 

proliferation. After 24- 48 hours, media was aspirated from both sides of all 

inserts. The gel was scraped using a Q-tip and the inserts were washed gently 

by submerging in PBS three times. Then, cells on the basal side of the 

membrane (invading cells) were fixed in 4% PFA for 15 minutes and stained 

with DAPI (1:1000) of 1 mg/ml stock. The membrane was cut out and mounted 

on glass slides for imaging. Finally, a Leica DMI3000 B fluorescence 

microscope was used to acquire images of different view fields on the 

membrane. The total number of DAPI stained nuclei was divided by the 

number of imaged fields using the equation: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐼𝑛𝑣𝑎𝑠𝑖𝑜𝑛 =   
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑜𝑛 𝑏𝑎𝑠𝑎𝑙 𝑠𝑖𝑑𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑒𝑙𝑑𝑠
 

2.9 Gene expression profiling interactive analysis (GEPIA2) 

GEPIA2, available on (http://gepia2.cancer-pku.cn/#index), is a platform to 

analyse data from 9,736 tumours RNAseq and 8,587 normal samples from 

TCGA/GTEx project using a standard pipeline performed by a Python package 

from the Zhang lab (422). Gene expression profiling was done by choosing to 

http://gepia2.cancer-pku.cn/#index
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explore the expression of HHEX and VIM genes independently in normal and 

cancer patient samples. Gene expression data were represented in dot plots 

of transcripts per million (TPM) for each condition in a range of cancers. 

Correlation analysis of HHEX and VIM genes were performed in CCA cancer 

and normal tissues. HHEX and VIM correlation analysis were performed using 

Spearman and Pearson coefficients. Gene expression correlation data were 

represented in scatter plots.  

2.10 RNAseq  

2.10.1 Sample preparation  

Total RNA was extracted using Qiagen RNAeasy columns as previously 

described with an additional step of an on-column DNAse digestion using the 

RNAse-free DNase set according to the supplier’s protocol (Qiagen,79254). In 

brief, 1500 Kunitz units of lyophilised DNAse I was dissolved in 550 µL RNAse 

free water and stored as a stock at -20°C. 10 µl of DNAse I stock was mixed 

with 70 µl of the supplied RDD buffer and mixed gently. This mix was added 

to RNAeasy column after RW1 wash step. The column was left to incubate at 

22°C for 15 minutes. This was followed up by another RW1 washing step. 

From here, the rest of the RNA extraction was resumed with the addition of 

RPE buffer according to the protocol. 

RNA samples concentration and purity were tested using a nanodrop. If the 

sample concentration is high and does not show any protein or salt 

contamination, an aliquot was sent to Deep Seq Next Generation Sequencing 

facility at the university of Nottingham to acquire a second concentration 
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measurement as well as an RNA integrity Number (RIN) using the Agilent 

4200 TapeStation system, DNA gel electrophoresis and Qubit. Only RIN 

above 9 was accepted to proceed with RNA sequencing. After generating 

TapeStation quality control (QC) report, RNA samples were shipped on dry ice 

to Novogene UK. 

2.10.2 Novogene library preparation and sequencing 

The overall flow of processing done by Novogene (excluding sample 

preparation) is illustrated in (figure 2-8).  

 

Figure 2-8 Overall RNA processing by Novogene  

(Adopted form Novogene)  

Novogene ran their own quality control screening on the samples before 

constructing the cDNA library and sequencing the RNA. RIN and 

concentration were checked again, and a sample QC report was generated 

based on the company’s standards. Next, cDNA library was preparation 

performed as shown below (figure 2-9). 
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Figure 2-9 Novogene cDNA library preparation.  

(Adopted form Novogene) 

Briefly, mRNA was purified from the provided sample using magnetic beads. 

Then, mRNA was fragmented into shorter pieces. After fragmentation, the 

complementary strands were made using random hexamer primers. Further 

modification was applied on the produced cDNA including end repairs, A-

tailing, adaptor ligation, size selection and PCR amplification. A second QC 

screening was done to check the generated library. The quantified library was 

then pooled and sequenced on an Illumina platform. Illumina used NovaSeq 

PE150 platform to build a poly A enriched RNA library and generate 5 G of 
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raw per sample. Sequences were of 150 bp length and paired-ended. Finally, 

a third QC screening was done on the reads for final data quality check-up.  

2.10.3 Data mining, retrieval, and upload 

RNAseq raw data were obtained from Novogene directly after sequencing, or 

from our group’s previous sequencing, or from public resources e.g., NCBI 

Gene Expression Omnibus (GEO). The sequencing data (fastaq) were 

uploaded to the Galaxy web platform, and we used the public server available 

in (https://usegalaxy.eu/ ) to analyse the data (423). 

2.10.4 Galaxy web platform analysis for RNAseq data with biological 

repeats  

The pipeline of RNAseq raw data analysis we followed is summarised in (figure 

2-10). 

 

Figure 2-10 Galaxy RNAseq pipeline 

The quality of the data was checked using FastQC tool (424). In general, this 

tool screen for sequence quality, contents, length, duplication and over-

https://usegalaxy.eu/


 

 

139 

representation (424). FastQC report was interpreted according to Galaxy 

website guidelines. Any red flags were checked for false flagging before the 

data deemed unqualified was used to proceed through the pipeline.  

If the QC report was accepted, sequences were then trimmed using 

TrimGalore tool (425). This tool removes low quality sequences and adaptors 

from the reads. Sequences quality were identified according to phred scores; 

a phred score of >30 (i.e. 1/1000 error rate) indicated good sequences (426). 

After that, reads were aligned to mammalian-sized genomes HG38 (or HG19) 

using the high-throughput short read aligner tool TopHat (427). To count the 

aligned features in SAM or BAM files, the tool FeatureCounts was used (428). 

This tool uses an annotated human genome HG38 (or HG19) obtained from 

the public data available through galaxy’s internal library. To account for 

experimental biological repeats and calculate variance-mean dependence, 

DESeq2 tool was used to statistically test for differential expression (429). 

DESeq2 uses a negative binomial distribution model and compares the 

different conditions of the experiment to generate gene expression fold change 

(FC), nominal p-value (using Wald test), and correct the p-value by multiplying 

it by the number of tests producing an adjusted p-value (q-value) for 

significance purposes. The outcome files generated from DESeq2 tool (results 

and normalised counts) were downloaded and used for downstream analysis. 

2.10.5 Preparing for downstream analysis  

The first step performed was to convert ENSMBLE IDs to gene symbols for 

gene identification. This was done via the MART_export document obtained 
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from GitHub Bioinformatics forum (430). The second step was to filter out data 

with (#N/A) values. After that, further filtering was done based on adjusted p-

values to keep significant genes which have values below p=0.05 (5%) only. 

Further sorting was done to classify the significant genes into upregulated and 

downregulated. A final list of statistically significant and regulated genes was 

produced. Data were represented in Venn diagrams using the tool 

FunRich3.1.3 available from (http://funrich.org/download) (431), volcano plots 

using graph pad prism, and heatmaps using the online tool ClustVis available 

on (https://biit.cs.ut.ee/clustvis/) (432).  

2.10.6 Molecular signature database (MSigDB) 

Molecular signature database (MSigDB) is an online database that has several 

collections of annotated gene sets (https://www.gsea-

msigdb.org/gsea/index.jsp) (433, 434). This website can perform 

hypergeometric overlapping analysis, or over-representation analysis (ORA), 

GO and GSEA of gene sets with gene lists provided by the individual. Since 

the input is limited to 500 genes only, the DESeq2 result version used as an 

input underwent a stringent data filtering. The settings for the overlapping 

included choosing the reference annotated gene set, assigning a cutoff for p-

value, and setting the number of overlapped sets. The outcome was presented 

in a horizontal bar chart of the gene sets and their false discovery rate (FDR) 

for q-values using Microsoft EXCEL (statistically significant terms were 

identified by an FDR <0.05.). The overlapped genes were plotted in heatmaps 

using the equivalent DESeq2 normalised counts from the different conditions 

of the experiment.  

http://funrich.org/download
https://biit.cs.ut.ee/clustvis/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
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2.10.7 Enrichr for Gene Ontology 

Enrichr is an online tool, developed by the Ma’ayan lab, that can perform 

several ORA analyses including GO (435, 436). It can be accessed via the link 

https://maayanlab.cloud/Enrichr/. Gene symbols of a certain gene list input 

were submitted into the online tool. Then GO of one or all three of biological 

processes, cellular component and molecular function was generated. 

Enrichment analysis using MSigDB library can also be done in Enrichr. Result 

outcomes were downloaded as images or PDF files. 

2.10.8 Pre-ranked GSEA 

Pre-ranked GSEA analysis is another tool to overlap the same annotated gene 

sets from previous MSigDB with the individual’s gene list performed with 

GSEA software (433). This time, genes were ranked based on their Log2 (FC) 

values from highest to lowest. This list was converted into a document with 

(rnk) extension and uploaded into GSEA software. The settings to run the 

analysis included choosing the annotated reference gene sets, assigning the 

rnk as the parameter file for collapsing the data, and selecting the minimum 

number of overlapped genes in a single set. The rest of the settings were left 

as default. The outcome was the enriched gene sets, and their enrichment 

score plots (ES). Overlapped gene sets and genes were presented as 

mentioned in the MSigDB section.  

2.10.9 Overlapping with different RNAseq data  

Different versions of DESeq2 results (i.e., after data filtration) were overlapped 

with gene lists from other RNAseq data. This helped to further shorten the list 

https://maayanlab.cloud/Enrichr/
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of genes and make them more relevant to the project. Again, data were 

presented as described earlier. 

2.11 ChIPseq analysis  

2.11.1 Data mining and retrieval  

PRH-related ChIPseq raw data were obtained from the group’s previous 

sequencing projects. The sequencing data (fastaq) were uploaded to the 

Galaxy web platform, and we used the public server available in 

(https://usegalaxy.eu/ ) to analyse the data (423).  

2.11.2 Galaxy platform analysis (flowchart) 

The pipeline of ChIPseq raw data analysis we followed is summarised in 

(figure 2-11). 

 

Figure 2-11 Galaxy ChIPseq pipeline (423). 

https://usegalaxy.eu/
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First, raw data were uploaded into Galaxy in fastaq format. The quality of the 

data was checked using FastQC tool to screen for sequences quality, 

contents, length, duplication and over representation (424). QC report was 

interpreted as recommended by the Galaxy website. Like RNAseq QC report, 

any red flags were checked for false flagging before proceeding through the 

pipeline. The second step was using the tool TrimGalore to remove low quality 

sequences (< 30 phred score (426)) and adaptors from the reads (425). Next, 

Bowtie2 was used to map the sequences against a built-in reference genome 

HG38 (or HG19) (437, 438). Reads were then screened for duplicated 

molecules and filtered using the tool MarkDuplicate (439). After that, the tool 

MACS2 call peak was used to identify and evaluate the significance of the 

ChIP peaks (enriched binding sites) in the sequences (440, 441). The outcome 

BAM file can be converted into bigwig format and exported after this step to 

be visualised in any genome browser e.g., UCSC browser (418, 430, 442). 

Peak location and morphology were interpreted according to UCSC 

guidelines. To follow up after MACS2, a black-listed bed file of HG38 against 

which we mapped our reads earlier was downloaded from GitHub available 

from (https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg38-

blacklist.v2.bed.gz ). This file was uploaded into galaxy and used with the tool 

subtract to remove the black-listed regions of HG38 from our sequences. 

These regions are usually highly enriched areas such as centromeres. To 

annotate the peaks, first an annotated reference genome was retrieved from 

galaxy shared data (418). Our bed file was then annotated using the tool 

https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg38-blacklist.v2.bed.gz
https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg38-blacklist.v2.bed.gz
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BedTool closest bed (443). The outcome bed file was exported for further 

processing.  

2.11.3 Hypergeometric Optimization of Motif EnRichment (HOMER) 

Hypergeometric Optimization of Motif EnRichment (HOMER), which is 

provided by the Benner’s Lab at UCSC, is a package for UNIX operating 

system containing several analysing tools for ChIPseq and other sequencing 

data (444, 445). The tool FindMotif from Homer was downloaded and run in 

Linux. Details of download and installation are available on 

(http://homer.ucsd.edu/homer/motif/index.html ). The tool enables discovering 

novel motifs based on a differential motif discovery algorithm from the bed file 

generated in Galaxy. As a result, enriched specific regulatory elements can be 

identified. In addition, HOMER FindMotifs can assign a score along with 

binomial motifs enrichment (445). The result of FindMotifs tool is a webpage 

that shows both Homer (DeNovo) motifs and known motifs.  

2.11.4 HOMER annotation   

To annotate the bed file, i.e., associate the peaks with nearby genes, another 

tool from Homer “Annotate” was used for that purpose which is found in this 

link (http://homer.ucsd.edu/homer/ngs/annotation.html ) (444, 445) . Again, 

this tool used run on Linux. The data was then saved as a text file to be further 

processed in EXCEL.  

2.11.5 Downstream analysis 

The annotated file generated by HOMER was cleaned before proceeding with 

downstream analysis. The spreadsheet was cleaned from empty cells, (#N/A) 

http://homer.ucsd.edu/homer/motif/index.html
http://homer.ucsd.edu/homer/ngs/annotation.html
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entries and data entered as dates rather than genes. Although these entries 

could be referring to important peaks, unfortunately, they are useless with 

such format. Data were sorted based on peak distances from TSS into 100 kb, 

10 kb and 2 kb. Further classification was done based on peaks epigenomic 

locations, e.g., TSS, promoter, and intronic. Moreover, the frequency of each 

nearby gene was calculated. These genes were also overlapped with 

differentially expressed genes from existing RNAseq data. Like RNAseq 

downstream analysis, MSigDB, Pre-ranked GSEA and GO terms were 

obtained for certain genes input. Bar charts, Venn diagrams, volcano plots and 

heatmaps were generated using the tools described under RNAseq analysis.  

2.12 Statistical analysis  

All statistical analyses were performed using Microsoft EXCEL and GraphPad 

Prism. Statistical significance was determined from N=3 individual biological 

repeats. p-value ≤ 0.05 was used as a cut-off for significance, where P ≤ 0.05 

(*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****). Error bars were made based 

on SD. When statistical significance was determined from N=2, error bars 

represented standard error of the mean SEM. The type of statistical test used 

relied on the type of results obtained from the experiments.  
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3 Chapter 3: GFP-tagged PRH expression in 

immortalised cholangiocytes and its effects on cell 

proliferation, cell morphology, cell migration, and 

cell invasion 

3.1 Introduction  

Kitchen et al. reported for the first time that PRH acts as an oncoprotein in 

CCA (215). PRH is highly expressed in CCA cell lines and patient samples. 

PRH overexpression in cholangiocarcinoma cells lines (CCLP1, CCSW1, 

rmCCA1, HuCCA1), immortalised cholangiocytes (AKN1), and in biliary 

epithelial cells (BECs) induces EMT and promotes cell proliferation and 

migration (215). Depletion of PRH in CCA cell lines is associated with loss of 

mesenchymal morphology, decrease in cell proliferation and migration rates 

in vitro, and reduction of tumour growth in xenograft mouse models (215). 

In this chapter, we aim to produce human immortalised cholangiocytes that 

express GFP-tagged PRH to enable further study of PRH. Cells expressing 

GFP-tagged PRH would enable experiments such as  Fluorescence Recovery 

After Photobleaching (FRAP) to study protein dynamics (446), and 

Fluorescence Resonance Energy Transfer (FRET) to study molecular 

interaction (447). Establishing an in vitro immortalised system that 

constitutively expresses GFP-tagged PRH is a feasible, and beneficial way to 

explore PRH functions in cancer biology. In this chapter, we detail the process 

we followed to build this system. We used plasmid transfection to express 
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GFP-tagged PRH in AKN1 cells and generated a monoclonal cell line using 

FACS and G418 selection. AKN1 cells are human immortalised 

cholangiocytes isolated from a normal liver (406). They were first reported as 

hepatocyte-like cells with biliary epithelial markers (406). Having expressed 

GFP-tagged PRH in these cells we examined the relationship between PRH 

levels and changes in cell proliferation and cell migration. To examine effects 

on cell growth and proliferation, we used cumulative growth assays and EdU 

incorporation assays, respectively. We also used fluorescent imaging and 

morphological analysis to examine the change in cell morphology. In addition, 

to test whether the cells show altered migratory or invasive characteristics, we 

used transwell migration (chemotaxis) and transwell invasion assays.  
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3.2 Results 

3.2.1 Generation of a stable AKN1 GFP-PRH-Myc cell line 

To address the biological effects of PRH and its contribution to the tumorigenic 

phenotype and to facilitate further experiments, we generated a stable cell line 

expressing GFP-tagged PRH. The two plasmids we used, pEGFP-PRH-Myc 

and its control plasmid pEGFP-C1 (Addgene plasmid #45769), were provided 

by Professor Sheela Jayaraman. In (figure 3-1) we present the maps of both 

plasmids illustrating the genes for GFP, GFP-PRH-Myc, Kanamycin bacterial 

selection and Neomycin selection. pEGFP-PRH-Myc plasmid encodes the 

human PRH cDNA cloned from the vector pBluescript-PRH in-frame with GFP. 

After the PRH coding sequence, there is an in-frame Myc tag that is followed 

by a translation stop codon. Thus, pEGFP-PRH-Myc expresses a PRH fusion 

protein that has GFP at its N-terminus and a Myc tag at its C-terminus. 
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Figure 3-1 Schematic presentation of pEGFP-C1 and pEGFP-PRH-Myc plasmids.  

(A) The map of pEGFP-C1 used to make a control cell line expressing GFP in AKN1 cells. (B) 
The map of pEGFP-PRH-Myc plasmid with human PRH cDNA between GFP and MycTag 
sequences which was used to generate AKN1 cells expressing GFP-tagged PRH. 

To validate pEGFP-PRH-Myc plasmid prior to transfection, we used a 

restriction digest assay with EcoR1 (1359) and Kpn1  

(2228) as described in the method chapter.  
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Figure 3-2 Restriction enzyme digest analysis of pEGFP-PRH-Myc plasmid.  

1 µl of 1 µg/µl plasmid was incubated with EcoR1 and Kpn1 restriction enzymes before 
subjecting them for 2% Agarose DNA gel electrophoresis along with plasmid samples 
incubated with each enzyme on its own, as well as undigested plasmid DNA. The image was 
produced using Image LabTM software. The result shows that incubating the plasmid with both 
restriction enzymes released a single fragment with a size around 849 bp.  

The gel image in (figure 3-2) of pEGFP-PRH-Myc diagnostic restriction digest 

using EcoR1 and Kpn1 enzymes has four lanes after the DNA (1kb) marker 

ladder. The uncut supercoiled DNA appeared as a band that did not travel 

down the gel, while DNAs cut with a single restriction enzyme showed single 

bands indicating linearised DNA. Double restriction digestion produced two 
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bands; the higher one represented the plasmid backbone at 5564, and the 

lower band indicated a DNA insert fragment of 849 corresponding to the size 

of DNA fragment calculated from the plasmid map.  

To transfect AKN1 cells, we delivered the plasmids to 3X105 cells seeded in a 

6-well plate using a mix of OptiMEM, PEI and DNA (pEGFP or pEGFP-PRH-

Myc). After 24 hours, we inspected the cells for GFP expression using a Leica 

DMI3000 B fluorescence microscope. In (figure 3-3) we show that 

approximately 30% of the cells were successfully transfected. AKN1 cells 

expressing GFP alone were green throughout the cells, while AKN1 cells 

expressing GFP-tagged PRH showed mainly green nuclei. We called the cells 

AKN1 GFP and AKN1 GFP-PRH-Myc, respectively. 
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Figure 3-3 Transfection efficiency of pEGFP-C1 and pEGFP-PRH-Myc plasmids in AKN1 
cells.  

Live AKN1 GFP and AKN1 GFP-PRH-Myc images at 10X magnification acquired with a Leica 
DMI3000 B fluorescence microscope 24 hours after transfection showing approximately 30% 
of GFP expression (green cells and/or green nuclei). Scale bar 500 µm. 

To remove non-transfected (non-green/non-GFP) cells, we started the 

selection of cells with 750 µg/ml (up to 1 mg/ml) G418 (Geneticin) 24 hours 

after the transfection. Every three days after that whenever we replaced the 

media, we added G418. Figure 3-4 shows that G418 killed almost 80% of non-

GFP cells.  
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Figure 3-4 AKN1 GFP and AKN1 GFP-PRH-Myc cells selection with G418.  

Cropped images of live AKN1 GFP and AKN1 GFP-PRH-Myc cells at a magnification of [1.5X 
(top) – 2.5X (middle and bottom)] acquired with a Leica DMI3000 B fluorescence microscope. 
(Top) 24 hours after transfection, (Middle) during G418 selection, and (Bottom) 10-14 days 
after G418 selection. It shows the reduction in non-GFP expressing cells with 0.750 – 1 mg/ml 
G418 selection over 10-14 days. Scale bars 200 µm.  
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Even though we added a maintenance dose of G418 to the conditioning media 

while we were growing the cells, non-GFP expressing cells were resistant to 

the antibiotic selection. The percentage of GFP expressing cells decreased 

while non-GFP expressing cells were dominating the growth vessel which 

gave rise to a mixed population cell line.  

To overcome the issue of mixed population cell line and keep as many green 

cells as possible, we decided to single-sort the cells using fluorescent 

activated cell sorting (FACS). GFP single cell sorting by FACS is a rapid 

method to concurrently analyse and separate live GFP-expressing cells from 

a mixed population. With help from Dr David Onion, we sorted our cells twice 

with a duration of around five months in between. To prepare the cells for 

sorting, we prepared 2X107 AKN1 GFP and 5X106 AKN1 GFP-PRH-Myc cells 

in fresh complete media before transferring them to the Flowcytometry facility. 

The cells were single-sorted using (MoFlo™ XDP cell sorter) into a 96-well 

plate. The histogram and density plots in (figure 3-5) show the gating strategy 

we used to isolate AKN1 GFP and AKN1 GFP-PRH-Myc cells. Gating is the 

process of cell subpopulation selection for further investigation (448). We only 

needed to gate for GFP-expressing cells. We used AKN1 wildtype cells as a 

reference. We analysed forward scatter (FSC) against side scatter (SSC) to 

identify the population of interest. We followed with FSC width against FSC 

height to identify single cells in the previous population. The last gating was 

SSC height against fluorescence to isolate GFP-expressing cells. It is 

important to mention that gating was quite narrow initially, but we had to widen 

the gate for AKN1 GFP-PRH-Myc cells to include as many green cells as 
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possible since their signals were weaker compared to AKN1 cells expressing 

GFP alone. 
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Figure 3-5 FACS single-sorting of transfected AKN1 cells expressing GFP or GFP-
tagged PRH.  

The AKN1 GFP and GFP-PRH-Myc cells were trypsinised and resuspended in fresh media at 
a specific concentration for sorting. AKN1 wild type was used as a reference. The left three 
columns of density plots depict the cell population selection process, with the left column 
showing FSC versus SSC (population of interest), the middle column showing FSC height 
versus FSC width (single cells), and the right column showing SSC height versus GFP 
fluorescence (GFP-expressing cells). The histogram column panel displays the selected cells 
for each cell line. GFP protein was excited using 488 nm laser, and the fluorescent signals 
were detected using a 528/29 filter.



 

158 

 

 

Table 3-1 indicates that out of the total number of single-sorted cells, we had 

around 1X106 AKN1 GFP cells and around 2x105 of AKN1 GFP-PRH-Myc 

cells. Sorting purity for both conditions were over 90%. 

Table 3-1 Cell count input and output for fluorescent-activated cell sorting (FACS). 

 AKN1 GFP AKN1 GFP-PRH-Myc 

Input cell number 2X107 5X105 

Sorted cell number  1X106 2X105 

Purity >98% >91% 

 

We kept the cells to recover for two weeks marking the wells that had green 

cells for further inspection. We allowed the cells to expand before we resumed 

G418 maintenance while growing (figure 3-6). Many of the colonies did not 

survive, 4 colonies were expanded that we labelled (A, B, C and D). Only clone 

D seemed to show persistent GFP expression. Therefore, we decided to use 

clone D for phenotype characterisation. 
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Figure 3-6 AKN1 GFP and AKN1 GFP-PRH-Myc cells after FACS single-cell sorting and 
growth with maintenance doses of G418 (D clone).  

Cropped images of live AKN1 GFP and AKN1 GFP-PRH-Myc cells at a magnification of 2.5X 
acquired with a Leica DMI3000 B fluorescence microscope. They show the outcome of 
expanding AKN1 cells expressing either GFP or GFP-tagged PRH after FACS single-cell 
sorting and following the supplementation of conditioning growth media with G418. Scale bars 
500 µm.  

We harvested cells to make samples for RT-qPCR mRNA and Western 

blotting protein expression validation as detailed in the method chapter. Figure 

3-7 shows that AKN1 GFP-PRH-Myc cells expressed significantly more PRH 

mRNA (p= 0.0025) and GFP-PRH-Myc protein (p= 0.0426) compared to AKN1 

GFP cells. 
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Figure 3-7 Validation of PRH mRNA and GFP-tagged PRH protein expression in AKN1 
GFP and AKN1 GFP-PRH-Myc cells (D clone cell line).  

(A) PRH mRNA relative fold expression showing PRH mRNA significantly more in AKN1 GFP-
PRH-Myc cells compared to control cells (p= 0.0025). The average Ct value for PRH in AKN1 
GFP control cells is 25.8203 reflecting the level of endogenous PRH mRNA in AKN1 cells. (B) 
A representative Western blotting image of AKN1 whole cell protein extract probed with a Myc 
Tag antibody with densitometry analysis showing a significant GFP-tagged PRH expression 
in AKN1 GFP-PRH-Myc cells (p= 0.0426). (C) Western blotting of endogenous PRH protein 
expression in AKN1 using M3 antibody against endogenous PRH. Β-Actin was used as a 
loading reference. Both RT-qPCR and WB were performed in N=3 independent biological 
repeats and normalised to 1 for comparison. Two-tailed unpaired student t-test analysis was 
performed [P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***)]. Error bars represent SD.  
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Altogether, the data confirmed the successful expression of either GFP or 

GFP-tagged PRH in AKN1 cell lines. 

3.2.2 GFP-tagged PRH expression in AKN1 cells increases cell growth 

and proliferation 

When the cells were growing, we noticed that AKN1 GFP-PRH-Myc cells 

needed more frequent passaging compared to AKN1 cells expressing GFP 

alone. To assess that observation in vitro, we used cumulative cell growth and 

EdU incorporation assays to monitor the population doubling time and cell 

proliferation, respectively. For cumulative cell growth, we seeded 2X104 cells 

in 12-well plates as duplicates per condition. Over 2 weeks, we trypsinised, 

counted, and re-seeded the cells at known dilution every other day. We 

manually counted the cells using a haemocytometer and corrected the 

counted cells to the volume of cell suspension. We also added the counts of 

surplus cells that were not re-seeded to each time interval. This produced the 

cumulative cell number which we plotted against time to generate the final 

growth curve. We chose this continuous cell growth monitoring over the static 

snapshot time-point cell counting because we wanted to maintain the 

dynamics from cell proliferation over time. In addition, we wanted to have 

control over cell density to avoid potential growth inhibition effects from full 

confluency. Moreover, this method allows the flexibility of experiment progress 

and termination since there are no restriction on the number of time points. 

Cell culture maintenance was more cost-effective in our work than snapshot 

counting in regard to growth vessels and volumes of cell media Figure 3-8-A 

shows the average of N=2 independent growth experiments plotted as a 
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cumulative growth curve. Overall, we recorded more cell growth activity in the 

AKN1 GFP-PRH-Myc population from day 2 post seeding (not visible on the 

plot due to Y-axis scale but confirmed on the attached average cell count 

table). However, we started to see a difference on the plot from day 6 after 

which AKN1 GFP-PRH-Myc cells started exceeding the control cells in growth 

widening the gap between the two curves. By day 12, there were significantly 

more AKN1 GFP-PRH-Myc cells than AKN1 GFP cells (p= 0.0003). To 

calculate cell population doubling time from the growth curve, we used the 

formula below and plotted the results in a bar chart (449). 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (ℎ𝑜𝑢𝑟𝑠) =  
𝑡2 − 𝑡1

3.32 × (𝐿𝑜𝑔 𝑛2 − 𝐿𝑜𝑔 𝑛1)
    

Figure 3-8-B shows that AKN1 GFP-PRH-Myc cells needed on average 25.97 

hours to double the original cell count which is significantly lower than the 

48.37 hours required for AKN1 GFP (p= 0.0305). 
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Figure 3-8 GFP-tagged PRH expression in AKN1 cells appears to significantly induce 
cell growth and shorten cell doubling time.  

(A) A cumulative growth curve that shows total cell number at different time points over 12 
days. Every 2 days after seeding the cells were trypsinised and counted in duplicates. The 
experiment was done as N=2 independent biological repeats. AKN1 GFP-PRH-Myc cells have 
significantly more cell number on day 12 compared to control cells (p=0.0003). Two-way 
ANOVA statistical analysis with multiple comparisons was performed. Error bars represent 
SEM. (B) Doubling time calculated from the linear part of the growth curve as N=2 independent 
biological repeats showing a significant shorter time required for cell doubling in AKN1 GFP-
PRH-Myc, compared to control cells (p= 0.0305). Analysis was done using one-tailed unpaired 
student t-test. Error bars represent SEM. 

To examine cell proliferation, we performed EdU incorporation assay. This 

assay relies on the cells incorporating synthetic EdU into their DNA during 

DNA synthesis while transitioning through the S phase of the cell cycle to 

reflect cell proliferation. We performed the assay as described in the method 
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chapter. The results indicated that over 2 hours AKN1 GFP-PRH-Myc cells 

showed a greater number of cells (≈50%) transitioning through the S phase 

than AKN1 GFP cells (p= 0.0044) (figure 3-9).  
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Figure 3-9 GFP-tagged PRH expression in AKN1 cells induces cell proliferation.  

EdU incorporation assay shows significantly more proliferative activity in AKN1 GFP-PRH-
Myc cells compared to control cells. Cells were incubated with EdU for 2 hours and the Click-
IT reaction was detected by measuring the absorbance of the colour produced from the 
addition of an OPD substrate for HRP-conjugated antibody at 450 nm. Correction to cell 
number was achieved by crystal violet normalisation. Absorbance was normalised to cell 
number and then to 1 for comparison. The assay was performed as N=3 independent 
biological repeats and analysed using two-tailed unpaired student t-test. (p= 0.0044). Error 
bars represent SD. 

We concluded that GFP-tagged PRH expression promotes cell proliferation in 

AKN1 cells.  

3.2.3 Morphological characterisation of AKN1 GFP-PRH-Myc cells  

Studying the morphology of cells gives an important indication of cell 

phenotype and biological activities. Brightfield imaging showed that AKN1 
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GFP cells were clustered and flattened, whereas AKN1 GFP-PRH-Myc cells 

were slightly elongated with less cell-cell cohesion (figure 3-10).  

 



 

 

167 

 

Figure 3-10 GFP-tagged PRH expression induces mesenchymal-like morphology in 
AKN1 cells.  

Morphology of clustered epithelial AKN1 GFP cells and mesenchymal-like AKN1 GFP-PRH-
Myc cells (red arrows) on brightfield images acquired at 1.5X magnification using a Leica 
DMI3000 B fluorescence microscope. Scale bars 100 µm. 
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To have a better view of the impact of GFP-tagged PRH expression on AKN1 

cells morphology, we probed fixed samples of AKN1 GFP and AKN1 GFP-

PRH-Myc cells with PRH and Vimentin antibodies after which we acquired 

microscopic imaging using a confocal Leica DMI4000B microscope. To ensure 

obtaining a true expression intensity measurement from the images, we 

acquired the images using the same settings for laser excitation power, 

exposure, gain, pinhole size, and magnification. We also imaged cells of 

negative controls where a primary antibody was not used to exclude interfering 

signals from the secondary antibodies.  

To statistically analyse the findings, we used the software FIJI to extract and 

analyse data from the images (450). We first processed all the images to 

remove the background and exclude false positive signals. We used the 

average intensity of at least five negative control images where no primary 

antibodies were added. This background subtraction created processed 

images ready for analysis. To produce representative images, we adjusted the 

brightness and contrast equally across the images. We generated a composite 

image of all the channels. Then, we used the plugin (Figure Combine pt2) 

created by Dr Kenton Arkil to make a compiled image (451).  

As seen in (figure 3-11–A), our images included DAPI in blue, GFP in green, 

PRH in red, and Vimentin in cyan. Visual inspection of the cells revealed 

completely green cells for both cell lines, but less cytoplasmic and more 

nuclear for AKN1 GFP-PRH-Myc cells (figure 3-11-A-green). In addition, there 

was also a punctuated form of PRH expression in both cell lines (figure 3-11-

A-red), more prominent in AKN1 GFP-PRH-Myc cells. Moreover, GFP-tagged 
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PRH expression induced a similar punctuated form of Vimentin (Figure 3-11-

A-cyan) which seemed to appear when the cells adopt a mesenchymal shape. 
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Figure 3-11 Morphological analysis of AKN1 GFP and AKN1 GFP-PRH-Myc cells using 
immunofluorescence imaging.  

(A) AKN1 GFP images show polygonal cells. (B) AKN1 GFP-PRH-Myc images show 
elongated cells with more PRH and Vimentin visualised compared to control cells. Cells were 
fixed with 4% FA and labelled with PRH and Vimentin antibodies along with nuclear DAPI 
staining. Images were acquired sequentially for n= 59 cells using a confocal Leica DMI4000B 
microscope at 63X magnification. Scale bars 20 µm. Laser power, gain, exposure, and pinhole 
were the same throughout the imaging. Expression intensities represented in violin plots show 
significant increase in expressions of (C) PRH p= 4.00e-04 and (D) Vimentin p= 5.64e-04 in 
AKN1 GFP-PRH-Myc cells compared to control cells. Shape descriptor scores show AKN1 
GFP-PRH-Myc cells significantly less (E) circular p= 0.003 compared to control cells. (F) GFP-
tagged PRH expression induces cell stretching and elongation in AKN1 cells p= 0.001. 
Ordinary t-test analysis was performed, and error bars represent SD. 

To statistically analyse the images, we relied on the combination of GFP and 

PRH channels to threshold (segment) the image and define our ROI as black 

regions over a white background. We measured the mean intensity for both 

PRH and Vimentin (n=59 cells). The data indicated a significant increase in 
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PRH staining (p= 4.00e-04) and Vimentin staining (p= 5.64e-04) expression in 

AKN1 GFP-PRH-Myc cells compared to control cells (figure 3-11 C and D).  

To statistically analyse the change in cell morphology, we used shape 

descriptor scores circularity and aspect ratio available on FIJI (450). To 

analyse cell circularity, FIJI applies the formula [circularity=4π 

(area/perimeter^2)] on pre-selected ROI. A score value of 1.0 implies a perfect 

circle, while values closer to 0.0 indicates leaning towards an elongated 

shape. The other shape score we used on FIJI was aspect ratio which 

calculates the ratio of major axis (L) to minor axis (s) of a pre-selected ROI. 

Aspect ratio takes into consideration maximum and minimum Feret’s 

diameters, i.e. longest and shortest distances between points on the selected 

boundary, respectively. Our results indicated that on average there were 

significantly fewer circular cells (p= 0.003) (figure 3-11-E) and more elongated 

cells (p= 0.001) (figure 3-11-F) in the AKN1 GFP-PRH-Myc population 

compared to AKN1 GFP population. This implied that GFP-tagged PRH 

expression induces a substantial increase in cell elongation. 

Since Vimentin was seen induced in AKN1 GFP-PRH-Myc cells, we examined 

E-Cadherin expression using Western blotting on the same lysate from (figure 

3-7-B). The results showed a small but statistically significant increase in E-

Cadherin expression (p= 0.0135) in AKN1 GFP-PRH-Myc cells compared to 

control cells (figure 3-12). 
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Figure 3-12 GFP-tagged PRH expression induces E-Cadherin expression in AKN1 cells.  

E-Cadherin in AKN1 GFP and AKN1 GFP-PRH-Myc whole cell protein extracts probed with 
E-Cadherin antibodies. Densitometry analysis for both GFP-tagged PRH and E-Cadherin 
show a significant increase in AKN1 GFP-PRH-Myc compared to control cells (E-Cadherin p= 
0.0135). Β-Actin was used to show protein loading. WB was performed in N=3 independent 
biological repeats and normalised to 1 for comparison. Two-tailed unpaired student t-test 
analysis was performed [P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***)]. Error bars represent SD. 

Altogether, the data indicated that GFP-tagged PRH expression in AKN1 GFP-

PRH-Myc cells induced some morphological changes. 

3.2.4 AKN1 cells expressing GFP-tagged PRH increases cell migration 

and cell invasion  

To assess whether we have a change in cell migration ability, we performed 

transwell migration (chemotaxis) experiments as described in the method 

chapter. In brief, we seeded 1X105 cells on the apical side of Boydon chamber 

inserts that have porous membranes. We subjected the cells to a 2%-10% 

FBS gradient across the membrane in presence of 1 mM of Hydroxyurea 

which prevents cell proliferation. Hydroxyurea blocks ribonucleotide reductase 

which is important to produce nucleic acids. Therefore, Hydroxyurea arrests 

the cell cycle to exclude the effect of cell division on the number of migrated 
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cells. We estimated the number of migrated cells by interpolating the 

fluorescence of CalceinAM-stained cells on the basal side of the insert from a 

standard curve plotted from serial dilution of cells labelled with CalceinAM. To 

calculate the migration percentage, we divided the estimated cell number by 

the seeding quantity using the equation:   

𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 % =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑜𝑛 𝑏𝑎𝑠𝑎𝑙 𝑠𝑖𝑑𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 
 × 100 

Figure 3-13 shows that there was a significant increase in the migration rate 

of AKN1 GFP-PRH-Myc cells in comparison to the control cells (p= 0.0498). 

 

Figure 3-13 GFP-tagged PRH expression significantly increases AKN1 transwell 
migration (chemotaxis).  

1X1053 cells were seeded on a transwell insert and left to migrate under the influence of a 
(2%-10%) FBS gradient across a porous membrane for 72 hours in the presence of 1mM 
antiproliferative Hydroxyurea throughout the assay. Cells on basal side of the inserts 
(migrated cells) were labelled with 8 µM Calcein AM.  Percentage of migrated cells were 
interpolated from a standard curve generated by using a serial dilution of AKN1 cells stained 
with 8 µM Calcein AM. The experiment was performed as N=4 independent biological repeats 
and analysed using a two-tailed unpaired student t-test. p= 0.0498 and error bars represent 
SD.  

To investigate cell invasiveness, we performed N=2 independent biological 

transwell invasion experiments as detailed in the method section. In brief, we 

seeded 5X104 cells on the apical side of a Boyden chamber insert coated with 

a thin layer of 2 mg/ml Matrigel. As in the chemotaxis experiments, we created 
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a 2%-10% FBS gradient with 1 mM Hydroxyurea across the porous 

membrane. To count the number of invading cells, we fixed the cells on the 

basal side of the insert with 4% FA before staining them with DAPI. We 

acquired several images representing different views of the membranes using 

a Leica DMI3000 B fluorescence microscope. Then, we counted the total 

number of DAPI stained nuclei and divided it by the number of imaged fields 

using the equation: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐼𝑛𝑣𝑎𝑠𝑖𝑜𝑛 =   
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑜𝑛 𝑏𝑎𝑠𝑎𝑙 𝑠𝑖𝑑𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑒𝑙𝑑𝑠
  

Figure 3-14 shows that AKN1 GFP-PRH-Myc cells appeared significantly 

more invasive than the control AKN1 GFP cells (p= 0.0494). 

 

Figure 3-14 GFP-tagged PRH expression induces a significant increase in AKN1 
transwell invasion.  

5X104 cells were seeded on a transwell insert coated with a thin layer of 2 mg/ml Matrigel and 
left to migrate under the influence of a (2%-10%) FBS gradient across a porous membrane 
for 72 hours in presence of 1mM antiproliferative Hydroxyurea throughout the assay. Cells on 
basal side of the inserts (invaded cells) were fixed with 4% FA and labelled with DAPI. Average 
cell invasion per view field was calculated from N=2 independent biological repeats and 
analysed using a one-tailed paired student t-test. p= 0. 0.0494 and error bars represented 
SEM. 
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Taking the findings together, these data indicated that AKN1 GFP-PRH-Myc 

cells are more migratory and more invasive compared to the control cells that 

expressed GFP alone. Both biological processes are important for cancer cells 

to find their way through the surrounding ECM and metastasise.  

3.2.5 Issues between early and late passages of AKN1 GFP and AKN1 

GFP-PRH-Myc clone D 

Earlier in this chapter we showed how we generated AKN1 cells expressing 

GFP-tagged PRH, and the measures we took trying to maintain GFP 

expression by G418 selection and FACS single cell sorting. We successfully 

characterised GFP-tagged PRH expression in AKN1 cells in comparison to 

the control cell line. However, in most of the experiments we needed early 

passages of the cell lines in which GFP-tagged PRH was expressed at high 

levels. We experienced a gradual decline in GFP-tagged PRH expression that 

started taking place after the fifth passage of the cells. We even had a marked 

reduction of GFP-tagged PRH expression after the seventh passage where 

the ratio of GFP-expressing to non-GFP expressing cells was very low. The 

control cell line AKN1 GFP was also going through a similar loss of GFP 

expression, but at a slower rate. To show examples of some challenges 

regarding GFP-tagged PRH expression in later passages, we included here 

the status of PRH expression at mRNA and protein levels. We also added data 

from EdU incorporation assays at early and late passages. For late passages 

experiments, we used cells from passages later than 7.  

Previously, we presented data demonstrating PRH expression at mRNA and 

protein levels in samples prepared from early passages of sorted AKN1 GFP 
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and AKN1 GFP-PRH-Myc cells (section 3.2.1 - figure 3-7). However, when we 

tested cDNA and protein lysates prepared from late passages, we detected 

no significant difference at mRNA levels (p= 0.6148) and various levels of 

GFP-tagged PRH protein expressions in different passages (figure 3-15).   

 

Figure 3-15 Late passages of clone D AKN1 GFP-PRH-Myc cells show no change in 
PRH mRNA levels and various GFP-tagged PRH protein levels.  

(A) PRH mRNA relative fold expression showing little alteration in PRH mRNA in AKN1 GFP-
PRH-Myc compared to control cells (n=5, p= 0.6148). RT-qPCR was performed in N=5 
independent biological repeats and normalised to 1 for comparison. Two-tailed unpaired 
student t-test analysis was performed. Error bars represent SD. (B) A representative Western 
blotting image of AKN1 GFP and AKN1 GFP-PRH-Myc whole cell protein extract probed with 
GFP antibody. Protein extracts was prepared from 3 different AKN1 GFP-PRH-Myc cell 
populations. β-Actin was used to show protein loading.  

To see an example of challenges we faced with investigating the GFP-tagged 

PRH expression phenotype in AKN1 cells, we used EdU incorporation assay 
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to examine cell proliferation. Figure 3-16 shows the difference in cell 

proliferation between early (A) and late (B) passages of the cells. There was 

a statistically significant increase in the proliferation of early passages AKN1 

GFP-PRH-Myc cells compared to control cells (p= 0.0044), while cells from 

late passages showed a much smaller difference if any (p= 0.8904). 

 

 

Figure 3-16 The reduction in cell proliferation of AKN1 GFP-PRH-Myc cells in later 
passages.  

(A) shows the previous EdU incorporation assay of AKN1 stably expressing GFP-tagged PRH 
where they are significantly more proliferative compared to their control (p= 0.0044). (b) A late 
passage (beyond 7) EdU incorporation assay showing no difference in proliferation. Cells 
were incubated with and without EdU for 2 hours and the Click-IT reaction was detected by 
measuring the absorbance of the colour produced from the addition of an OPD substrate for 
HRP-conjugated antibody at 450 nm. Absorbance was normalised to cell number and then to 
1 for comparison. EdU Assay was performed as N=3 independent biological repeats and 
analysed using two-tailed unpaired student t-test (p= 0.8904) error bars represent SD. 

Altogether, these data suggested that GFP-tagged PRH expression is stable 

up to around passage 5 and then it starts to decline to undetectable levels. In 

general, we had mixed population AKN1 GFP and AKN1 GFP-PRH-Myc cells.  
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3.3 Discussion 

The aim in this chapter was to generate a human immortalised AKN1 cells 

expressing GFP-tagged PRH for phenotype characterisation and further future 

experiments. This work was performed in parallel with collaborators (Kitchen 

et al.) who reported that PRH acts as an oncoprotein in CCA cells producing 

cellular phenotypes associated with tumour growth and progression (215). We 

used cumulative growth and EdU incorporation assays for cell growth and 

proliferation, respectively. We acquired immunofluorescence images to 

assess cell morphology. We also performed transwell migration and invasion 

assays for cell migration and cell invasion, respectively. Finally, we reported 

data reflecting the issue we encountered with GFP and GFP-tagged PRH 

expression in AKN1 cells. 

AKN1 cells are immortalised cholangiocytes isolated from a normal liver 

initially meant for donation (406). Cell characterisation revealed that the cells 

underwent neoplastic transformation with abnormal karyotypic changes of 

chromosomes 2 and 8 that led to their immortalisation (406). Although AKN1 

cells are reported to have an accumulation of p53 protein, there is no evidence 

of p53 gene mutation (406). There are no reports on the cells originally 

harbouring neoR gene (confers resistance to neomycin or G418) or other gene 

mutations which may influence the genetic stability of AKN1 cells. Yet, the 

accumulation of p53 proteins may have an impact on cell cycle progress and 

apoptosis. In turn, this might reduce the efficacy of transient transfection in the 

cells, decrease the number of cells integrating the overexpressed transgene 

for stable transfection, and affect the response to G418 antibiotic selection. 
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These issues might have contributed to stability of GFP-tagged PRH 

expression in AKN1 cells.  

The level of PRH overexpression in AKN1 GFP-PRH-Myc cell line was evident 

at both mRNA and protein levels. This was consistent with the level of 

expression reported by Kitchen et al. (215). We single-sorted the cells in 

addition to G418 antibiotic selection to maintain GFP-tagged PRH expression 

in a monoclonal cell line. Monoclonality in cell lines is associated with the 

benefits of genetic homogeneity which minimises the variability in the 

biological behaviours between the cells (452). In addition, monoclonality often 

ensures more expression stability which makes them preferred over polyclonal 

cell lines for long-term experiments (453). We only managed to characterise a 

single clone when it is ideal to characterise at least three separate clones to 

make an unequivocal conclusion in the context of GFP-tagged PRH 

expression. Arguably, polyclonal transfected cell lines have the advantage of 

reflecting the tumour heterogeneity through their diverse cellular makeup 

particularly after cell sorting. The cells are able to generate a wide range of 

responses to treatments making them fit for drug sensitivity studies (454). 

While such environment would have been a good option for our project, we 

needed the FACS single-cell sorting to maintain GFP expression in our cells. 

We still have the option to characterise the other clones for AKN1 expressing 

GFP-tagged PRH from FACS sorting to confirm our current findings and 

compensate for not using polyclonal transfected cell lines. FACS sorting itself 

has been reported to introduce oxidative stress and cause metabolic changes 

in the cells independent of the treatment (455). These changes may affect the 
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biological behaviour of cells including cells transformation. While this outcome 

is extremely unlikely, we still cannot exclude its occurrence in our cells post 

sorting. 

GFP-tagged PRH significantly induced cell growth and cell proliferation in 

AKN1 cells. Sustained cell proliferation is an important hallmark of cancer cells 

(6). Our results came in agreement with the role of PRH as an oncoprotein in 

CCA cells where it was found to act as an oncoprotein promoting tumour 

growth and progression (215). PRH was also reported to act as an oncoprotein 

in acute T cell lymphoblastic lymphoma where PRH was upregulated by LMO2 

oncogene (266). Moreover, PRH interacted with the complex YAP/TEAD4 in 

HCT-116 cells and promoted their tumorigenesis (243). This interaction was 

associated with poor prognosis in colorectal cancer (243). In contrast, in other 

studies, PRH was seen to act as a TSG. We mentioned in the introduction that 

PRH expression also inhibits cell proliferation. PRH overexpression inhibited 

the action of EIF-4E and reduced cell proliferation in leukaemia cells (233, 255, 

261). In addition, PRH overexpression in a hepatoma cell line resulted in 

increased expression of TP53 and RB, and decreased expression of Bcl2 

proto-oncogenes. Subsequent In vivo work in nude mice revealed that these 

cells prevented tumour formation in the liver (230). Therefore, PRH can 

promote and inhibit cell growth and proliferation. Beside cell growth and cell 

proliferation, we examined the changes in cell shape and whether we had 

changes in cells migratory and invasive abilities. We showed that AKN1 GFP-

PRH-Myc cells tended to depict mesenchymal-like cell shape with less cell-

cell cohesion. Interestingly we only detected an upregulated Vimentin 
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expression through the immunofluorescence staining of AKN1 GFP-PRH-Myc 

cells. Vimentin appeared in cells that were elongated and strongly expressing 

PRH, but less prominent when cells were expressing PRH while in a 

transitioning shape between epithelial and mesenchymal-like cells. The 

expression of Vimentin in our cells, although mostly limited to the cell nucleus, 

was similar to the reports on early stages of Vimentin organisation when 

overexpressed in MCF7 cells (335). The authors reported that Vimentin was 

expressed as particles and squiggles (335). As we mentioned in the 

introduction, Vimentin goes through a multistep process to assemble its 

monomers into a cytoskeletal network (317). Vimentin is a well-known 

mesenchymal cell marker that when it is upregulated, there is usually an 

induction of EMT (273). Surprisingly, GFP-tagged PRH also significantly 

induced E-Cadherin expression at mRNA and protein levels. E-Cadherin is a 

well-known epithelial marker that is usually downregulated in EMT (83). 

Although GFP-tagged PRH slightly induced Vimentin while persistently 

expressing E-Cadherin, AKN1 GFP-PRH-Myc cells were showing increased 

migration and invasion rates. Our Vimentin and E-Cadherin expression levels 

were not consistent with the level of expression reported by Kitchen et al. in 

their study where they reported that PRH overexpression in AKN1 cells 

downregulated E-Cadherin and upregulated Vimentin at both mRNA and 

protein levels (215). However, GFP-tagged PRH still increased cell migration 

and cell invasion which agreed with the published data (215). Other published 

data reported that TGF-β downregulated PRH which was associated with 

decreased E-Cadherin expression in PC3 prostate cancer cells and normal 
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PNT2-C2 cells where that induced cell migration in both cell lines (456).  

In addition, PRH downregulates EMT in breast cancer by repressing GSC 

(264). PRH overexpression was also reported to inhibit cell migration and cell 

invasion of MDA-MB-231 breast cancer cells (260). PRH. AKN1 GFP-PRH-

Myc cells were in transition between epithelial and mesenchymal states, with 

induced Vimentin and E-Cadherin expression. However, the literature reported 

that mixed findings of both EMT and MET markers is common in invasive 

cancer cells (93). Such a picture is referred to as partial EMT, hybrid EMT-

MET, or incomplete EMT (93). We could take our cells for further aim to 

investigate whether our AKN1 GFP-PRH-Myc display this phenomenon. We 

could perform detailed molecular characterisation of more EMT markers using 

RT-qPCR and Western blotting. In addition, detailed transcriptomic analysis 

can identify gene set enrichment associated with partial EMT.  

It is important to mention that cell morphology analysis through 

immunofluorescence staining requires staining the cell cytoskeleton to give an 

insight into the shape of the cells under investigation. We relied on GFP 

expression to define the ROI when we applied the shape descriptors on FIJI. 

GFP expression for cell morphology analysis was found valid before when it 

was exploited to analyse neuronal cells morphology (457). 

We encountered issues regarding the longevity of GFP-tagged PRH 

expression beyond passage 5 to 7. We initially had high level of GFP-tagged 

PRH expression in our cells, but it declined as the cells grew older. However, 

Kitchen et al. managed to maintain a stable expression of PRH in their study 

(215). Although we used a common transfection method to express GFP-
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tagged PRH, we cannot guarantee 100% level of success as cells tend to 

show variability in their responses to gene manipulation. AKN1 GFP-PRH-Myc 

cells at higher passages experienced a dramatic drop in PRH mRNA 

expression that closely matched the basal level of expression. That was 

associated with various degrees of reductions in GFP-tagged PRH at protein 

levels. This was reflected on the phenotype as well where there was a 

reduction in cell proliferation to a level that almost matched the control AKN1 

GFP cells. Loss of GFP-expressing cells could be attributed to various reasons 

such as unstable genomic integration of the transgene, epigenetic 

modifications including promoter methylation, or loss of integrity of the 

transgene. Alternatively, this might be due to a post-translational modification 

leading to protein degradation.  

One significant limitation in our approach is characterising a single clone of 

AKN1 expressing GFP-tagged PRH (clone D) due to time and fund restriction. 

Without confirming the findings by validating more clones of the cell lines we 

cannot guarantee observation reproducibility or generalise the findings to the 

whole population due to genetic and epigenetic variations between the clones. 

We previously mentioned that monoclonal cell lines ensure findings 

homogeneity within the single population, but they lack tumour diversity 

representation (454). Moreover, initial screening of all clones my induce bias 

selection toward the clone taken forward for further experiments. Yet, these 

limitations could be overcome by including the other clones for 

characterisation as well as the polyclonal sorted cells.  
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Also, we relied on a single method for plasmid transfection using PEI when 

there are alternative methods that might be superior to PEI transfection of 

AKN1 cells. Lipid-based reagents like Lipofectamine and Fugene can facilitate 

the uptake of plasmid into the cells for reliable results with minimised toxicity 

(458). Inducible viral transduction is another method to consider for inducing 

controllable levels of GFP-tagged PRH expression. 

Another controversial limitation is the use of a plasmid containing a gene 

expressing GFP in its backbone. While it has the advantage of rapid 

monitoring the transfection in live cells using live microscopy, it caused some 

confusion with the immunofluorescence investigation of protein localisation. 

This could be avoided by either trying a control plasmid without GFP or label 

the cells with antibody against GFP to provide a reference on how the cells 

look after transfection prior to PRH and Vimentin immunofluorescence. In 

addition, GFP has been reported to induce cell toxicity and death (459). 

When it comes to longevity of GFP-tagged PRH expression, our cells went 

through several days of recovery and growth expansion after FACS single-cell 

sorting. This was accompanied by loss of expression and phenotype toward 

later passages. This could be solved by using the cells after transient 

transfection or making a polyclonal cell line of the sorted cells for rapid growth 

expansion and heterogeneity preservation of the cell line. It would be 

beneficial to further investigate the reasons affecting the longevity of GFP-

tagged PRH expression and to salvage the remaining stocks of monoclonal 

AKN1 GFP-PRH-Myc cells and use them for the detailed reassessment of 

EMT markers and cell morphology. Further experiments where AKN1 GFP-
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PRH-Myc cells could be exploited include transwell extravasation experiments 

to study the effect of PRH on AKN1 cells ability to adhere and cross the 

endothelial cells. Moreover, the cells could be taken further to in vivo work to 

study the effect of GFP-tagged PRH in AKN1 cells on tumour growth. 

To summarise, we generated an AKN1 GFP-PRH-Myc cell line that we used 

to validate published in vitro key results of PRH expression in CCA. In general, 

our findings have come in agreement with the published data. GFP-tagged 

PRH expression in AKN1 cells promotes growth and proliferation rates. It also 

induces cells migration and invasion. In addition, we added to the current 

knowledge microscopic data showing how PRH is expressed in 

immunofluorescence imaging and how that influenced cell morphology and 

the expression of the Vimentin EMT marker protein. Published data reported 

that PRH exerts oncogenic and tumour suppressing effects on cells. PRH is a 

transcription factor that acts as an oncoprotein with tumour suppressing 

functions.  
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4 Chapter 4: The investigation of PRH and Vimentin 

localisation in CCA cells  

4.1 Introduction  

In the previous chapter we generated AKN1 cell lines expressing either GFP 

alone or GFP-tagged PRH. We confirmed that PRH overexpression in AKN1 

cells promotes cell growth and proliferation rates. We also showed that PRH 

overexpression drives phenotypic changes resembling partial EMT and 

increases cell migration and invasion. Published RNAseq data obtained 

following overexpression of PRH in CCA cells indicated that PRH enriches 

gene sets and pathways important for CCA progression including EMT and 

cell migration (215). One specific interesting target gene for PRH in CCA is 

VIM, which encodes the cytoskeletal protein Vimentin (273, 460). Vimentin is 

a well-known mesenchymal marker that is crucial for numerous cellular 

functions contributing to cancer metastasis, e.g. EMT regulation (359), cell 

migration (326, 461), and cell proliferation (383, 384, 462).  

Dr Ka Ying Lee has demonstrated that PRH has a peak at the VIM gene in 

ChIPseq data (figure 4-1). Dr Lee also showed that Vimentin is a potential 

protein partner among several others for PRH using mass spectrometry (figure 

4-2). Moreover, Dr Lee confirmed this PPI using a co-immunoprecipitation 

assay in CCLP Myc-PRH and CCLP AdEmpty cellular fractions (figure 4-3) 

(269).  These data suggest that Vimentin may play a role in the regulation of 

gene expression by PRH. We mentioned in the introduction that Vimentin 

regulates the expression of p21Waf1 in Neuroblastoma cells (463). 
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Figure 4-1 ChIPseq track of CCLP Myc-PRH visualised on UCSC genome browser.  

There are multiple peaks for PRH at VIM gene. Data generated by Ka Ying Lee and 
Jayaraman. 
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Figure 4-2 Vimentin is identified as a protein partner for PRH in CCLP Myc-PRH mass 
spectrometry.  

(A) Silver staining of CCLP Myc-PRH subcellular nuclear and cytoplasmic (cyto) fractions 
immunoprecipitation using anti Myc-tag antibody. (B) Mass spectrometry corresponding to 
band number 2 on the silver staining gel. Data generated by Ka Ying Lee and Jayaraman. 

 

Figure 4-3 PRH interacts with Vimentin in the cytoplasmic and nuclear fractions of 
CCLP Myc-PRH cells. 

 (A) Western blotting showing an CoIP using Myc antibody in CCLP cells infected with an 
adenovirus expressing Myc-PRH or Ad-empty. An antibody against Vimentin was used to 
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probe for Vimentin. Antibodies against Tubulin and Lamin were used to confirm cytoplasmic 
and nuclear fractions, respectively. 20% of the input was loaded into the gel. The CoIP was 
done as N=2 with similar outcomes. (B) Western blotting showing an CoIP using Vimentin 
antibody in CCLP Myc-PRH or CCLP Ad-empty. An antibody against Myc-tag was used to 
probe for PRH. Antibodies against Tubulin and Lamin were used to confirm cytoplasmic and 
nuclear fractions, respectively. 20% of the input was loaded into the gel. The CoIP was done 
as N=2 with similar outcomes. Data generated by Ka Ying Lee and Jayaraman. 

In this chapter, we show the stepwise approach we followed to visualise and 

explore the subcellular distribution of PRH and Vimentin, as well as investigate 

and characterise potential PRH-Vimentin adjacent localisation in CCLP1 cells. 

CCLP1 cells have high abundance of both PRH and Vimentin at mRNA and 

protein levels (215). This should make it easier to investigate and visualise 

PRH-Vimentin expression and distribution before examining PRH-Vimentin 

sub-cellular localisation upon overexpressing PRH e.g. AKN1 cells. We initially 

used high-resolution confocal microscopy for immunofluorescence imaging 

and escalated to using super-resolution PALM dSTORM microscopy.to 

acquire better quality images Providing visual evidence to pre-existing 

knowledge of PPI could provide further support for the physical interaction, 

and also elaborate on the molecular arrangements of the interacting proteins 

together and in relation to the surrounding components e.g. nuclear chromatin 

(413). Evidence of nuclear TF-protein localisation near an open chromatin is 

crucial to support hypotheses of the role of such interaction or the partner 

proteins in nuclear-specific biological process that are dysregulated in cancer 

e.g. transcription regulation, signal transduction, and DNA repair (464). In turn, 

this could serve future work aimed at uncovering biomarkers or therapeutic 

targets for cancer diagnosis and treatment.  
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Finally, we provide Fluorescence Correlation Spectroscopy (FCS) data on the 

dynamics of GFP and GFP-PRH in AKN1 cells.  
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4.2 Results 

4.2.1 PRH is expressed in the nuclei and cytoplasm of CCLP1 cells 

To pave the way for PRH-Vimentin spatial localisation studies in CCA cells, 

we wanted to first characterise the expression of PRH protein in these cells. 

We used immunofluorescence staining to label PRH in CCLP1 cells following 

the protocol detailed in the method chapter. We captured n=40 Z-stacks 

images of our stained CCLP1 cells as well as imaged cells that we did not 

incubate with PRH antibodies for background subtraction purpose. We 

analysed the images using FIJI (7).  

For analysis purposes, whenever 2D images were needed, we converted the 

stacks into 2D images using the tool Z-projection (SUM) in Fiji to sum up the 

expression from all the stacks into a single flat image (7). To exclude false 

positive expression, we first processed all the images to remove the 

background. We used the average intensity of at least five negative control 

images where no primary antibodies were added. This background subtraction 

created processed images ready for any desired analysis. To measure nuclear 

and cytoplasmic PRH intensities, we segmented the PRH channel to define 

ROI using the tool threshold (7). First, we used the filters Gaussian Blur or 

Mean to smoothen the edges which makes it easier to threshold. Then, we 

used the threshold (Otsu mainly) to highlight the areas of analysis. We 

followed segmentation with “make binary” tool, binary filters, and “create 

mask” tool to create a black ROI over a white background for ROI selection. 

Whenever we had cellular overlaps, we used the tool watershed to separate 
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the clumping. We applied the process to nuclear DAPI staining and used the 

nuclei as masks to identify nuclear PRH in PRH channels. We also made 

masks for the entire cell minus the nuclear region for cytoplasmic PRH 

evaluation. We relied on the PRH channel to draw a tracing line around our 

cells for intensity measurement and statistical analysis purposes. Applying 

these steps should exclude the background areas that would be sources of 

noise signals. We measured mean grey intensity for nuclear and cytoplasmic 

PRH separately. To produce representative images, we adjusted the 

brightness and contrast of colours, after the background subtraction step, 

equally across the images. We generated a composite image of both DAPI 

(blue) and PRH (red). We used the plugin (Figure Combine pt2) created by Dr 

Kenton Arkil to make a compiled image (451). Finally, we added scale bars 

and exported the images for presentation. 

Figure 4-4 shows a representative image of CCLP1 cells stained for DAPI and 

PRH illustrating the extent of PRH distributions in the cells where DAPI was 

presented in (blue) and PRH in (red). On visual inspection of the images, PRH 

staining was distributed in both nuclear and cytoplasmic regions of CCLP1 

cells, but more strongly in the former. PRH appeared as a mix of foci and 

speckles of various sizes in both compartments, but more prominent in the 

nuclear regions (referenced by DAPI) 
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Figure 4-4 PRH expression in CCLP1 cells. 

Images of CCLP1 cells stained for PRH and DAPI. Cells were fixed with 4% FA and labelled 
with PRH antibody along with nuclear DAPI staining. Images were acquired sequentially for 
n= 40 cells using a confocal Leica DMI4000B microscope at 63X magnification. Scale bars 20 
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µm. Laser power, gain, exposure, and pinhole were the same throughout the imaging. 
Expression intensities represented in violin plots show significantly higher in expression of 
nuclear PRH (p<1e-10) compared to cytoplasmic PRH. Ordinary t-test analysis was 
performed, and error bars represent SD. 

To statistically illustrate the difference of PRH expression between the nuclear 

and cytoplasmic regions in the cells, we used the nuclear and cytoplasmic 

masks we created to choose the areas where we measure the signal 

intensities in the desired ROI.  The violin plot in (figure 4-4) shows a significant 

increase of nuclear PRH intensity compared to cytoplasmic PRH (p <1e-10). 

This confirms that PRH is a predominantly nuclear protein in these cells.  

To better visualise the spatial distribution of nuclear PRH in relation to DNA 

(chromatin), we examined magnified images of the nuclear region. Figure 4-

5-A shows an illustration of XYZ image acquisition of cells using a confocal 

Leica DMI4000B microscope at 63X magnification. This allowed us to examine 

the sub-planes of the imaged cells with the best DAPI staining to exclude noise 

from PRH expression localised outside the nuclear region. In (figure 4-5-B), 

we created a montage of the twenty Z-stacks using the tool (Make Montage 

(7)) where sections 9 to 11 represent the best nuclear planes to investigate 

nuclear PRH. Finally, in (figure 4-5-C-E) we provided representative images 

of DAPI (blue) and PRH (red) where PRH seemed to form spots of various 

sizes throughout the nuclear region away from condensed blue staining. This 

indicates that PRH aggregates away from heterochromatin in the nucleus. 
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Figure 4-5 Nuclear PRH aggregates away from DAPI dark-stained regions 
(heterochromatin).  

(A) An illustration of Z-stack images acquisition. (B) All the stacks of an example cell presented 
as a Montage. (C) Immunofluorescence images of CCLP1 cell stained for PRH and DAPI 
showing that PRH appears as speckles distributed throughout the cells. Scale bar 20 µm. (D) 
and (E) are enlarged views for two nuclei from (C) showing the strong expression of PRH 
within DAPI staining regions. PRH aggregates away from dark-stained DAPI 
(heterochromatin). Scale bar 5 µm. Cells were fixed with 4% FA and labelled with PRH 
antibody along with nuclear DAPI staining. Images were acquired sequentially for n= 40 cells 
using a confocal Leica DMI4000B microscope at 63X magnification. Laser power, gain, 
exposure, and pinhole were the same throughout the imaging.  

4.2.2 PRH and Vimentin spatial localisation in the nuclear and 

cytoplasmic compartments of CCLP1 cells 

To investigate the potential for PRH-Vimentin to spatially exist in close 

distance (overlap), we needed first to study the extent of Vimentin distribution 

in CCLP1 cells. We examined Z-stack images representing CCLP1 cells co-

probed with PRH and Vimentin antibodies. We followed the same steps from 

the previous section to prepare the images for analysis; qualitative and 
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quantitative. Figure 4-6-A shows the sequential acquisition of DAPI (blue), 

PRH (red), Vimentin (green), merged PRH and Vimentin, and all three 

channels overlapped together (merged).  
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Figure 4-6 PRH and Vimentin show partial co-localisation in CCLP1 cells. 

(A) Images of CCLP1 cell co-stained for PRH and Vimentin showing both PRH and Vimentin are distributed throughout the cells. Cells were fixed with 4% FA 
and labelled with PRH antibody along with nuclear DAPI staining. Images were acquired sequentially for n= 40 cells using a confocal Leica DMI4000B 
microscope at 63X magnification. Scale bars 20 µm. Laser power, gain, exposure, and pinhole were the same throughout the imaging. (B) Enlarged view of 
Vimentin green channel showing some filaments extending into the nuclear region (white arrow). C) Expression intensities represented in violin plots showing 
significantly increased expressions of Vimentin in the cytoplasm (p= 5.23e-06) compared to the nuclear Vimentin. Ordinary t-test analysis was performed, and 
error bars represent SD.
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PRH (red) again appeared in both nuclear and cytoplasmic regions of the cells 

as punctuated foci and speckles of various sizes. Vimentin (green) assumed 

the classical filamentous form that extensively branched all over the 

cytoplasmic region representing the cytoskeleton and clearly demarcating the 

mesenchymal morphology of the cells. In addition, on a careful examination of 

the green channel Vimentin seemed to also extend into the nuclear region 

slightly (figure 4-6 – B white arrow).  

We previously reported in figure (4-4) that PRH is significantly more nuclear in 

CCLP1 cells (p <1e-10). To investigate the status of nuclear and cytoplasmic 

Vimentin, we used the nuclear and cytoplasmic masks we created to choose 

the areas where we measure the signal intensities in the desired ROI. The 

violin plot in (figure 4-6-C) shows significantly higher cytoplasmic Vimentin 

expression (p=5.23e-06). This confirms that Vimentin is a predominantly 

cytoplasmic protein in CCLP1.  

To investigate whether PRH-Vimentin co-exist spatially together, we used FIJI 

XYZ-orthogonal view and RGB profiler analysis on FIJI (7). XYZ-orthogonal 

view tool allows us to examine Z-stacks in three different planes 

simultaneously: XY, XZ, and YZ. To apply this on our images, we utilised the 

pre-processed images saved as Z-stacks forms. Then, using the XYZ-

orthogonal view tool in FIJI we traced PRH (red) and Vimentin (green) by 

locating yellow spots generated from the merge of red and green, hence PRH 

and Vimentin. This was done by controlling the sliding coordinate lines over 

the nuclear and cytoplasmic compartments in XY plane. If a yellow spot was 
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detected in the same location in all three planes: XY, YZ and XZ, it meant that 

PRH and Vimentin were located very close to each other (overlapped to the 

naked eye).  

We performed XYZ-orthogonal view on n=40 cells. Figures 4-7-A to C show 

example traced yellow spots in all three spatial planes within the cytoplasmic 

and nuclear regions in three different cells. In each group, we show a widefield 

image of the cells under investigation accompanied by an enlarged square 

inset to focus on a certain cell. We, then, show all the three planes for two 

yellow spots in both cytoplasmic and nuclear regions. Cytoplasmic orthogonal 

tracing of potential adjacent PRH-Vimentin in all the analysed images was 

more prominent and easily achieved than nuclear tracing since both PRH and 

Vimentin are abundant here. However, XYZ orthogonal tracing of potential 

PRH-Vimentin closely positioned in the nucleus was challenging due to very 

low Vimentin nuclear expression in comparison to PRH. We were able to align 

PRH and Vimentin in all three planes (XY, YX, and YZ) in the analysed images 

by detecting yellow spots from PRH and Viemntin existing in proximity of each 

other. These yellow overlaps were observed in separate locations within DAPI 

region mostly existing towards the nuclear periphery close to the nuclear 

membrane. Unlike cytoplasmic yellow spots tracing, some of the nuclear 

tracing showed minimal (XY, YX, and YZ) overlaps. Overall, the data indicate 

that PRH and Vimentin are spatially more adjacent in the cytoplasmic 

subcellular compartments than within the nuclei of CCLP1 cells1  
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Figure 4-7 PRH and Vimentin overlap in the cytoplasmic and to a lesser extent in the 
nuclear subcellular compartments of CCLP1 cells.  

Three examples of orthogonal view tracing lines in different planes (xy, xz and yz) of confocal 
microscope images used to analyse PRH-Vimentin overlapping. A ROI selection of a CCLP1 
cell is added as an enlarged view beside each full image. Each cell has two examples of 
nuclear and cytoplasmic PRH-Vimentin overlapping (yellow) traced in all three planes (xy, xz 
and yz). Cells were fixed with 4% FA and labelled with PRH and Vimentin antibodies along 
with nuclear DAPI staining. Images were acquired sequentially for n= 40 cells using a confocal 
Leica DMI4000B microscope at 63X magnification. Scale bars 20 µm and 10 µm. Laser power, 
gain, exposure, and pinhole were the same throughout the imaging. 
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Because it was a challenge to confirm the nuclear overlapping from XYZ-

orthogonal view examination, we used RGB profiler on FIJI as an additional 

method. This tool allows us to draw a line and generate a histogram profile 

across the cell where we visually see or suspect that there is PRH and 

Vimentin overlap (7). To apply the tool on our images, we again used pre-

processed images saved as Z-stack. We then chose the layers that had the 

best DAPI intensity which represented the nuclear compartment of the cells. 

We drew a line across the area where we see or suspect yellow spots. Then, 

we examined the histogram for overlapped peaks. The peak height is 

correlated to the intensity of fluorophore signal. Overlapped peaks give 

insights on where the overlapping is taking place under the traced section of 

the cell.   

Figures 4-8-A to D demonstrate the stepwise approach for RGB profiler 

analysis where (A) shows DAPI (blue), PRH (red), Vimentin (green), and all 

three channels overlayed together. Part (B) is a montage of the Z-stacks 

acquired showing planes 11 to 14 with best DAPI staining. We drew in section 

(C) of the figure the lines across three different nuclear regions for RGB 

profiling. Finally, part (D) shows each line accompanied by its intensity 

histograms. These histogram plots are coloured similar to the channels they 

represented; DAPI (blue), PRH (red), and Vimentin (green).  

Although RGB profiler confirmed the level of nuclear PRH and Vimentin 

expression where the histograms portrayed more nuclear PRH intensities than 

vimentin, this analysis was not conclusive regarding the nuclear PRH-Vimentin 

overlapping. In each histogram, DAPI (blue) exhibited sharp peaks defining 
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the nuclear region of the plot, whereas the negligible flat DAPI signals on either 

side indicated the cytoplasmic areas of the plots. Red PRH lines in all the plots 

showed varied sharp deflections within DAPI region as well as beyond DAPI 

region. This indicated that PRH can present in both nuclear and cytoplasmic 

subcellular compartments. Whereas green Vimentin lines showed tall peaks 

outside DAPI areas and very small ones within the nuclear part of the plots 

which reflected more cytoplasmic to nuclear Vimentin. Visual inspection of 

PRH and Vimentin peaks overlap was prominent in the cytoplasmic portions 

of each plot. However, nuclear peaks overlaps were difficult to assess due to 

the nuclear Vimentin expression level. The middle and bottom parts of (figure 

4-8-D) show cytoplasmic PRH-Vimentin overlaps extending slightly 

underneath DAPI lines at the periphery of the nuclear region that require more 

sensitive and higher resolution imaging techniques to confirm.  
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Figure 4-8 RGB profile analysis of PRH and Vimentin in the subcellular compartment of 
CCLP1 cells.  

(A) CCLP1 cells labelled for DAPI (blue), PRH (red), and Vimentin (green) showing both PRH 
and Vimentin are distributed throughout the cells. Cells were fixed with 4% FA and labelled 
with PRH antibody along with nuclear DAPI staining. Images were acquired sequentially for 
n= 40 cells using a confocal Leica DMI4000B microscope at 63X magnification. Scale bars 20 
µm. Laser power, gain, exposure, and pinhole were the same throughout the imaging. (B) Z-
stack montage showing the different layers of Z plane. (C) Three examples of tracing lines for 
PRH-Vimentin co-localisation using RGB profiler plot in FIJI. (D) Histogram plots of RGB 
profiling lines showing DAPI (blue) defining the nuclear region of the plot, PRH (red), and 
Vimentin (green). There is a strong expression intensity of PRH (red) and a weak intensity for 
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Vimentin (green). The peaks overlap clearly in the cytoplasmic region, and some extends 
under DAPI region at the periphery of the nuclear portion of the plot. 

Taking all the findings together, the data demonstrated that both PRH and 

Vimentin are distributed in CCLP1 nuclear and cytoplasmic compartments. 

PRH is predominantly nuclear, while Vimentin shows a predominantly 

cytoplasmic distribution with some nuclear protein. The data also revealed the 

strong chance of cytoplasmic PRH-Vimentin overlapping as well as suggested 

weaker overlapping in the periphery of the nuclear region. The latter, however, 

requires further investigation with better resolution imaging techniques. 

4.2.3 Investigating PRH-Vimentin nuclear localisation in CCLP1 cells 

using photoactivated localisation microscopy – direct stochastic 

optical reconstruction microscopy (PALM dSTORM) 

Previous findings from confocal imaging provided evidence regarding PRH 

and Vimentin expression, and their potential spatial adjacency. However, the 

theoretical diffraction limit in confocal microscopy is restricted around 250 µm 

which affects the resolutions of the acquired images. This might negatively 

influence image analysis and interpretation. To overcome these issues, we 

characterised CCLP1 cells for nuclear PRH and Vimentin expression using a 

super-resolution microscopy technique to image at single molecule level. 

Specifically, we opted for photoactivated localised microscopy, direct 

stochastic reconstruction microscopy (PALM dSTORM). This method relies on 

using a secondary antibody with a fluorophore capable of blinking, which 

means going through a long cycle of both emission and dark states. The more 

blinking and detection in multiple frames, the better the localisation (465). As 
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a result, we get to image individual molecules of PRH and Vimentin within the 

nucleus and assess their expression and behaviour.  

4.2.3.1 Nuclear PRH characterisation in relation to chromatin in CCLP1 

cells 

We started with exploring the molecular behaviour of nuclear PRH in CCLP1 

cells. We prepared and stained our cells as described in the method chapter. 

We stained the nucleus using SiR-DNA (Spirochrome SC501) and labelled the 

cells with PRH antibody. On the day of imaging, we incubated the cells in a 

solution of fucidal fluorescent beads (TetraSpeck™ Microspheres, 0.1 µm, 

fluorescent beads) in PBS prior to imaging. These beads are microspheres 

stained with fluorescent dyes and used here as a calibration reference for 

accurate localisation. To ensure our fluorophores maintain blinking for a long 

cycle and capture the molecules in as high number of frames as possible for 

precise localisation, we used a special imaging buffer for the coverslips as 

detailed in section (2.3.3.4 Imaging). We acquired the images with help from 

Dr Chris Toseland using Zeiss Elyra PS.1 system. We acquired 20,000 – 

30,000 frames of 488 and 576 fluorophores using HiLo laser in continuous 

mode. We adjusted laser power and gain to 90 and 288, respectively, while 

observing the acquisition histogram. This ensured obtaining the images 

without damaging the camera.  

We processed the images using ZENBLack and MATLAB for qualitative and 

quantitative analysis, respectively. In general, we used ZENBlack software to 

produce rendered images for display and generate data for quantitative 

analysis in MATLAB. First, we adjusted molecules settings to account for 
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molecules overlapping. In addition, we chose signal to noise ratio degree at 6 

to accommodate for background noise. Also, under localisation settings, we 

selected both localisation algorithms and Gaussian. We scanned the frames 

rapidly under the previous settings before we apply the changes and produce 

a super-resolution image. We further rendered the image for best visual 

presentation. ZENBlack offers several filers that could be applied for rendering 

purposes. First, we corrected the drift according to the fluorescent fucidal 

beads. To remove poorly localised molecules and ensure high localisation 

accuracy, we adjusted the range of inclusion to 5 -75 nm precision. We 

changed PAL render settings whenever required to define the final image 

appearance. We made sure to observe the precision histogram as we modified 

the statistical settings. ZENBlack also generates a table of localisation that 

includes every recorded single molecule along with its spatial coordinates. We 

exported both the localisation table and histogram for quantitative analysis. 

We also snapped images at different magnifications to show molecules 

clustering whenever needed.  

For quantitative analysis, we imported the precision tables into MATLAB. The 

package for co-clustering analysis for single molecule localisation microscopy 

(SMLM) data (ClusDoC) was downloaded from 

(https://github.com/PRNicovich/ClusDoC) (412).  

To start quantitative analysis, we added ClusDoC package path and opened 

it in MATLAB. We initiated the tool by inserting the script ClusDoC in the script 

window. Then, we uploaded the localisation table and chose an output folder 

for the results. Using the tool selection, we traced nuclear ROI for analysis. 

https://github.com/PRNicovich/ClusDoC
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We used the option Ripley’s K to obtain the linearised Ripley’s K function for 

nuclear PRH and calculated L(r )-r (where r is radius) (figure 4-9). The 

quantitative analysis of PRH-SirDNA demonstrates that nuclear PRH in 

CCLP1 cells is organised into clusters and not random. A value of zero in 

Ripley’s plot indicates random distribution, whilst positive values indicate 

clustering. 

 

Figure 4-9 PRH is clustered in the nucleus.  

(A) STORM image of endogenous PRH in CCLP1 cells. Dotted lines represent ROI used for 
cluster analysis. Scale bar 3 µm. (B) Linearised Ripley’s K function for nuclear PRH. L(r )-r 
(where r is radius), calculated for selected ROI of STORM images. A value of zero in this plot 
indicates random distribution, whilst positive values indicate clustering. 

Figure (4-10-A) shows the rendered STORM image for PRH (green) and SiR 

DNA (red) staining in CCLP1 cells. The close-up snapshot of an inset from (A) 

shows the specific arrangement of PRH around SiR DNA.  
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Figure 4-10 PRH is segregated from condensed heterochromatin and clustered in the 
nucleus.  

(A) SIM image of endogenous PRH in CCLP1 cells. On the side: an enlarged ROI for PRH 
and SiR DNA staining from the highlighted regions in A. (B) This part was performed by Dr 
Chris Toseland. H3K9me3 and RNA Polymerase II Ser5 in HeLa cells, with DNA stained with 
SiR-DNA dye. N=5 images. Scale bar 3 µm. Heterochromatin mark H3K9me3 co-localised 
with dense DNA staining whilst RNAPII pSer5 forms large clusters away from dense chromatin 
regions. PRH is segregated from dense DNA staining regions which correlate with 
heterochromatin.  

We compared the visual expression of PRH-SiR DNA to H3K9me3 and 

RNAPII pSer5 clustering in relation to heterochromatin as seen in (figure 4-

10-B) (413). We concluded that PRH clusters are segregated from condensed 
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chromatin resembling the spatial organisation of RNAPII pSer5 away from 

dense heterochromatin.  

Overall, the results confirmed the confocal imaging findings regarding the 

nuclear expression of PRH in CCLP1 nuclei. In addition, PALM dSTORM 

imaging of PRH and SiR DNA revealed more information about the spatial 

organisation of nuclear PRH. Quantitative image analysis revealed the ability 

of PRH single molecules to group into clusters of various sizes. Moreover, 

these clusters are arranged away from dense heterochromatin which 

resembles RNAPII pSer5 organisation in mammalian cells. This could imply 

the preference of PRH organisation around euchromatin to take part in DNA 

binding and regulation of target gene expression. 

4.2.3.2 The spatial organisation of nuclear PRH and Vimentin in CCLP1 

cells 

To prepare the ground for PRH-Vimentin spatial localisation on a super-

resolution scale, we repeated the STORM immunofluorescence assay 

replacing DNA staining with Vimentin labelling. We followed similar settings 

for images acquisition and ZENBlack processing to produce images for 

presentation.  

The top part of (figure 4-11) shows STORM-rendered widefield images of a 

CCLP1 cell in Gaussian filter for presentation. In the displayed cell, we 

presented PRH in red, Vimentin in green, fucidal beads in white, merged PRH-

Vimentin, and merged beads with PRH-Vimentin (scale bar 5µm). The bottom 

part of (figure 4-11) represents an enlarged view of the nuclear region since 
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we wanted to focus on nuclear PRH and Vimentin localisation. In general, the 

cell under investigation was mesenchymal. PRH was seen forming red foci of 

various sizes all over the cell, but more prominently within the nuclear region. 

Vimentin was arranged in long and extensive cytoplasmic filaments 

surrounding the nuclear region forming the typical nuclear cage. Some 

Vimentin filaments were also seen penetrating inside the nuclear region and 

appearing as sporadic foci. The beads we used to correct for drifting are visible 

in white. These findings are consistent with the morphology and expression 

profile we portrayed for CCLP1 cells using confocal microscopy.  

 

Figure 4-11 Spatial organisation of PRH and Vimentin in CCLP1 cells in PALM dSTORM 
images.   

(Top) Widefield views of PRH and Vimentin expression. (Bottom) Nuclear views of a CCLP1 
cell showing the expression of PRH (red), Vimentin (green) and drift-correcting fluorescent 
fucidal beads (white), merged PRH and Vimentin channels, and all three merged channels. 
Scale bar 5µm. 

To show details of PRH-Vimentin molecular arrangements in CCLP1 cells, we 

used ZENBlack filters to view PRH-Vimentin as centroid. Figure 4-12 shows 

the nuclear snapshot of PRH (red) and Vimentin (green) as dots in various 

sizes (scale bar 5 µm). The histogram next to each image shows the peak at 
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15 nm for PRH and 25-30 nm for Vimentin indicating the precision of 

localisation for red and green fluorophores.  

 

 

Figure 4-12 PRH and Vimentin single molecules are precisely localised using PALM 
dSTORM.  

Precision histogram of molecules localisation precision distribution where the peak represents 
the central tendency of localisation. (A) STORM-rendered image of nuclear PRH in a CCLP1 
cell. Scale bar 5 µm. The accompanying histogram represents the precision of molecule 
localisation peaking at 15 nm. (B) STORM-rendered image of nuclear Vimentin in a CCLP1 
cell. Scale bar 5 µm. The accompanying histogram represents the precision of molecule 
localisation peaking between 25-30 nm. 
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In (figure 4-13) we show the actual makeup of (A) PRH and (B) Vimentin spots. 

We zoomed-in gradually into a certain inset (surrounded by a rectangle) to 

show that both PRH and Vimentin form clusters. A cluster is defined as a 

collection of grouped molecules. Each cluster can be seen composed of 

neighbouring clusters rather than being a single large molecule of protein 

(scale bar 500 nm). Further zooming-in revealed the single molecular 

formation of the clusters (scale bar 100 nm). These results unveiled more of 

the molecular base of PRH-Vimentin expression in CCLP1 cells than confocal 

imaging. 
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Figure 4-13 Example STORM-rendered images of nuclear PRH (red) and Vimentin 
(green) in CCLP1 cells showing various sizes of cluster formations at different 
magnifications.  

A spot of either (A) PRH or (B) Vimentin is composed of several neighbouring single molecules 
(scale bars 5 µm, 500 nm, and 100 nm).  
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To analyse PRH-Vimentin nuclear clusters in CCLP1 cells, we followed the 

steps from the previous section. Because we wanted to perform PRH-Vimentin 

dual analysis in MATLAB, we needed to combine their localisation tables into 

a single file. In our files we put PRH coordinates first, and Vimentin second. 

This led to MATLAB assigning the colour green for the first protein and red for 

the second when it restored the image from its coordinates. Therefore, in this 

part of the results we show PRH in green and Vimentin in red. We show in 

(figure 4-14-B) the switch in PRH-Vimentin colours and the ROI divisions.  

 

Figure 4-14 Cluster analysis of nuclear RPH and Vimentin.  

(A) Example nuclear view of PRH (red) and Vimentin (green) showing the selected seven 
regions of interest avoiding the fucidal beads. Scale bar 5 µm. (B) The switch in colours after 
uploading the localisation table to MATLAB-ClusDoC tool showing PRH (green) and Vimentin 
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(red) along with the selected regions taken forward for cluster analysis. Selection was chosen 
inside the region bordered by the Vimentin cage. (C and D) Example depiction of molecular 
clustering and random distribution of one of the selected regions showing (c) PRH in green 
and (D) Vimentin in red. Cluster analysis was performed using the linearised form of Ripley’s 
K function ( L(r)-r), where r represents the radius. A plot of L(r)-r versus r gives a value of zero 
to show a random distribution, while positive values indicate clustering of molecules. PRH and 
Vimentin organisations peak at 310 nm. 

We divided our nuclear region into multiple smaller ROIs to avoid the down 

crashes of ClusDoC on the computer we used for the analysis. Another benefit 

of breaking down the ROI is to avoid areas overlapping with the fucidal beads. 

Once the areas were selected, the file of selection could be saved in case it 

was needed for repeating the analysis. To find the linearised radius (r) at which 

most of the probable molecular aggregation occurs, we scanned ROIs for 

Riply's K (figure 4-14-C and D). Since ROI was segmented, we used the 

average r value in the following steps. The parameters for Ripley’s K were 

adjusted to start at 0 nm to 1000 nm and calculate Ripley’s K every 10 nm 

steps. The value for maximum radius (Max r), which represented the radius 

with the highest probability of aggregations, was recorded for the following 

ClusDoC step. 

To scan PRH-Vimentin for clusters and characterise their clustering, we used 

the tool ClusDoC. This tool can perform two tasks simultaneously: cluster 

scanning with DBSCAN, and co-loclaisation with DoC. 
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Figure 4-15 The window for ClusDoC tool showing the parameters of degree of co-

localisation and DBSCAN. 

In (figure 4-15), the parameters under the degree of co-localisation were 

submitted once for both channels. L(r)-r radius was chosen as the average of 

both channels taken from the Ripley’s function step. Co-localisation threshold 

was adjusted to 0.4 according to the standard value used in the literature 

(413). The minimum number of co-localised clusters was chosen as 10. The 

rest of the settings were left as default (412, 413). We adjusted the 

parameters for DBSCAN for each PRH (Ch1) and Vimentin (Ch2) 

independently. Epsilon (nm) which is the radius at which the software 

searches for neighbours was set according to the peak value of the localisation 

precision histogram for each channel PRH (15 nm) and Vimentin (25-30 nm). 

min (Pts) which represented the minimum number of molecules that identified 

the formation of clusters was adjusted as 5. Plot cutoff and parenthesis threat 
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were kept as default (10 and 2, respectively), L(r) -r Radius (nm) value was 

taken from the Ripley’s function step. Finally, a smooth radius of 7 nm was 

used to identify the radius of the boundary mask around the clusters and 

calculate the characteristics of the clusters (412, 413). Applying these settings 

generated two maps, one was for cluster identification, and the other was for 

degree of colocalisation. Additionally, we exported the outputs in txt format for 

EXCEL analysis.  

The first outcome in (figure 4-16) shows PRH cluster maps. PRH clusters are 

illustrated as green areas of various sizes. The black edge represents those 

PRH molecules that failed to find further neighbours according to the 

parameters above, and therefore defined the periphery of the clusters. The 

grey areas are PRH outliers that did not exist closer to any other PRH 

molecules at all. Similarly, Vimentin clusters appear as red area rimmed with 

a black line representing the end of the cluster area. Gray areas are Vimentin 

outlier molecules. The cluster areas of both PRH and Vimentin are correlating 

to their abundance of expression in the nucleus. 
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Figure 4-16 Cluster maps for PRH and Vimentin based on the selected regions for cluster analysis.  

The maps show PRH clusters in green, Vimentin clusters in red, the boundaries of the clusters in black, and the outliers (non-clustered molecules) in grey. PRH 
clusters appear larger than Vimentin clusters. 
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To provide statistical overview about the differences in clustering between 

PRH and Vimentin, we used the numerical data output to find information 

about the number of the clusters, the number of molecules in them, their 

proportion, and their sizes. To achieve that, we analysed the output of n=14 

cells. We prepared violin plots to represent the analysis using Graphpad 

PRISM (figure 4-17).  

 

Figure 4-17 Statistical analysis of nuclear PRH and Vimentin cluster organisations in 
CCLP1 cells. 

Individual data point represents the average value for a cell’s selected ROIs (n = 14 cells). (A) 
PRH forms significantly more nuclear clusters than Vimentin (p= 0.0024). (B) 84.31% of the 
localised nuclear PRH is clustered, while only 58.19% of Vimentin molecules are in clusters 
(p<0.0001). (C) PRH forms significantly bigger nuclear clusters compared to Vimentin 
(p=0.0212). (D) PRH forms nuclear clusters containing significantly more molecules compared 
to Vimentin (p <0.0001). 
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On average, we had significantly more PRH (mean=250.2) clusters than 

Vimentin (mean=75.22) inside the nucleus (p=0.0024) (figure 4-17-A). To 

show the proportion of clustering PRH and Vimentin molecules, we calculated 

the average percentage of molecules in clusters. We found that PRH 

molecules were significantly closer and more grouped compared to Vimentin 

(PRH=84.31%, Vimentin=58.19%, p<0.0001, n=14) (figure 4-17-B). To check 

on the area occupied by the clusters, we calculated the average cluster area 

in nm2 and found in (figure 4-17-C) that PRH clusters were significantly bigger 

than Vimentin (PRH=7367, Vimentin=4045, p=0.0212). To know how many 

protein molecules are found in the clusters, we calculated the average number 

of molecules per cluster. We found that PRH clusters had significantly more 

molecules compared to Vimentin (PRH=168.3, Vimentin=41.98, p<0.0001, 

n=14) (figure 4-17-D).  

Taking these findings together, PRH molecules are visually and statistically 

more abundant than Vimentin in the nucleus of CCLP1 cells. This shaped the 

overall ability of cluster formation and characteristics of both PRH and 

Vimentin, i.e., bigger and more clusters for PRH compared to Vimentin.  

4.2.3.3 PRH and Vimentin nuclear degree of co-localisation in CCLP1 

cells using ClusDoC 

After revealing how PRH and Vimentin are expressed in CCLP1 nuclei, we 

proceeded to explore their degree of co-localisation. The DoC task of ClusDoC 

generated the DoC map shown in (figure 4-18). 
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Figure 4-18 Degree of co-localisation analysis of nuclear PRH and Vimentin clusters in 
CCLP1 cells in seven selected ROIs.  

Cluster degree of co-localisation heatmap showing the colour score ranging from -1 (blue) to 
1 (red) where values of 1 (red) mean perfectly co-localised clusters and -1 (blue) means 
clusters separated from each other. Cut-off value is set to 0.4.  

The DoC heatmap shows the outcome of bi-directional degree of co-

localisation inspection, and the colour scale to interpret the result. The tool 

starts by picking up PRH molecules and scanning every neighbouring 

Vimentin molecule in an outward expanding mode. Then, the opposite is also 

done where the tool picks up every Vimentin molecule and scan for the 

surrounding PRH. The score ranges between 1 and -1, where 1 is a perfect 

colocalisation and -1 is no colocalisation. In the parameter, we chose 0.4 as 

cut-off value. Therefore, clustered molecules in deep orange to red represent 

a perfect colocalisation, whereas shades below 0.4 toward dark blue means 

less to no colocalisation. The degree of co-localised Vimentin is significantly 

more than PRH (p=0.0042) averaged from n=14 images (figure 4-19).  
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Figure 4-19 PRH nuclear clusters show a significant Degree of co-localisation with 
nuclear Vimentin (p= 0.0042). 

Individual data points represent the average percent value of each protein that is localised in 
a cell’s ROIs (n = 14 cells).  

Overall, the data we showed from clustering and degree of co-localisation 

analyses provide a super-resolution insight into the spatial organisation of 

PRH and Vimentin in CCLP1 nuclei. They demonstrated the clustering 

capacity of PRH and Vimentin in the nuclear compartment. They also 

suggested Vimentin may exist spatially near PRH at single molecule level. 

There is more disposition of Vimentin clusters localisation compared to PRH. 

This is due to the low abundance of Vimentin in the nucleus compared to PRH. 

Vimentin is easily found close to PRH inside the nucleus, but more PRH will 

be found far away from Vimentin. 

4.2.4 PRH and PRH-induced Vimentin spatial localisation in AKN1 cells 

Kitchen et al. reported that PRH overexpression in AKN1 cells and BECs cells 

induced the expression of Vimentin at the protein level. RNAseq data from 
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those cell lines revealed the upregulation of Vimentin mRNA (215). 

Additionally, in the previous chapter we showed how we generated another 

AKN1 cells expressing GFP-PRH-Myc. We used these cells to investigate 

whether PRH-induced Vimentin can be characterised for spatial proximity with 

PRH by immunofluorescence confocal microscopy.  

We examined Z-stack images representing AKN1 GFP and AKN1 GFP-PRH-

Myc expressing cells co-probed with PRH and Vimentin antibodies. We 

followed the same steps of image processing from CCLP1 PRH and Vimentin 

localisation in section (4.2.2) to prepare the images for analysis; qualitative 

and quantitative. 

Figure 4-20-A shows the sequential acquisition of DAPI (blue), PRH (red), 

Vimentin (green), and all three channels overlapped together (merged). PRH 

can be seen easily as small red foci in AKN1 cells despite the overall low 

expression. Vimentin shows similar pattern of focal expression in the GFP-

PRH-Myc expressing cells. However, this differs from the cytoplasmic 

filamentous Vimentin seen in CCLP1 cells. This may be due to Vimentin being 

detected at its very early or very low stages of expression. 



 

 

231 

 

Figure 4-20 Weak PRH and PRH-induced Vimentin overlap in AKN1 cells expressing 
GFP-tagged PRH. 

(A) Images of AKN1 GFP-PRH-Myc cell co-stained for PRH (red), Vimentin (green) and DAPI 
(blue) showing both PRH and Vimentin are mainly nuclear here. Cells were fixed with 4% FA 
and labelled with PRH antibody along with nuclear DAPI staining. Images were acquired 
sequentially for n= 59 cells using a confocal Leica DMI4000B microscope at 63X 
magnification. Scale bars 20 µm. Laser power, gain, exposure, and pinhole were the same 
throughout the imaging. (B) All channels merged. (C) Close-up view on the nuclear region of 
PRH (red) and Vimentin (green) showing a selected ROI taken for further exploration. (D) An 
example orthogonal view tracing lines in different planes (xy, xz and yz) of confocal 
microscope images used to analyse PRH-Vimentin overlapping. A nuclear PRH-Vimentin 
overlap (yellow) traced in all three planes (xy, xz and yz). (E ) An example of PRH-Vimentin 
localisation in the nuclear regions of the cell using RGB profiler plot in FIJI. DAPI channel was 
used to trace the area of interest. There is a strong expression intensity of PRH (red) and a 
weak intensity for Vimentin (green). 
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To study PRH-Vimentin spatial localisation in AKN1 cells expressing GFP-

PRH-Myc, we used FIJI XYZ-orthogonal view and RGB profiler analysis. Due 

to GFP brightness overshadowing PRH and Vimentin, we removed GFP 

channel to ease tracing the overlap. Since the expression for both PRH and 

Vimentin was seen better in the nuclear region, we focused on their nuclear 

spatial expression investigation. We used the DAPI channel to identify and 

extract the nuclear regions from the stacks. We followed the same steps stated 

in section (4.2.2). We performed this analysis on n=54 cells. Figure 4-20-C 

and D show a traced yellow spot in a box that is present in all three spatial 

planes. Like in CCLP1 cells, PRH and Vimentin overlap here was closer to the 

periphery of the nuclear region.  

To support the XYZ-orthogonal view findings, we used the tool RGB profiler in 

FIJI on the best DAPI slices of the Z-stacks. Figure 4-20-E shows where we 

drew the line over DAPI region. The histogram plot on the side for the drawn 

line shows DAPI (blue), PRH (red) and Vimentin (green). There is one 

overlapped up-deflection around (45) µm from the left side of the plot. This 

suggests that PRH and Vimentin may present in close distance of each other 

in this location.  

These data demonstrate that AKN1 GFP-PRH-Myc cells had focal pattern of 

nuclear PRH expressions. Unlike the staining of Vimentin in CCLP1 cells, 

Vimentin also appeared focal and nuclear in these cells. PRH-Vimentin 

overlap observations on XYZ-orthogonal views and RGB profiler, when 

detected, were consistent with the nuclear overlap findings seen in CCLP1 

cells.  
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4.2.5 The use of fluorescence correlation spectroscopy (FCS) to study 

the dynamics of GFP-PRH fused protein in AKN1 cells for long 

term GFP-PRH expression 

In chapter 3 we demonstrated how we encountered a reduction of GFP-PRH-

Myc expression in later passages of the cells. This affected the phenotype we 

observed in these cells. In the previous section we used relatively late 

passaged cells to examine PRH-Vimentin spatial localisation. Although we 

observed few overlap events in some of the cells, it was relatively difficult to 

detect due to the level of GFP-tagged PRH expression and the level of 

Vimentin upregulation 

We used the same lysate from section (3.2.5 Issues between early and late 

passages of clone D). Figure 4-21-A shows the expression of expressed 

(GFP-tagged PRH) and endogenous PRH (M3) with β-Actin for loading 

reference in 3 independent samples. The lane for N2 had two bands for GFP-

tagged PRH where one was at 60 kDa, while the other was slightly lower. 

Figure 4-21-B shows a second Western blotting using the same lysate where 

N2 showed a band for GFP at 27 kDa. This suggests that we may have a 

stand-alone GFP expression along with the full-length fused protein or 

cleavage of the fusion protein. 
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Figure 4-21 Western blotting of late passaged AKN1 GFP and AKN1 GFP-PRH-Myc 
cells.  

(A) A representative Western blotting image of whole cell protein extract probed with GFP 
antibody. Protein extracts prepared from 3 different AKN1 GFP-PRH-Myc cell populations 
were compared. There are two bands in N2. (B) A second Western blotting of the same lysates 
showing N2 having a GFP band. β-Actin was used to show protein loading for both Western 
blotting. 

To explore the stoichiometry and dynamics of GFP and GFP-tagged PRH 

fused protein in AKN1 cells and relate that to what we experienced at late 

passages of the cells, we used fluorescence correlation spectroscopy (FCS). 

FCS is a tool to study molecular dynamics via analysing the intensity 
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fluctuation of diffusing fluorescent molecules through a focused light (414). It 

can provide details on the concentration, diffusion, and brightness properties 

of cellular fluorescent components. The literature stated that FCS is better in 

fluorescent low-expression system (466). This experimental setting allows the 

detection of a large range of fluorescence fluctuation. This way FCS shows 

high sensitivity of monitoring small number of particles with low fluorescence 

level. To prepare cells for FCS, we seeded late passages of AKN1 GFP and 

AKN1 GFP-PRH-Myc cells at various densities in a Nunc Lab-Tek 8-well 

chamber slides gifted by Dr Joelle Goulding from the School of Life Science 

Imaging facility (SLIM). On the day of imaging, we replaced the media with an 

imaging buffer as detailed in section (2.3.4Fluorescent correlation 

spectrometry (FCS)). 

Confocal and FCS work was conducted with help from Dr Goulding who also 

assisted with interpreting the results. We recorded GFP as the cells were 

passing through a confocal path positioned at defined regions of the cells 

(mainly cytosolic). This allowed us to obtain information on the average 

diffusion of GFP and GFP-labelled components.  

To have a general understanding of GFP and GFP-tagged PRH expression in 

our cells, we acquired confocal images prior to FCS. In (figure 4-22- A) AKN1 

GFP displayed various level of GFP brightness, but overall, they are very 

bright. GFP is uniformly expressed throughout the cells and was easily 

detected at very low gain. We also had scattered non-GFP expressing cells 

indicating a mixed population. For AKN1 cells expressing GFP-tagged PRH, 

we observed three patterns of GFP expression. The first pattern (not shown 
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here) was quite similar to AKN1 GFP in which the cells were uniformly green. 

In the second form (figure 4-22- B), we had diffused cytosolic GFP. It was very 

dim that we needed to increase the gain to visualise them (red arrow). Lastly, 

we had cells expressing small foci and clusters of GFP also diffused in the 

cytoplasm (red arrow) (figure 4-22-C).  
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Figure 4-22 Confocal imaging of AKN1 GFP and AKN1 GFP-PRH-Myc showing the three 
observed patterns of GFP expression.  

(A) Uniformed and very bright GFP detected at low gain (542) in AKN1 GFP cells (also in 
AKN1 GFP-PRH-Myc cells). (B) Diffused and very dim GFP (red arrow) detected at a high 
gain (1250). (C) Diffused and very dim GFP (red arrow) in foci and clusters detected at a high 
gain (1250). Images are representative of n=1 experiment. 

To investigate GFP dynamics, we used FCS to trace GFP fluctuation starting 

with the control cells. Since FCS is preferred at very low fluorescence for faster 

tracing, we applied FRAP step. We bleached GFP using 488 nm at maximum 

power of 100% excitation for 10 seconds. Then, we recovered and recorded 

the fluorescence dynamics using 0.1% excitation for 30 seconds. Figure 4-23-

A shows the Z-intensity of GFP as we scanned the cell from one edge to 

another. It reflected the uniform existence of GFP throughout the cell. 

Therefore, we positioned the observation volume just next to the peak 

representing a central cytosolic position. Figure 4-23-B shows the recorded 

fluctuation over 30 seconds using 0.1% 488 nm excitation at a count range 

between 160 – 1780 kHz. To see how our trace fit to a standard 2 X3D 

component model, we applied default settings for trace autocorrelation. In the 

trace to model fit (figure 4-23-C), we see GFP recorded fluctuation in blue line 

and the standard model in green line. There is a good fit between our recorded 

line and the theoretical model. The amplitudes of the two lines at the beginning 

of the recording were very close to each other (Circled in red). The two findings 

together indicate a low correlation. In FCS, there is an inverse relationship 

between the correlation of the fitted lines and the concentration of the 

fluorescent particles within the observed volume. In our case, the correlation 

between the two lines was at very low value indicating very high concentration 

(N=572) at a count value of 3.2 count per molecule (CPM). Closely inspecting 
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the recorded trace, we can pull out two components at extreme speeds: a 

faster one (421 microseconds µs) and a slower (775 milliseconds ms). The 

faster component represented almost 95% of the signal indicating free GFP. 

The slower component represented 5% of the signal which could be due to 

GFP aggregation or impedance from an organelle on GFP path.  

 

Figure 4-23  The recorded dynamic of the first pattern of GFP expression (uniformed 
and very bright) in AKN1 GFP cells.  

(A) Z-intensity of GFP indicates the uniform existence of GFP throughout the cell. (B) The 
recorded fluctuation over 30 seconds using 0.1% 488 nm excitation at a count range between 
160 – 1780 kHz. (C) GFP recorded fluctuation (blue) line and the standard model (green). It 
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shows a very low correlation between the two lines at the beginning of the recording (Circled 
in red) indicating very high concentration (N=572).  

To investigate GFP-tagged PRH dynamics in AKN1 cells, we first traced the 

cytosolic-diffused GFP at 0.1% excitation of 488 nm for 30 seconds. We did 

not need to pre-bleach here since the fluorescence was not hindering the 

recording. However, there was some bleaching from excitation noticed by the 

drop in tracing that led us to omitting the highlighted portion of the graph before 

analysis in (figure 4-24-B). The Z-intensity scan on (figure 4-24-A) shows that 

we positioned our observation volume within the cytosolic region. The graph 

in (figure 4-24-B) shows the entire fluctuation record at very low count rate 

between 160 – 190 kHz (about 10X lower) compared to the control cells which 

confirms the findings from confocal imaging where we show how dim these 

cells were compared to control AKN1 cell expressing GFP alone. We also 

fitted our trace line (in blue) to a standard 2 X3D component model (in green) 

using the default settings again as seen in (figure 4-24-C). We can also see 

that we managed to extract information early in the track that we did not really 

need the entire duration of 30 seconds which indicates that this pattern of GFP 

was significantly fast. 

The level of difference in amplitudes of the two lines at the beginning of the 

recording was big. In addition, the trace to fit model is weaker here. Together, 

they indicate that the correlation between the two lines is big correlation. This 

correlation here is reflecting low concentration of fluorescent particles within 

the observed volume (N=127) at an overall 1.36 CPM count rate. Like in 

control cells, we noticed here two components: a faster GFP at 398 µs speed 
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and a slower one at 424 ms. The first represented 93% of the signal showing 

very close resembling to the free GFP we detected in AKN1 GFP cells. The 

slower GFP composed around 6% of the signal and we assumed that was due 

to the slowness from GFP aggregation. We performed GFP dynamics analysis 

in AKN1 GFP-PRH-Myc cells at around 3375 CPSM brightness units. 

 

Figure 4-24 The recorded dynamic of the second pattern of GFP dynamics (diffused 
and very dim) in AKN1 GFP-PRH-Myc cells.  

(A) Z-intensity of GFP indicates the cytosolic region of the cell. (B) The recorded fluctuation 
over 30 seconds using 0.1% 488 nm excitation at a count range between 160 – 190 kHz. (C) 
GFP recorded fluctuation (blue) line and the standard model (green). It shows a big correlation 
between the two lines at the beginning of the recording indicating very low concentration of 
GFP particles (N=127). 
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To explore clustered cytosolic-GFP in AKN1 GFP-PRH-Myc cells, we 

positioned the observation volume within green clusters in the cytosolic region 

as seen in the Z-intensity scan on (figure 4-25-A). Excitation settings were 

exactly the same that is 0.1% excitation of 488 nm for 30 seconds. Figure 4-

25-B shows the full recording over 30 seconds at a range between 0 – 140 

kHz that is lower than the range we saw in the previous two recordings. This 

is consistent with the need to increase the gain to see these dim clusters on 

confocal observation. Again, we excluded the two highlighted regions from the 

analysis due to the drop in average tracing resulted from excitation bleaching 

seen in (figure 4-25-B). Component analysis from fitting to model 1X3D in 

(figure 4-25-C) revealed that the GFP is significantly slower here than what we 

detected before. The correlation between the two lines indicates low 

concentration (N=43) at an overall rate of 2.5 CPM. The first component we 

noticed was at 415 µs and a query at 1 - 6 ms. GFP clusters were too slow 

that we could say they were relatively stationary which explained the increased 

drop in average tracing resulting from bleaching within our observation path. 

The entire trace was almost showing ~400us dwell time. We performed the 

analysis at around 2955 CPSM brightness units. 
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Figure 4-25 The recorded dynamic of the third pattern of GFP expression (diffused and 
very dim in foci and clusters) in AKN1 GFP-PRH-Myc cells. 

(A) Z-intensity of GFP indicates the cytosolic region of the cell. (B) The recorded fluctuation 
over 30 seconds using 0.1% 488 nm excitation at a count range between 0 – 140 kHz. (C) 
GFP recorded fluctuation (blue) line and the standard model (green). It shows a big correlation 
between the two lines at the beginning of the recording indicating very low concentration 
(N=43). 

Overall, we demonstrated the three forms of GFP dynamics in AKN1 GFP-

PRH-Myc cells. The first form is, in fact, recorded in both AKN1 GFP-PRH-

Myc and its control cell line AKN1 GFP which is the diffused bright pattern of 

GFP. This was seen uniformly existing throughout the cells. The other two 

forms were only recorded in AKN1 GFP-PRH-Myc; the diffusely dim GFP and 

the clustered very dim GFP.  
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To summarise, while maintaining cells growth we noticed that some cells in 

AKN1 expressing GFP-tagged PRH population were totally green resembling 

the control cell line. All the previous necessitated the need to explore potential 

factors accounting for these observations. We started by examining whether 

we had anomalous forms of GFP-tagged PRH in our cells using Western 

blotting focusing on late passages of the cell line. We previously provided data 

of plasmid diagnostic restriction digest to ensure we had the full-length 

transgene for the fused protein cloned in the correct site according to the 

plasmid map (figures 3-1 and 3-2). We further confirmed by sequencing the 

plasmid that we indeed had our transgene inserted correctly without a stop 

codon between GFP gene from the backbone plasmid and the PRH gene from 

the cloned transgene (sequencing available in the appendix). However, this 

still does not exclude the possibility of having alternative transcription start 

sites or differential promoter activities that eventually initiate the production of 

GFP independent of the fused protein. 

Altogether, the data suggest we have different forms of protein products. One 

of the possibilities is expressing GFP independent of the complexed fused 

protein. Alternatively, the GFP-PRH fusion protein could be experiencing a 

degradation leading to expression of different forms of GFP including forms 

that suggest diffuse monomers of GFP-PRH-Myc rather than oligomers.  
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4.3 Discussion 

Previously, Dr Ka Ying Lee conducted work for her PhD thesis where she 

identified Vimentin as a potential protein partner for PRH (269). Based on 

these findings, we aimed in this chapter to explore the potential of PRH-

Vimentin close spatial localisation. PPI can be further confirmed if both 

proteins can be found together in subcellular compartments (467). Ideally, 

investigating protein localisation is better visualised in cells where both 

proteins are highly expressed. Since our AKN1 expressing GFP-tagged PRH 

cells were undergoing a reduction in PRH expression, we started by using 

CCLP1 cells where both PRH and Vimentin are abundant. While both 

environments contribute valuable insights into the biology of PPI, overlapping 

and PPI in cancer cells are more relevant to tumour biology, disease progress, 

and targeted therapies (468). In contrast, investigating protein overlapping 

upon protein overexpression in normal cells, although fundamental to 

understand cell biology, may not be directly related to cancer. We acquired 

images of cells co-probed for PRH and Vimentin using a high-resolution 

confocal microscopy or super-resolution single molecule microscopy. We, 

then, implemented several image analytical tools in order to characterise PRH 

and Vimentin distribution in CCA cells as well as study their spatial localisation. 

We also investigated whether we see a similar pattern in AKN1 cells 

expressing GFP-tagged PRH. Finally, we shed light on the dynamics of GFP 

and GFP-tagged PRH in the same cell lines. 

We demonstrated that PRH in CCLP1 cells appears as punctuated foci of 

various sizes in the nuclear and cytoplasmic subregions of the cells. Although 
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PRH exhibits a recognisable cytoplasmic expression, it is mainly a nuclear 

protein in CCLP1 cells as indicated by the intensity measurements of PRH 

signals. We also showed that nuclear PRH can be seen arranged away from 

areas that are DAPI bright stained (heterochromatin). These findings are 

consistent with PRH nuclear roles. Findings related to PRH extent of 

distribution in subregions of cells are not confined to PRH in CCA cells, they 

were also seen in leukaemia, prostate, and breast cancer cells. Specifically, 

high nuclear to cytoplasmic PRH expression has been reported in U937 and 

K562 myeloid cells where PRH co-localises with eIF4E and inhibits its 

transport and consequently inhibit cell proliferation. In contrast, other cancers 

have been characterised with high cytoplasmic to nuclear PRH ratio where 

this shift in PRH localisation drives cell proliferation and migration in cancers 

of breast (214, 249), thyroid (245), and haematopoietic cancers (250). In 

regard to the appearance of PRH on immunofluorescence -stained images, 

PRH in CCLP1 cells has been also seen as foci in either subcellular 

compartment which is similar to how it was observed in AKN1 cells expressing 

GFP-tagged PRH in the previous chapter. It is also quite similar to how it was 

observed in K562 (lymphoblast cells from myelogenous leukaemia) (196), and 

U2OS (osteosarcoma cells) (252). To the best of our knowledge, this is the 

first time PRH was detected in CCLP1 context through immunofluorescence 

staining. 

We also report for the first time the spatial distribution of Vimentin in CCLP1 

cells via immunofluorescence staining. Vimentin as reported in the literature 

can be within different subcellular compartments in various forms ranging from 
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small squiggles to extensive filamentous network in the cytosol (317, 323). Our 

findings regarding Vimentin localisation in CCLP1 cells are consistent with the 

literature, Vimentin appeared as a classical filamentous cytoskeleton 

dominating the cytoplasmic region. In addition, we also observed the small 

extension of Vimentin as sporadic weakly stained foci in the nuclear regions 

where most of it was detected towards the periphery of the nuclear area. 

Furthermore, the latter resembled the forms of PRH-induced Vimentin in our 

AKN1 GFP-PRH-Myc cells as we reported in the previous chapter. It was 

reported that Vimentin goes through stage-wise formation when induced in 

Vimentin-null MCF7 cells where it was seen activating gene sets associated 

with cell migration (469). These stages started as small particles and squiggles 

that reached the filamentous form few days post induction (469).  

The main reason behind exploring the extent and forms of expression for both 

PRH and Vimentin in this chapter was to set the ground for co-localisation 

analysis. The term co-localisation in the literature was found to refer to either 

spatial overlapping of multiple fluorophores (qualitative analysis), or 

correlation in expression of at least two spatially overlapped proteins 

(quantitative analysis) (470). For our confocal immunofluorescence image 

analysis, we focused on PRH-Vimentin spatial overlapping investigations. 

Simple approaches to investigate spatial overlapping are multi-channel 

overlay, XYZ-orthogonal views and RGB plot profile on FIJI (7). In our data we 

demonstrated that endogenous Vimentin could exist near endogenous PRH 

spatially in the cytoplasmic subregions of CCLP1 cells. We were also able to 

detect some peripheral nuclear PRH-Vimentin overlaps although to a lesser 
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extent compared to the cytoplasm. In addition, we also attempted to 

investigate the localisation of exogenous PRH in relation to PRH-induced 

Vimentin in AKN1 cells expressing GFP-tagged PRH. We applied the same 

analytical approach only in the nuclear subregion where we demonstrated very 

few events of potential PRH-Vimentin spatial proximity. The visual 

observations of PRH-Vimentin fluorophores overlap may appear co-localised 

to the naked eyes. Nevertheless, they are not definitive evidence for protein 

spatial co-localisation.  

PRH was previously reported to overlap with various proteins using multi 

fluorophore confocal imaging and channel overlaps to serve certain biological 

functions. For instance, PRH was found to overlap with Abl Interactor 2 protein 

in hepatocellular carcinoma cell lines. This overlap was later confirmed via 

CoIP experiments as PPI that regulate the expression of SLC17A9 and 

promote tumourigenesis (471). Vimentin was also found to overlap and 

interact with sodium/hydrogen exchangers protein 7 (NHE7) via double 

fluorophore immunofluorescence imaging, channel overlaps, and CoIP in focal 

complexes of migrating MDA-MB-231 breast cancer cells (472). However, no 

prior data on PRH-Vimentin immunofluorescence overlaps or spatial co-

localisation was reported in the literature.  

Unlike the previous studies that relied on fluorophore channel overlaps and 

CoIP to prove PPI and co-localisation, we relied only on qualitative analysis of 

confocal imaging to show that PRH and Vimentin might be found in close 

distance of each other. Although it was quite easy to perform the analysis 

when it comes to cytoplasmic localisation, this was a challenge when we 
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wanted to examine nuclear localisation which is attributed to the low nuclear 

Vimentin expression. Such struggle to visualise nuclear Vimentin was reported 

previously in immunofluorescence staining of SK-N-SH and GI-M-EN cells in 

a study conducted to investigate p21Waf1 in neuroblastoma (348). Like our 

nuclear PRH-Vimentin peripheral observation, the authors also reported 

Vimentin-Lamin A/C existing towards the inner side of the nuclear membrane 

(348). We also faced challenges to analyse nuclear PRH-Vimentin localisation 

in AKN1 cell expressing GFP-tagged PRH. This was due to the overall level 

of Vimentin in the cells. We attributed this to factors including Vimentin 

multistep organisation and reduced PRH expression in higher passages of 

these cells. To detect Vimentin in AKN1 cells, we relied on PRH upregulating 

the expression of Vimentin at protein levels as reported by Kitchen et al. (215). 

This probably affected the Vimentin we detected in AKN1 cells since we only 

had high passages of these cells by the time we conducted 

immunofluorescence staining and imaging. In addition, Vimentin expression is 

a complex process where non-filament Vimentins (ULF (318)) come together 

to make intermediate filaments (316), before the final filamentous cytoskeleton 

(317). In our cells, we managed to visualise dot-like Vimentin which is probably 

the simplest form of Vimentin. The alternative to using plasmid-generated 

AKN1 GFP-PRH-Myc cell lines for induced-Vimentin visualisation would be 

inducible PRH viral transduction. This method, when successful, ensures 

controllable high-level of PRH expression. It would probably avoid the impact 

of low PRH levels on Vimentin expression, which in turn would have aided the 

investigation of PRH-Vimentin localisation in the AKN1 cell line. 
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In our analytical approach, we coupled channels overlay with XYZ-orthogonal 

view and RGB profiler analyses. Utilising the combination of these tools may 

positively contribute to the spatial characterisation and adjacency of PRH and 

Vimentin proteins in CCLP1 cells and in AKN1 expressing GFP-tagged PRH 

cells. XYZ-orthogonal view allows a better visualisation of fluorophores 

arrangements and identify regions of potential PPI in subcellular context 

compared to single-plane images, but the tool on its own lack the necessary 

resolution for definitive spatial co-localisation and indication of actual PPI 

(450). The RGB profiler (line profiler) may support the previous tool by 

overlapping the intensity peaks of protein expression which again suggest 

spatial proximity of fluorophores (450). However, this tool lacks the ability to 

account for complex protein interaction and co-localisation on its own, or in 

situation where the cells highly express the proteins of interest (450). Overall, 

while we collected data that suggest the close spatial localisation of PRH and 

Vimentin, additional quantitative methods are required to further elaborate on 

the nature of PRH-Vimentin overlaps. 

Unfortunately, we did not support our findings with quantitative measurement 

of PRH-Vimentin overlap using correlation analysis such as calculating 

Pearson’s coefficient partly because we already planned for super-resolution 

imaging experiments. Acquiring Pearson’s coefficient might have predicted 

whether PRH-Vimentin expressions and overlap abundance are related 

functionally (470). In addition, we would have benefited from live imaging 

studies to prove that PRH-Vimentin overlap findings could be more of protein 
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co-localisation and interaction in dynamic environment rather than fixed cells 

and static proteins.  

In the literature, microscopic qualitative and quantitative studies of protein 

overlaps and spatial co-localisation are often accompanied by biochemical 

experiments such as CoIP and Western blotting to identify co-

immunoprecipitated proteins and confirm PPI (471). Unfortunately, we did not 

manage to have that work done for this thesis. But we previously mentioned 

that our collaborator (Dr Lee) generated data from mass spectrometry and 

CoIP in her work on PRH and Vimentin as potential partner proteins (269). Dr 

Lee’s work included using Adeno virus to overexpress Myc-PRH and identify 

Vimentin as an interacting protein and a partner for exogenous PRH. We both 

had the common aim of investigating PRH and Vimentin colocalisation and 

interaction in CCA cells. We could say that our work is complementary to Dr 

Lee’s findings. For this thesis, we generated data that suggested endogenous 

PRH and Vimentin could be both found in very close locations within the 

subcellular compartments of CCLP1 cells. Whereas, our collaborators 

managed to confirm that Vimentin is a an interacting partner protein for 

overexpressed PRH in CCLP1 cells (269). Even the ChIPseq analysis where 

PRH was found to have a peak at Vimentin genes was performed after 

expressing Myc-PRH (269). In other words, even if we assumed that both parts 

could complement each other, there is a distinct difference in the contexts 

within which we performed our experiments. This might have an impact on the 

generated data and how they were interpreted. Analysing endogenous 

proteins in their natural expression and localisation within the cells reflects 
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their native physiological behaviour and takes into consideration any post-

translational modifications that could occur for the proteins. In contrast, cellular 

context where we overexpress PRH for example may induce artifacts such as 

exogenous protein aggregations or inducing non-specific protein interactions 

that influence the overall interpretation of findings (473). The latter is more 

related to studying the effect of altering protein expression on proteins 

interactions and biological processes. We mentioned that our AKN1 cells 

expressing GFP-tagged PRH were suffering declined levels of PRH towards 

later passages. If PRH-Vimentin immunofluorescence investigation worked as 

we expected, we could have correlated the findings to Dr Lee’s work since 

both relied on exogenous PRH. To address the issues between our work and 

the collaborators’ work, we could execute further experiments to link all the 

findings together and effectively cross-analyse the overall results. The 

minimum work to consider at this stage are biochemical experimental 

validation (CoIP) of the immunofluorescence findings along with integrated 

bioinformatics analysis (ChIPseq). 

We also addressed the organisation of nuclear PRH and Vimentin in CCLP1 

cells at single molecule levels utilising the super-resolution imaging technique 

PALM dSTORM. We adopted our approach here from the developer of 

ClusDoC tool (412), as well as from the work of RNAPII and nuclear myosin 

VI co-localisation (413). Dual channel imaging with confocal microscopy for 

the purpose of spatial localisation, is amenable to misinterpretation. This is 

due to the limited resolution in addition to bleed-through issues during image 

acquisition. There are several articles that reported nuclear Vimentin 
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expression, e.g. with Lamin A/C (243), several DNA regions in mice (e.g. 

mtDNA – centromeric and telomeric regions) (474). They mainly used 

fluorescent imaging or biochemical methods to reach their conclusions.  

Here we demonstrated for the first time that PRH and Vimentin are arranged 

spatially as nuclear clusters in CCLP1 cells. The details from nuclear cluster 

analysis support our findings from confocal imaging. PRH is widely abundant 

in CCLP1 nuclei compared to Vimentin. This resulted in numerous and big 

PRH clusters with high molecules to cluster ratio. Cluster characterisation of 

both PRH and Vimentin molecules and the visualisation of various-sized 

aggregates in CCLP1 cells is consistent with the high-order assembly and 

organisation of both PRH and Vimentin we detailed in the introduction. PRH 

protein has a dimerising motif within its N-terminal domain which drives its 

oligomerisation with other PRH proteins to produce several forms ranging from 

dimers to hexadecameric spheres (198). We also explained how Vimentin 

monomers form ULFs which in turn interlink laterally to form longer filaments 

(317). 

We further revealed the similarities in distribution between PRH and RNAPII 

clusters around the euchromatin. Comparing Vimentin clusters to PRH, we 

found that Vimentin forms few and small aggregations with small molecules to 

cluster ratio. Quantitative cluster characterisation, using the tool ClusDoC, 

showed a small degree of bidirectional PRH-Vimentin cluster co-localisation. 

Like our previous findings from confocal immunofluorescence imaging, this co-

localisation result requires further experimental confirmation before making a 

definitive conclusion. However, we can state that PALM dSTORM ClusDoC 



 

 

253 

analysis provided significant data suggesting the adjacency of PRH and 

Vimentin nuclear spatial localisation at nm scale. Taking the spatial proximity 

of PRH and Vimentin into account, we assumed that Vimentin may also exist 

near euchromatin. However, this must be properly addressed by specifically 

staining Vimentin and DNA to be visualised using the same approach we 

followed for PRH and DNA.  

PRH-Vimentin nuclear close localisation, specifically when existing closer to 

the inner nuclear membrane, suggests a significant implication on PRH-

Vimentin role in the context of chromatin organisation, gene regulation, and 

interplay with other inner nuclear membrane proteins in CCA. Several protein 

complexes, e.g. Lim2-Nur1, are localised within or closer to inner nuclear 

membrane and are implicated in heterochromatin gene silencing (464). Yet, 

functional gene reporter assay and ChIP experiments on common target 

genes are needed to investigate the functions of the PRH-Vimentin complex.  

Taking all PALS dSTORM findings together, coupling qualitative and 

quantitative image analysis, i.e. cluster characterisation and ClusDoC 

analysis, refined our understanding of the spatial molecular localisation and 

arrangements of nuclear PRH and Vimentin. While our data suggested PRH 

and Vimentin occupy adjacent subnuclear spaces in CCLP1 cells with more 

Vimentin localised near PRH, these findings are might be limited or highly 

dynamic due to the stochastic nature of single molecule observation using 

PALM dSTORM (465). Despite the novel insight we revealed, we 

acknowledge the limitation of lacking PPI and co-localisation with biophysical 

techniques such as CoIP and live imaging. 
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To address the stand alone GFP expression in later passages of AKN1 GFP-

PRH-Myc cells, we re-checked on plasmid integrity since it is most likely the 

reason behind the observation. While our previous plasmid restriction digest 

and plasmid sequencing data ensured the full-length transgene was inserted 

in the right site without a stop codon between GFP genes from the plasmid 

backbone or PRH gene from the transgene, we did not exclude the existence 

of alternative transcription starting sites or differentiated promoter activity. 

Both may produce GFP independently beside the complete fused protein. We 

also hypothesised that GFP cleavage might be another reason behind losing 

the expression in AKN1 GFP-PRH-Myc cells which were important for 

Vimentin expression and localisation studies. We principally followed the FCS 

approach, described by Goulding et al. (415), to study the dynamics of very 

low GFP fluorescence in our cells. We managed to trace 3 patterns of GFP 

forms: bright and diffuse, dimly diffuse, and very dim clusters. The first type is 

similar between AKN1 GFP-PRH-Myc and control cells which indicates that 

the cells are producing GFP in addition to the fused GFP-PRH in AKN1 GFP-

PRH-Myc cells. The other two forms were seen only in AKN1 GFP-PRH-Myc 

cells. We complemented our fluctuation analysis with representative confocal 

images. We predicted that these GFP are representing monomer PRH. We 

would expect to see several fold-increase in fluorescence intensity to say that 

we detected oligomers since we assumed every induced PRH to be tagged by 

GFP, i.e. direct proportional relationship between the intensity of fluorescence 

and the size of oligomer. The overall detected GFP intensity in AKN1 GFP-

PRH-Myc required increasing the gain during the imaging. In addition, we did 
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not need to include a pre-bleach step for GFP-PRH dynamic recording. In 

addition, the amplitude of fluctuation in fluorescence was quite low for GFP-

PRH between 0-140 kHz. All three points suggest the detection of monomer 

GFP-tagged PRH proteins. Several studies have used FCS to correlate the 

level of fluorescence to the size of the detected protein. For instance, Herrick-

Davis et al. reported that the induced receptor 5-HT2C-GFP in HEK293 cells 

exist predominantly as dimers as they compared its level of GFP brightness to 

HEK293 cells co-expressed with 5-HT2C-GFP and un-tagged 5-HT2C (475).  

Collectively, the data are consistent with our observations that GFP on its own 

in AKN1 cells is abundant, stable, and persists longer compared to GFP-

tagged PRH despite the mixed population. They are also consistent with the 

difficulties we faced to detect GFP-PRH-Myc expression in later passages of 

the cells, or even see their effect on phenotype as we reported in the previous 

chapter. This could also explain the low levels of PRH-Vimentin proximity 

overlap using XYZ-orthogonal views and RGB profiler in AKN1 GFP-PRH-Myc 

cells. In addition to the loss of visible GFP and GFP-PRH-Myc expression and 

loss of apparent mesenchymal phenotype, FCS revealed findings suggested 

standalone GFP production monomers of GFP-PRH-Myc. These findings 

supported the spiculations of AKN1 GFP-PRH-Myc experiencing cleavage of 

the fused protein GFP-PRH-Myc producing PRH fragments. Such observation 

has been reported before to produce defective by-products of ribosomal 

proteins tagged with GFP (DRiPs) due to auto fragmentation which interfered 

with the overall experimental plan (476). Other explanations for fragmented 

GFP-protein side products include enzymatic recognition of specific peptide 
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sequences between GFP and the protein, GFP-protein misfolding, post-

translational modification of the tagged protein, or cell culture environmental 

stress which may activate degradation pathways. 

Taking FCS data together, we followed the standard settings for best model 

fitting and trace analysis in our FCS experiment. However, we could benefit 

from repeating the analysis after optimising the settings. Specifically, recording 

free GFP pattern in more AKN1 GFP cells is needed to set a proper baseline 

for GFP to confidently report on GFP typical speed and brightness.  

The most obvious limitation in our approach in this chapter is the number of 

cell lines and cells included during the analysis although with a super-

resolution technique an n=14 is considered acceptable for cell number (Chris 

Toseland personal communication). Additional cell lines plus a bigger number 

of cells for each cell line would have provided a greater insight onto the 

localisation. The use of images and immunoblotting experiments, in which the 

cells are co-probed for PRH and Vimentin and subcellularly fractionated, 

would have been a good addition to simple image analyses like the ones we 

performed for our confocal images. That would have provided additional 

information to support our findings. 

Considering the previous altogether, we provided primary evidence on PRH-

Vimentin spatial adjacent localisation using two levels of resolution in 

microscopic imaging: confocal and PALM dSTORM imaging. PALM dSTORM 

of PRH with SiR DNA raises the consideration for the future need to replicate 

the approach with mutant forms of PRH (e.g. PRH-N187A). This construct 

encodes a mutated homeodomain that was previously shown to have less 
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Vimentin interaction. Alternatively, PALM dSTORM could also be performed 

in cells with knocked down PRH or Vimentin. Both options would reveal the 

influence of having less PRH-Vimentin interaction on the level of spatial 

localisation. In addition, we would also benefit from expanding the previous 

plan to include imaging Vimentin and SiR DNA to support our suggestions that 

Vimentin in the nucleus is distributed adjacent to the chromatin. This would 

agree with previous report on Vimentin being capable of binding to DNA to 

regulate gene expression (348). Including future work to study the perturbation 

of PRH and Vimentin in relation to the chromatin could reveal a potential 

behaviour mimicking pioneer transcription factors. Furthermore, knowing 

exactly how Vimentin is being trafficked into the nucleus in CCA cells would 

complement and further support our current findings. FRAP imaging of 

fluorescent-tagged Vimentin and monitoring the recovery of emission overtime 

can provide insights into the cytoplasmic-nuclear movements of Vimentin 

(446). Live cell imaging of fluorescent-tagged Vimentin is also another 

experiment to trace the translocation of Vimentin in the cells. Additionally, 

nuclear import assay using permeabilising agents like Digitonin can help track 

the movement of fluorescent-tagged Vimentin (477).  

To advance the investigation of PRH-Vimentin localisation into PPI, we 

mentioned earlier the benefits from including CoIP experiments. In addition, 

FRET imaging to calculate energy transfer between two close molecules 

within 1-10 nm further support molecules interaction (447). Moreover, 

proximity ligation assays can also prove protein interaction by detecting a 

single emitted fluorescence signal generated from two neighbouring 
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molecules that are more likely interacting structures (478). Lastly, in silico 

approaches to study PPI coupled with immunoprecipitation experiments of 

mutated forms of PRH and Vimentin could reveal the exact a.a. sequences 

required for the binding. Protein-protein molecular docking is a computational 

method where the binding interface is predicted, simulated artificially, and 

scored relying on protein sequences to show the bound a.a. residues (479). 

This could be performed between the homeodomain of PRH and head domain 

of Vimentin.  
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5 Chapter 5: The investigation of gene expression 

co-regulation by Vimentin and PRH in CCA cells 

5.1 Introduction  

In this project, we have provided data attempting to expand our current 

knowledge of the role of PRH in CCA. In the previous chapter, we investigated 

the spatial localisation of PRH with one of its protein partners, Vimentin. We 

established that Vimentin in CCA cells can exist spatially within the nuclear 

region in clusters that might be found near PRH clusters. Such a combination 

of characteristics for Vimentin, along with the extensive roles Vimentin 

undertakes in the cytoplasm, offers an interesting axis for investigation.  

Previously, Dr Ka Ying Lee reported in her thesis that both Vimentin and PRH 

promoted cell proliferation in CCA cells (269). Dr Lee also revealed using RT-

qPCR experiments that changes in Vimentin expression induced changes in 

the expression of important cell cycle genes that were also known to be 

regulated by PRH via DNA binding e.g. CCND2 and CDKN1B (269). Here, we 

extend upon the preliminary work conducted by Dr Lee through employing 

RNAseq analysis incorporated with published ChIPseq data to investigate 

hallmarks and pathways co-regulated by Vimentin and PRH in CCA. Our 

approach also offers an insight into a set of genes harbouring a high propensity 

of being regulated by Vimentin through DNA binding. Thus, our work is a 

significant contribution to the frontier of nuclear Vimentin and set the ground 

for future Vimentin ChIP and ChIPseq investigations.  



 

 

260 

In brief, we depleted Vimentin in CCA cell lines (CCLP1 and CCSW1) using 

siVIM5 reverse transfection. Both cell lines were used to conduct the work that 

introduced PRH as an oncoprotein in CCA (215). After ensuring a satisfactory 

depletion of Vimentin at mRNA and protein levels, we investigated the 

expression of PRH at mRNA and protein levels. We characterised the 

phenotype of Vimentin knockdown cells using EdU incorporation assays for 

cell proliferation, brightfield and confocal imaging for morphological changes, 

and transwell cell migration (chemotaxis) assays for cell migration. Then, we 

proceeded to explore Vimentin’s capabilities in gene regulation by RNAseq, 

GO, and GSEA. In addition, we conducted several overlap investigations with 

published RNAseq data from PRH knockdown and overexpression in CCA cell 

lines to explore the possibility of Vimentin-PRH gene expression co-regulation 

in CCA. Moreover, we revealed the functional involvement of the co-regulated 

genes in cancer-related hallmarks and gene sets. Finally, we used RT-qPCR 

to validate interesting genes we highlighted from RNAseq analysis. Employing 

cellular phenotypic investigations integrated with bioinformatics analyses can 

delineate the roles Vimentin exhibits in CCA.  
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5.2 Results 

5.2.1 VIM and HHEX genes are highly expressed in CCA   

To investigate how Vimentin and PRH are expressed in CCA tumours at the 

mRNA level, we used an online platform for Gene Expression Profiling 

Interactive Analysis (GEPIA2) developed by the Zhang lab (1, 2). The server 

uses public RNA sequencing data of 9,736 tumours and 8,587 normal samples 

to give an overview of gene expression profiling as well to apply different 

analytical tests including gene correlation analysis. For gene expression 

purpose, GEPIA2 uses a standard pipeline to match data from The Cancer 

Genome Atlas (TCGA) and the genotype-tissue expression project (GTEx). 

We input VIM and HHEX independently to plot their expressions across 

multiple cancers datasets. ANOVA test was used to find the differential 

expression of both genes in tumour vs. paired normal samples with Log2(FC) 

cut-off value equal to 1 and q-value cut-off equal to 0.01. PRH and Vimentin 

genes were considered overexpressed if the Log2(FC) was more than 1 and 

q-value was less than 0.01. 
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Figure 5-1 Dot plot gene expression profiling of VIM and HHEX displayed as transcripts 
per million in different cancer (red) and normal tissues (green).  

(A) Blue box: VIM expression across 36 CCA tissues compared to 9 normal tissues. (B) Blue 
box: HHEX expression across 36 CCA tissues compared to 9 normal tissues. (1, 2). 

The dot plot (figure 5-1 a & b = top VIM and bottom HHEX) above represented 

the tissue-wise genes expression of HHEX and VIM in n=36 tumour and n=9 

normal samples reported as transcripts per million (TPM). Inside the blue 

boxes, both genes were found highly expressed (red dots) in CCA compared 
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to their control normal samples (green dots) with each dot representing an 

input cancer or normal samples.  

To statistically compare the averages of both VIM and HHEX individually 

between CCA and normal samples, we used OncoDB developed by Tang et 

al. (480). This tool allows the analysis of RNAseq, TCGA, and clinical data to 

explore gene expression in cancer. The box plot (figure 5-2-A) shows the 

student’s t-test analysis where the average VIM (710.7) in CCA tumour 

samples is significantly higher than average VIM in normal tissues (72.7) with 

Log2(FC) of 3.74 (p= 3.3e-04). Similarly, the average HHEX expression 

(111.1) in CCA patients is significantly more than the average of normal 

samples (51.9) with Log2(FC) of 0.8 (p= 9.2e-05) (figure 5-2–B).  

 

Figure 5-2 Box plot indicating the high expression of VIM and HHEX in 36 cancer tissues 
compared to 9 normal samples.  

(A) VIM expression is significantly higher in CCA tissues compared to normal samples (p= 
3.3e-04). (B) HHEX expression is significantly higher in CCA tissues compared to normal 
samples (p= 9.2e-05). Statistical analysis was done using two-tailed student t-test. Error bars 
represent SD. 
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To see if VIM and PRH/HHEX genes were clinically correlated, we used 

GEPIA2 to perform a pair-wise gene expression analysis of VIM and 

PRH/HHEX in CCA and using Spearman correlation (figure 5-3).  

 

Figure 5-3 VIM expression correlates with HHEX in CCA  

36 cancer tissues compared to 9 normal samples. p= 0.013. 

The data indicated that VIM and HHEX expressions are statistically correlated 

in CCA (p=0.013). Altogether, GEPIA2 and OncoDB provided evidence that 

both VIM and HHEX were significantly highly expressed in CCA, and that they 

were significantly correlated.  
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5.2.2 Characterising Vimentin depletion in CCA cell lines 

5.2.2.1 Efficient Vimentin knockdown in CCA cells downregulates the 

expression of PRH 

To deplete Vimentin in CCLP1 and CCSW1 cell lines, we used siRNA AllStar 

negative control (1027418, Qiagen) and siVIM5 (Hs_VIM_5 FlexiTube siRNA, 

NM_003380, Qiagen) to generate CCLP1 and CCSW1 control and siVimentin 

cells. We followed the protocol detailed in the method chapter. After 48 hours 

of transfection, we collected cell pellets for RT-qPCR and Western blotting 

Vimentin expression validation. Both experiments were performed in three 

independent biological repeats.  

RT-qPCR results show that we had a significant reduction in Vimentin mRNA 

(over 95%) in both cell lines 48 hours post transfection; CCLP siVimentin (p 

<0.0001) and CCSW siVimentin (p= 0.0001) (figure 5-4).  

 

Figure 5-4 Vimentin mRNA fold change using RT-qPCR after siVIM5 transfection.  

(A) Vimentin mRNA relative fold expression showing Vimentin mRNA significantly reduced in 
CCLP siVimentin compared to control cells (p<0.0001). (B) Vimentin mRNA relative fold 
expression showing Vimentin mRNA significantly reduced in CCSW siVimentin compared to 
control cells (p= 0.0001). Both RT-qPCR were performed in N=3 biological repeats and 
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normalised to 1 for comparison. Two-tailed unpaired student t-test analysis was performed [P 
≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***)]. Error bars represented SD. 

Similarly, there was also a significant loss of Vimentin expression when 

examined by Western blotting at protein level. We needed to load low protein 

lysate (10 µg) of control and siVimentin samples for SDS-PAGE to visualise 

Vimentin knockdown. The percentage of Vimentin loss was around 93% for 

CCLP siVimentin (p= 0.0011) and 87% for CCSW siVimentin (p= 0.0051) 

(figure 5-5). 

 

 

Figure 5-5 Determination of Vimentin relative fold change using Western blotting(48 
hours after siVIM transfection).  

(A) A representative Western blotting image of CCLP control and siVimentin whole cell protein 
extracts probed with a Vimentin antibody with densitometry analysis showing a significant 
Vimentin knockdown in CCLP siVimentin cells (p= 0.0011). (B) A representative Western 
blotting image of CCSW control and siVimentin whole cell protein extracts probed with a 
Vimentin antibody with densitometry analysis showing a significant Vimentin knockdown in 
CCSW siVimentin cells (p= 0.0051). GAPDH was used to show equal loading. Both Western 
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blottings were performed in N=3 independent biological repeats and normalised to 1 for 
comparison. Two-tailed unpaired student t-test analysis was performed [P ≤ 0.05 (*), P ≤ 0.01 
(**), P ≤ 0.001 (***)]. Error bars represented SD. 

Both CCLP1 and CCSW1 cell lines have elevated levels of PRH at the mRNA 

and protein levels (215). Since PRH loss in both cell lines was associated with 

a downregulation of Vimentin expression (215), we investigated the effect of 

Vimentin loss on PRH expression utilising the same cDNA from the siVimentin 

RT-qPCR verification above. After 48 hours of siVIM5 transfection, there was 

around half a fold reduction in PRH mRNA compared to control cDNA (CCLP 

siVimentin p= 0.0246, CCSW siVimentin p=0.0271) (figure 5-6). 

To see whether we detect a change in PRH expression at protein levels, we 

stripped the same membranes from (figure 5-5) and re-probed them with 

antibodies targeting PRH. There was no significant change in PRH expression 

(CCLP siVimentin p= 0. 9248) and (CCSW siVimentin p= 0. 8498) (figure 5-

6). 
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Figure 5-6 PRH mRNA and protein expression after knocking down Vimentin.  

(A) PRH mRNA relative fold expression showing PRH mRNA significantly reduced in CCLP 
siVimentin compared to control cells (p=0.0246). A representative Western blotting image of 
CCLP control and siVimentin whole cell protein extracts re-probed with a PRH antibody with 
densitometry analysis showing no PRH change in CCLP siVimentin cells (p= 0.9248). (B) PRH 
mRNA relative fold expression showing PRH mRNA significantly reduced in CCSW siVimentin 
compared to control cells (p= 0.0271). A representative Western blotting image of CCSW 
control and siVimentin whole cell protein extracts re-probed with a PRH antibody with 
densitometry analysis showing no change in PRH expression in CCSW siVimentin cells (p= 
0.8498). GAPDH was used to show equal loading. Both RT-qPCR and Western blotting were 
performed in N=3 biological repeats and normalised to 1 for comparison. Two-tailed unpaired 
student t-test analysis was performed [P ≤0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***)]. Error bars 
represented SD. 
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Since verifying PRH protein levels using Western blotting gave non-significant 

results, we decided to re-check the change in PRH protein expression relying 

on immunofluorescence imaging of the cells (data available in section 5.2.2.3 

Vimentin knockdown in CCA cells induced cellular morphological changes – 

figure 5-9).  

Taking all the data together, we show that an efficient Vimentin knockdown 

can be achieved at the mRNA and protein levels after 48 hours of siVIM5 

transfection. Vimentin knockdown was associated with a significant reduction 

of PRH mRNA, but not PRH protein. 

5.2.2.2 Vimentin knockdown in CCA cells reduces cell proliferation  

To examine the effect of Vimentin depletion on cell proliferation in CCLP1 and 

CCSW1 cell lines, we used EdU incorporation assay as described in the 

method section. We used the same siVIM5 transfections from the previous 

section to setup the experiments for cell proliferation. We show here the 

average of two independent biological repeats for CCLP siVimentin and three 

for CCSW siVimentin (figure 5-7). The results indicated that Vimentin loss 

significantly decreased cell proliferation in both cell lines. After 2 hours of EdU 

incubation, there was a significant reduction in cell proliferation by more than 

70% in Vimentin knockdown cells compared to control cells (CCLP siVimentin 

p = 0.0232, and CCSW siVimentin p=0.0175).  
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Figure 5-7 Vimentin loss in CCA cells significantly decreases cell proliferation.  

(A) EdU incorporation assay shows significantly less proliferative activity in CCLP siVimentin 
cells (N=2 biological repeats, p= 0.0232, and error bars represent SEM) in comparison to 
control cells. (B) EdU incorporation assay also shows significantly less proliferative activity in 
CCSW siVimentin cells compared to control cells (N=3 biological repeats, p= 0.0175, and error 
bars represent SD). Cells were incubated with EdU for 2 hours and the Click-IT reaction was 
detected by measuring the absorbance of the colour produced from the addition of an OPD 
substrate for HRP-conjugated antibody at 450 nm. Correction to cell number was achieved by 
crystal violet normalisation. Absorbance was normalised to cell number and then to 1 for 
comparison. Statistical analysis was done using unpaired two-tailed student t-test.  

We concluded that loss of Vimentin expression lowers cell proliferation in CCA 

cell lines.  

5.2.2.3 Vimentin knockdown in CCA cells induces cellular 

morphological changes  

Because Vimentin is a cytoskeletal protein that has a role in maintaining the 

shape of the cells (334, 353-355), we expected to see a change in cell 

morphology upon knocking down Vimentin in CCA cells. Cell morphology has 

an impact on its phenotype and functional biology.  

We initially inspected the cells using brightfield microscopy. In either cell line, 

the control cells appeared elongated and mesenchymal. Despite the high 

confluency, we can still see the cells keeping a small distance from each other, 
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i.e. less cell-cell cohesion. In the transfected population, we observed cells 

that were small and polygonal gathering in groups (red arrows in figure 5-8) in 

addition to the mesenchymal cells.   

 

Figure 5-8  Brightfield images of the control and Vimentin knockdown cells.  

Images were acquired using a Leica DMI3000 B fluorescence microscope. Scale bars 100 
µm. 

To have a better look into the impact of Vimentin knockdown on cell 

morphology, we used one of the transfections in section (5.2.2.1) to seed for 

immunofluorescence staining. We used a confocal Leica DMI4000B 

microscope to image fixed control and siVimentin cells (CCLP1 and CCSW1) 

probed with Vimentin and PRH antibodies as detailed in section (2.3.2). We 

maintained the same settings for laser excitation power, exposure, gain, 

pinhole size, and magnification. We also included images of negative controls 

without primary antibodies. For image analysis, we pre-processed the images 

to eliminate background noise. Then, we threshold the images choosing our 

regions of interests over the background before we proceeded to intensity 

measurement and shape analysis. The analysis was performed using FIJI (7).  
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As seen in (figure 5-9-A), our images included DAPI in blue channel, PRH in 

red channel, Vimentin in green channel, and a final merged image. We used 

Vimentin expression to assess cell morphology. In general, the change in 

shape is consistent with the results from the previous brightfield imaging. With 

Vimentin knockdown the cells transformed from elongated mesenchymal cells 

to small and round cells. In the control cells, Vimentin (green) assumed a 

filamentous arrangement throughout the cells portraying the classical 

cytoskeleton, while PRH (red) was distributed in speckles all over the cells.  

In CCLP siVimentin cells, Vimentin (green) appeared less bright and less 

filamentous compared to control cells. Vimentin knockdown did not seem to 

affect PRH (red) brightness on visual inspection.  
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Figure 5-9 Morphological analysis of CCLP siVimentin cells using immunofluorescence 
imaging.  

(A) CCLP siVimentin cells showed an epithelial-like morphology with less Vimentin visualised 
in comparison to control cells. Cells were fixed with 4% FA and labelled with PRH and 
Vimentin antibodies along with nuclear DAPI staining. Images were acquired sequentially for 
n= 21 CCLP control cells and n=15 CCLP siVimentin cells using a confocal Leica DMI4000B 
microscope at 63X magnification. Scale bars 20 µm. Laser power, gain, exposure, and pinhole 
were the same throughout the imaging. Expression intensities represented in violin plots 
showed significant reduction in expressions of (B) Vimentin (p= 0.004) and (C) PRH (p= 0.027) 
in CCLP siVimentin cells compared to control. Shape descriptor scores showed CCLP 
siVimentin (D) cells significantly smaller (p= 0.03) (E) less elongated (p= 0.002), and (F) more 
circular (p= 3.00e-08) compared to control CCLP cells. Ordinary t-test analysis was 
performed, and error bars represent SD. 
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To statistically confirm the observations above, we measured the intensity of 

Vimentin and PRH expression and analysed the cells morphologically using 

different shape description scores in FIJI (450). We used integrated density 

instead of the mean grey value to detect Vimentin and PRH expressions due 

to the striking difference in cell size (area) after Vimentin depletion. Mean grey 

intensity values are influenced by the area of the examined regions. We 

performed the analysis on n=21 CCLP control cells and n=15 CCLP siVimentin 

cells. The data indicated a significant loss in Vimentin staining (p= 0.004) 

(figure 5-9-B) accompanied by a significant decrease in PRH staining (p= 

0.027) (figure 5-9-C) in CCLP siVimentin cells compared to control cells. To 

statistically analyse the change in morphology after Vimentin depletion, we 

measured cell area, circularity and aspect ratio in FIJI (450). FIJI has all the 

three parameters under “set measurement”. Cells area was measured in 

square micrometre. Cell circularity was calculated based on the formula 

[circularity=4π (area/perimeter^2)] where a value of 1.0 means a perfect circle 

and values closer to 0.0 means there is an elongation in shape. Aspect ratio 

is based on the formula [Aspect ratio = Long axis / Short axis] where both axes 

are defined according to Feret’s diameters, i.e. longest and shortest values. 

Our results indicated that, Vimentin knockdown produced significantly smaller 

cells (p= 0.03) (figure 5-9-D), less elongated cells (p= 0.002) (figure 5-9-E), 

and more circular cells (p= 3.00e-08) (figure 5-9-F) compared to the control 

population. 

The findings from CCSW siVimentin immunofluorescence images were also 

consistent with the findings from CCLP siVimentin immunofluorescence 
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imaging (figure 5-10-A). On visual inspection, Vimentin loss induced the 

production of small and round cells compared to the mesenchymal 

morphology of their control cells. In addition, the extent of Vimentin (green) 

filaments was less than the control cells. PRH again did not seem to change 

in appearance but showed a reduction in staining density.   

 

Figure 5-10 Morphological analysis of CCSW siVimentin cells using immunofluorescent 
imaging.  
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(A) CCSW siVimentin cells images showed an epithelial-like morphology with less PRH and 
Vimentin visualised in comparison to control cells. Cells were fixed with 4% FA and labelled 
with PRH and Vimentin antibodies along with nuclear DAPI staining. Images were acquired 
sequentially for n= 70 CCSW control cells and n=63 CCSW siVimentin cells using a confocal 
Leica DMI4000B microscope at 63X magnification. Scale bars 20 µm. Laser power, gain, 
exposure, and pinhole were the same throughout the imaging. Expression intensities 
represented in violin plots showed significant reduction in expressions of (B) Vimentin (p= 
1.85e-04) and (C) PRH (p= 2.54e-06) in CCSW siVimentin cells compared to control. Shape 
descriptor scores showed CCSW siVimentin (D) cells significantly smaller (p= 1.00e-08) (E) 
less mesenchymal (p= 5.70e-07), and (F) more circular (p<1e-10) compared to control CCSW 
cells. Ordinary t-test analysis was performed, and error bars represent SD. 

We performed the statistical analysis on n=70 CCSW control cells and n=63 

CCSW siVimentin cells. Intensity of expression analysis for Vimentin and PRH 

integrated density indicated a significant decrease in both Vimentin expression 

(p=1.85e-04) and PRH expression (p=2.54e-06) in CCSW siVimentin cells 

(figure 5-10-B and C). Morphology analysis revealed that on average we had 

significantly smaller cells (p= 1.00e-08) (figure 5-10-D), less elongated cells 

(p= 5.70e-07) (figure 5-10-E), and more circular cells (p<1e-10) (figure 5-10- 

F) in CCSW siVimentin cells compared to the control population. 

The level of Vimentin depletion across the analyses of Western blotting, RT-

qPCR, and immunofluorescence imaging revealed a consistent trend in 

Vimentin expression after siVIM5 transfection. In addition, this trend was also 

consistent in both CCLP1 and CCSW1 cell lines. The magnitude of Vimentin 

depletion in transfected cells was robust in comparison to control samples 

demonstrating a striking Vimentin reduction in Western blotting and RT-qPCR 

results. In contrast, visualising the cells using immunofluorescence revealed 

various levels of Vimentin knockdown. Vimentin cytoskeleton was still 

detected in most of the cells, yet the level of reduction was statistically 

significant as indicated from intensity measurements. Morphology analyses in 

both cell lines revealed consistent changes in cell shapes and areas. Such 
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observations are expected from manipulating the expression of a major 

cytoskeletal protein like Vimentin. Altogether, the data indicated that Vimentin 

depletion induced a change of morphology in CCA cells  

5.2.2.4 Vimentin knockdown in CCA cells decreases transwell cell 

migration (chemotaxis) 

To investigate whether the change in morphology of CCLP siVimentin and 

CCSW siVimentin cells altered cell migration ability, we performed transwell 

migration (chemotaxis) assays. Vimentin was extensively studied in cell 

migration before (378, 379). We expected Vimentin loss to impact the ability 

of CCA cells to migrate. We performed this assay in three independent 

biological repeats using cells from the transfections mentioned in section 

(5.2.2.1) We followed the protocol detailed in the method chapter. We 

estimated the number of migrated cells from a standard curve created from 

serial dilution of cells labelled with CalceinAM. We used the following equation 

to find the percentage of migration:   

𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 % =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑜𝑛 𝑏𝑎𝑠𝑎𝑙 𝑠𝑖𝑑𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 
 × 100 

Our results indicates that Vimentin loss in CCLP1 and CCSW1 led to a 

significant drop in the migratory activity of the cells, (CCLP p= 0.0066, CCSW 

siVimentin p= 0.0270) compared to control cells (figure 5-11).  
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Figure 5-11 Vimentin knockdown significantly decreases cell migration in CCA cells.  

(A) A significant reduction in CCLP siVimentin cells migratory activity (p= 0.0066) in 
comparison to control cells. (B) A significant reduction in CCSW siVimentin cells migratory 
activity (p= 0.0270) in comparison to control cells. 1X105 cells were seeded on a transwell 
insert and left to migrate under the influence of a chemo-gradient (2%-10%) FBS across a 
porous membrane for 48 hours in the presence of 1mM antiproliferative Hydroxyurea 
throughout the assay. Cells on basal side of the inserts (migrated cells) were labelled with 8 
µM Calcein AM.  Percentage of migrated cells were interpolated from a standard curve 
generated by using a serial dilution of either CCLP1 or CCSW1 cells stained with 8 µM Calcein 
AM. The experiments were performed as N=3 independent biological repeats and analysed 
using a two-tailed unpaired student t-test. Error bars represented SD. 

Taking the findings together we concluded that when Vimentin is lost, the cells 

become less migratory.  

5.2.3 Vimentin Knockdown RNAseq and enrichment analysis in CCA 

cell lines  

5.2.3.1 High-quality total RNA sequencing 

After we successfully reached satisfactory levels of Vimentin depletion in CCA 

cell lines and observed phenotypes consistent with what is commonly reported 
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in the literature e.g. a reduction in cell proliferation, change in cell morphology, 

and decreased cell migration, we proceeded to investigate whether there is a 

correlated change in gene expression. We isolated RNA from two independent 

Vimentin siVIM5 transfections in CCLP1 and CCSW1 cell lines following the 

protocol from the method chapter. To ensure we had high quality RNA, we 

sent samples of RNA to Deep Seq Next Generation Sequencing facility at the 

university of Nottingham for quality control check-up using Agilent TapeStation 

4200.   

Table 5-1 RNAseq samples prepared for pre-sequencing quality check-up. 

QC report labels Sample details 

C1 G316 CCLP Control 

D1 G316 CCLP siVimentin 

E1 G317 CCLP Control 

F1 G317 CCLP siVimentin 

G1 G313 CCSW Control 

H1 G313 CCSW siVimentin 

A2 G314 CCSW Control 

B2 G314 CCSW siVimentin 

The main part of quality check-up was to obtain an RNA integrity number (RIN) 

which is calculated by finding the ratio of 28S rRNA to 18S rRNA. To say that 

we had a high-quality RNA, we needed the RIN score to be above 9. Samples 

with yellow marks (figure 5-12) indicated high RNA concentration outside the 

requested range by the facility. These samples still gave high RIN scores. 
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Figure 5-12 RNA samples integrity was assessed using gel electrophoresis. 

5.2.3.2 Illumina RNA sequencing using NovaSeq PE150 

We prepared N=2 independent biological repeats of CCLP siVimentin and 

CCSW siVimentin RNAs with their respective controls. Sequencing was 

performed by Illumina for mRNA using NovaSeq PE150 platform to build a 

poly A enriched RNA library and generate 5 G of raw sequences per sample. 

Sequences were of 150 bp length and pair ended. Raw sequencing data were 

shared as FASTQ files.  
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5.2.3.3 Gene Ontology and Gene Set Enrichment Analysis of CCLP 

siVimentin RNAseq identified hallmarks and gene sets 

associated with cell proliferation, EMT, and cell migration  

We initially analysed the raw data from Illumina using the Galaxy web platform 

as detailed in the method chapter. In brief, we used the tool FASTQC to check 

on the quality of the sequences (424). We only proceeded when the QC report 

showed no critical red flags. We trimmed low-quality reads below 30 Phred 

and the synthetic adaptors using TrimGalore (425). We aligned the sequences 

to Human Genome 38 (HG38) using the TopHat aligning tool (427). We, then, 

imported an annotated HG38 reference from Galaxy’s built-in library to count 

the features (428). Later, we analysed the two independent biological repeats 

using the tool DESeq2 to generate the list of differentially expressed genes 

(DEG), normalised gene counts, and DESeq2 plots (429).   

To prepare DESeq2 output for downstream analysis, we converted the genes 

Ensemble identities to gene Symbols using MART_export obtained from 

GitHub Bioinformatics forum (430). We applied cut-off measures for the 

adjusted p-value and the gene expression fold change (FC). Adjusted p-value 

takes into consideration the FDR. To say that a gene has an adjusted p-value 

below 0.05 means that the chance of having a false positive regulated gene is 

below 5%. We kept all the genes with adjusted p-value below 0.05 and referred 

to them as significant DEG. To sub-classify this list of genes into upregulated 

and downregulated genes, we extracted them using FC cut-off values of FC 

>1.5 and FC <0.66, respectively.  
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Vimentin knockdown in CCLP1 cells resulted in a total of 2860 significant DEG 

where 305 were significantly upregulated genes, and 280 genes were 

downregulated (figure 5-13-A). The volcano plot illustrated the combined 585 

significant and regulated DEG created by plotting Log2(FC) vs. -Log10(adjusted 

p-value) (figure 5-13-B).  

 

Figure 5-13 Differentially expressed genes in CCLP siVimentin RNAseq.  
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(A) UpSet plot of significant DEG (adjusted p<0.05) further classified into upregulated genes 
(FC>1.5) and downregulated genes (FC<0.66). (B) Volcano plot of the 585 significant and 
regulated DEG (Log2(FC) vs. -Log10(adjusted p)). 

To have a biological insight into the functional importance of significant and 

regulated DEG, we carried out two types of analyses: GO analysis and GSEA. 

GO is a standardised tool to annotate input genes and investigate their 

overrepresentation in predefined terms to describe their association in 

biological processes, cellular components, or molecular functions (481). We 

performed GO analysis using the Enrichr web platform. Enrichr is an 

integrative tool that include over a hundred of gene set libraries (436). Enrichr 

can perform enrichment and ORA as well as provide various visualisation 

approaches to display the results inferring functional knowledge of the input 

genes. Enrichr uses four scores when it generates the final report: p-value, q-

value, odd ratio, and combined score. Enrichr acquire q-values from adjusted 

p-values corrected to account for multiple hypotheses using Benjamini-

Hochberg method (435, 436). For CCLP siVimentin RNAseq GO analysis, we 

used the significant and regulated 585 DEG. The outcome contained different 

terms classified under biological processes (GO-BP), cellular components 

(GO-CC), and molecular functions (GO-MF). We only showed terms that had 

an adjusted p-< 0.05. We had 17 biological processes terms, 3 cellular 

component terms, and a single molecular function term (figure 5-14).  
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Figure 5-14 Gene ontology analysis on CCLP siVimentin RNA seq data.  

GO analysis using Enrichr of CCLP siVimentin significant and regulated DEG. Only the 
significantly enriched pathways were listed in order of -Log10(adjusted p). 

Majority of the terms under GO-BP indicated that Vimentin knockdown 

regulated gene sets associated with the progress and regulation of cell 

proliferation and cell migration.  

We further investigated CCLP siVimentin significant and regulated DEG using 

GSEA MSigDB Hallmarks. MSigDB Hallmarks offered several collections of 

curated gene sets that infer biological information on key functions and 

pathways often implicated in cancer (433, 434). Input genes were analysed by 

hypergeometric overlapping analysis, or over-representation analysis (ORA), 

to highlight the gene sets that were significantly enriched in hallmark pathways 

(433, 434). Since the limit for gene input on MSigDB online computation was 

limited to 500 genes, we again used Enrichr. Enrichr used a borrowed MSigDB 

library to investigate input genes against the Hallmarks libraries (435, 436). 

The outcome was presented in a horizontal bar chart illustrating the hallmark 

gene sets and their -Log10(p-value). Hallmarks were ranked based on their p-
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values where statistically significant terms were identified when p <0.05 (figure 

5-15).  

 

Figure 5-15 GSEA using MSigDB Hallmarks on CCLP siVimentin significant and 
regulated DEG.  

The list represented the top 10 significantly enriched hallmarks in order of their -Log10(p-
value). 

The top 10 hallmarks here indicated that Vimentin knockdown significantly 

enriched genes associated with cell growth, cell proliferation and cell migration 

e.g. EMT, p53 pathway, mTORC1, hypoxia, Oestrogen response, and apical 

junctions. In fact, the EMT hallmark was the hallmark with the lowest p-value.  

Since EMT was the most significantly enriched hallmark, we wanted to have a 

deeper look into the enriched EMT genes. We proceeded with pre-ranked 

GSEA using hallmarks gene sets. Pre-ranked GSEA is a variant of GSEA that 

allowed the users to choose the parameter of interest to rank the gene input 

instead of the default differential expression used in traditional GSEA (433). 

Pre-ranked GSEA have the advantage of taking into consideration whether 
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the pre-determined metric parameter was associated with the investigated 

gene sets (433). We used a Log2(FC)-ranked DEG list as an input and 

performed pre-ranked GSEA choosing the most recent hallmark dataset. 

Although the literature recommended using the entire DEG list for pre-ranked 

GSEA, we applied p-value cut-off for the DEG because we wanted to eliminate 

the noise from genes that were non-significant. 

The enrichment plot is one of the primary outputs from pre-ranked GSEA 

which provides a visual view of gene set enrichment. The top part of 

enrichment plot had a green curve generated from running the enrichment 

score calculation down the ranked gene input. The curve went upward in 

response to an increase in the running-sum statistics whenever a gene from 

the ranked list was found in the EMT gene set, while the drop in the curve 

occurred when a gene from the ranked list was not in the EMT gene set. The 

magnitude of increment or decrement relied on the degree of gene correlation 

with the examined phenotype. The maximum deviation on the curve (peak) 

indicated the enrichment score (ES) which reflected the gene 

overrepresentation at either the top (positive ES) or bottom (negative ES) of a 

ranked gene list. The result was considered most interesting when the peak 

was at either the top (positive enrichment) or bottom (negative enrichment) of 

the ranked list. The middle part of the plot contained the overlapped genes 

from the ranked list with the EMT gene set. The gene members that 

contributed the most in making the ES are called the leading-edge genes. 

They appeared prior to a positive ES peak and after a negative ES. The bottom 
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part of the plot showed the pre-ranking metric for input genes (Y-axis) and the 

ranking in ordered EMT dataset (X-axis).  

EMT hallmark was identified as one of the positively enriched gene sets. EMT 

enrichment plot (figure 5-16-A) indicated an overall enrichment score 

(ES=0.18 – Normalised=ES 1.14). A total of 74 genes from CCLP siVimentin 

ranked genes were found in the EMT gene set. However, 21 genes contributed 

to the enrichment signal (or core enrichment) at the top of the ranked list 

correlating with the upregulated genes.  

 

Figure 5-16 Pre-ranked GSEA analysis using Hallmarks on CCLP siVimentin significant 
DEG.  

(A) Enrichment plot of EMT hallmark. (B) Volcano plot of CCLP siVimentin DEG enriched in 
EMT hallmark showing genes at the top and bottom of the ranked list. (C) Heatmap of all 
CCLP siVimentin DEG enriched in EMT hallmark showing the normalised counts from the 
different conditions of RNAseq experiment.  
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The volcano plot for EMT genes showed the relationship between genes 

Log2(FC) and -Log10(adjusted p-value) (figure 5-16-B). The plot also showed 

that some of the key EMT genes enriched by Vimentin knockdown were at the 

top of the ranked list e.g. FSTL3, IGFBP4, COL12A1, IGFBP3, and BDNF. 

While those at the bottom of the ranked list included: SPOCK1, TNC, FBLN2, 

ITGB5, and SPARC. We also presented the genes in a clustered heatmap 

using the equivalent DESeq2 normalised counts from the different conditions 

of the RNAseq experiment (figure 5-16-C).  

Taking the findings together, our results indicated that Vimentin perturbation 

in CCLP1 cells induced gene expression changes that were associated with 

the phenotype we observed in vitro. Vimentin knockdown regulated gene sets 

that were related to cell proliferation, EMT, and cell migration. 

5.2.3.4 Gene Ontology and Gene Set Enrichment Analysis of CCSW 

siVimentin RNAseq identified hallmarks and gene sets 

associated with cell proliferation, EMT, and cell migration  

We followed the same approach from the previous section to interrogate 

CCSW siVimentin RNAseq data starting with processing raw FASTQ files 

using Galaxy web platform to pre-ranked GSEA.  

When we applied the cut-off for adjusted p-value, we had a total of 1274 DEG. 

243 of the genes were significantly upregulated and 387 were downregulated 

bringing down the total number to 630 genes (figure 5-17-A). The volcano plot 

shows the combined 630 regulated genes created by plotting Log2(FC) vs. -

Log10(adjusted p) (figure 5-17-B). 
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Figure 5-17 Differentially expressed genes in CCSW siVimentin RNAseq.  

(A) UpSet plot of significant DEG (adjusted p<0.05) further classified into upregulated genes 
(FC>1.5) and downregulated genes (FC<0.66). (B) Volcano plot of the 630 significant and 
regulated DEG (Log2(FC) vs. -Log10(adjusted p)). 

For CCSW siVimentin RNAseq GO analysis, we used the significant and 

regulated 630 DEG. The outcome contained different terms classified under 

biological processes (GO-BP), cellular components (GO-CC), and molecular 
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functions (GO-MF). Only one term under GO-MF had an adjusted p-value 

below 0.05 which is Ephrin Receptor Binding. However, we still presented the 

top 5 terms in each GO category: 5 biological processes terms, 5 cellular 

component terms, and 5 molecular function terms (figure 5-18).  

 

Figure 5-18 Gene ontology analysis on CCSW siVimentin RNA seq data.  

GO analysis using Enrichr of CCSW siVimentin significant and regulated DEG. Only the 
significantly enriched pathways were listed in order of -Log10(adjusted p). 

We further investigated CCSW siVimentin DEG using GSEA with MSigDB 

Hallmarks. We plotted the outcome in a horizontal bar chart illustrating the 

hallmark gene sets and their -Log10(p-value). Statistically significant terms 

were identified when p <0.05 (figure 5-19).  
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Figure 5-19 GSEA using MSigDB Hallmarks on CCSW siVimentin significant and 
regulated DEG.  

The list represented the top 10 significantly enriched hallmarks in order of their -Log10(p-
value). 

Only 6 out of the top 10 hallmarks had an adjusted p-value below 0.05. 

Vimentin knockdown significantly enriched genes associated with cell growth, 

cell proliferation, cell apoptosis or cell migration e.g. EMT, apoptosis pathway, 

KRAS signalling, and TGF-β signalling pathway. As in the CCLP siVimentin 

RNAseq GSEA data, EMT hallmark was the hallmark with the lowest p-value.  

We also performed pre-ranked GSEA using hallmarks gene set to get more 

details on the involved genes. The input ranked gene list contained significant 

DEG. Unlike CCLP siVimentin RNAseq, EMT hallmark here was identified as 

one of the negatively enriched gene sets. In fact, it was the one with the most 

significant adjusted p-value (p= 0.003). EMT enrichment plot (figure 5-20-A) 

indicated an overall enrichment score of -0.53 (ES=-0.53 – Normalised=ES 

2.41). A total of 24 genes from the ranked gene list were found in EMT gene 
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set. However, 12 genes contributed to the enrichment signal (or core 

enrichment) at the bottom of the ranked list correlating with the downregulated 

genes.  

 

Figure 5-20 Pre-ranked GSEA analysis using Hallmarks on CCSW siVimentin significant 
DEG.  

(A) Enrichment plot of EMT hallmark. (B) Volcano plot of CCSW siVimentin DEG enriched in 
EMT hallmark showing genes at the top and bottom of the ranked list. (C) Heatmap of all 
CCSW siVimentin DEG enriched in EMT hallmark showing the normalised counts from the 
different conditions of RNAseq experiment. 

The volcano plot for EMT genes showed the relationship between genes 

Log2(FC) and -Log10(adjusted p-value) (fig 5-20-B). The plot also highlighted 

some of the key EMT genes enriched by Vimentin knockdown at the top of the 
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ranked list e.g. RHOB, SGCB, SERPINE2, and FAP. While those at the bottom 

of the ranked list included: ITGB3, SERPINE1, TPM4, ITGB5, ITGAV, and 

TGFBR3. We also presented the genes in a clustered heatmap (figure 5-20-

C) using the equivalent DESeq2 normalised counts from the different 

conditions of the RNAseq experiment. 

Taking the findings together, our results indicated that Vimentin perturbation 

in CCSW1 cells induced gene expression changes that were associated with 

the phenotype we observed in vitro. Vimentin knockdown regulated gene sets 

that are related to cell proliferation, EMT, and cell migration.  

5.2.3.5 Common enriched EMT genes in CCLP siVimentin and CCSW 

siVimentin RNAseq data sets 

Both RNAseq data sets in CCLP siVimentin and CCSW siVimentin showed 

the EMT hallmark as the most significant pathway on GSEA. However, pre-

ranked GSEA revealed that EMT hallmark genes contributed to a positive 

enrichment score (ES=0.18 – Normalised=ES 1.14) in CCLP siVimentin, and 

a negative enrichment score (ES=-0.53 – Normalised=ES 2.41) in CCSW 

siVimentin. To see whether we had common enriched EMT genes, we 

intersected the two lists using Venn diagrams (figure 5-21-A). 
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Figure 5-21 Common DEG enriched in EMT hallmark in CCLP siVimentin RNAseq and 
CCSW siVimentin RNAseq.  

(A) Venn diagram showing 12 overlapped DEG enriched in EMT hallmark between the two 
RNAseq data sets. (B) Bar chart showing the expression fold change as (Log2(FC)) of all the 
12 common DEG.   

The results indicated that a total of 9 genes (excluding VIM) were regulated in 

the same direction by Vimentin knockdown in both cell lines: GJA1, ITGAV, 

ITGB5, MMP2, SDC1, SERPINE2, SGCB, TGFBR3, and TPM4. The two 

enriched EMT genes regulated in opposite direction by Vimentin were 

SERPINE1 and IGFBP3. They were upregulated in CCLP siVimentin and 

downregulated in CCSW siVimentin RNAseq (figure 5-21-B).  
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5.2.3.6 Summary on differentially expressed gene counts by Vimentin 

knockdown in CCA cells 

Vimentin knockdown resulted in slightly fewer differentially expressed genes 

in CCLP1 cells (14781 DEGs) compared to CCSW1 cells (15403 DEGs) 

regardless of the cut-offs in adjusted p-value or FC. When we took adjusted 

p-value cut-off in consideration, we had more genes for CCLP siVimentin 

(2860) compared to CCSW siVimentin (1274). By applying FC cut-off to CCLP 

siVimentin, we had 585 DEGs where 305 genes were upregulated, and 280 

genes were downregulated. Applying the same for CCSW siVimentin RNAseq 

gave a greater number of genes (630 DEGs) compared to CCLP1. 243 genes 

of the 630 were upregulated, and 387 genes were downregulated. (figure 5-

22)  
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Figure 5-22 Summary on DEG counts in CCLP siVimentin and CCSW siVImentin 
RNAseq. 

DEG were filtered based on their adjusted p and FC values into significant up and 
downregulated DEG. 

To find the number of common DEGs with p-value and FC cut-offs, we first 

overlapped the DEGs with adjusted p<0.05 from CCLP siVimentin (2860) with 

CCSW siVimentin (1274) (figure 5-23). The overlap revealed 558 common 

DEGs for the two RNAseq data sets. This represented up to 19.5% of CCLP 

siVimentin DEGS (adjusted p<0.05). For CCSW siVimentin, 558 genes 

accounted for 43.8% of CCSW siVimentin DEGS (adjusted p<0.05). 
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Figure 5-23 Venn diagram showing 558 significant DEG were regulated by Vimentin in 
both RNAseq data sets. 

We further extracted the upregulated and downregulated genes from the 558 

common genes by applying FC cut-off. We had a total of 118 genes where 33 

genes were upregulated, and 85 genes were downregulated. This represented 

21.15% of the common genes. We proceeded to perform GSEA using the 

common genes regulated in the same direction by vimentin in both cell lines 

to see the hallmarks in which the genes were enriched (figure 5-24). Only 3 

hallmarks were significant. Again, EMT hallmark was the most significantly 

enriched pathway. 
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Figure 5-24 GSEA using MSigDB Hallmarks on 118 significant and regulated DEG by 
Vimentin in the same direction.  

The list represented the top 10 significantly enriched hallmarks in order of their 

-Log10(p-value). Overall, the results indicate that Vimentin knockdown resulted 

in changes in the expression of common genes in CCLP1 and CCSW1 CCA 

cell lines that were also enriched in pathways associated with the phenotype 

we observed in vitro. Vimentin knockdown in CCA cell lines significantly 

regulated genes that were enriched in gene sets associated with cell 

proliferation, EMT, and cell migration.  

5.2.3.6.1 Overview of Vimentin knockdown impact on the expression of 

important cell cycle genes 

Previously, Dr Lee reported in her thesis that knocking down Vimentin in 

CCLP1 cells upregulated CDKN1B and downregulated CCND2 which is also 

observed after knocking down PRH in CCLP1 cells (269). Both genes were 

also reported as direct targets for PRH on CCLP Myc-PRH ChIPseq data. To 

have a closer look at the changes brought about by Vimentin depletion in our 
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CCLP1 and CCSW1 cells on CCND2, CDKN1A, CDKN1B and CDKN2B 

genes, we investigated their Log2(FC) and normalised counts in both RNAseq 

data sets.  

Figure 5-25-A shows that Vimentin knockdown in CCLP1 cells significantly 

upregulated the expression of CCND2 (adjusted p = 0.008) and CDKN1A 

(adjusted p = 0.0227). Whereas CDKN1B and CDKN2B were differentially 

expressed, but non-significantly (adjusted p = 0.69) and (adjusted p = 0.64), 

respectively. In CCSW1 cells, (figure 5-25-B) shows that all the genes were 

differentially expressed although non-significantly. Only CDKN1B (adjusted p 

= 0.519) expression seemed to increase while CCND2 (adjusted p = 0.971), 

CDKN1A (adjusted p = 0.980) and CDKN2B (adjusted p = 0.814) decreased.  

Overall, our data indicated that Vimentin regulates the expression of some 

genes involved in the progression of the cell cycle in CCA cells. However, most 

of the findings were neither significant nor similar to the previous results.  
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Figure 5-25 The effect of Vimentin knockdown on the expression of genes with roles in the progression of the cell cycle. 

(A) Vimentin knockdown in CCLP1 cells significantly upregulated the expression of CCND2 and CDKN1A. 
(B) Vimentin knockdown in CCSW1 cells did not significantly alter the expression of CCND2, CDKN1A, CDKN1B, or CDKN2B.
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5.2.4 RNAseq overlap analysis to investigate co-regulation of gene 

expression by Vimentin and PRH in CCA 

5.2.4.1 Genes changing in the same direction when co-regulated by 

Vimentin and PRH  

We established that Vimentin could regulate gene expression when it is 

altered in CCA cell lines. In order to investigate the genes co-regulated in the 

same direction by Vimentin knockdown and PRH knockdown in CCLP1 cells, 

we utilised published CCLP PRH knockdown RNAseq data generated by 

Kitchen et al. in conjunction with CCLP siVimentin RNAseq data (215). We 

considered the DEG to be significantly co-upregulated by PRH and Vimentin 

if they had an adjusted p<0.05 and FC>1.5 in both RNAseq data sets, and 

vice versa for co-downregulated genes. We analysed PRH knockdown 

RNAseq following the same approach we used in the previous section. For 

intersection analysis, we overlapped DEG with adjusted p<0.05 from both 

RNAseq data sets which produced 131 genes (figure 5-26). 

 

Figure 5-26 Venn diagram showing that 131 significant DEG were co-regulated by 
Vimentin and PRH. 
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To see whether these 131 genes were likely to be regulated via PRH-DNA 

binding, we utilised published CCLP PRH-Myc ChIPseq data (215). We 

analysed ChIPseq data as detailed in the method section. We overlapped the 

131 significant DEG with genes that have peaks for PRH in CCLP PRH-Myc 

ChIPseq regardless of the peak number or the distance from TSS. The 

intersection produced 33 genes where 7 genes were co-downregulated by 

Vimentin and PRH, and 11 genes were co-upregulated by Vimentin and PRH. 

(figure 5-7).  

 

Figure 5-27 UpSet plot showing the number of extracted significant DEG co-regulated 
by Vimentin and PRH in the same direction. These DEG also have peaks for PRH on 
ChIPseq. 

DEG co-upregulated by PRH and Vimentin = common DEG with adjusted p<0.05 and FC>1.5. 
DEG co-downregulated by PRH and Vimentin = common DEG with adjusted p<0.05 and 
FC<0.66. 

To have a biological insight into the functions of these genes, we investigated 

the hallmarks pathways in which these 18 genes were enriched. The top 

enriched hallmarks were all associated with cellular growth, proliferation, EMT, 
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migration and invasion (figure 5-28). This indicates that both Vimentin and 

PRH significantly co-regulate genes that enriched cancer associated 

pathways.  

 

Figure 5-28 GSEA using MSigDB Hallmarks on 18 significant DEG co-regulated by 
Vimentin and PRH in the same direction.  

The list represented the top 10 significantly enriched hallmarks in order of their -Log10(p-
value). 

5.2.4.2 Genes changing in opposite directions when co-regulated by 

Vimentin and PRH 

To investigate the genes co-regulated in opposite direction by Vimentin and 

PRH in CCLP1 cells, we used CCLP siVimentin RNAseq with CCLP PRH 

overexpression RNAseq generated by Kitchen et al. (215). We overlapped 

significant DEG from CCLP siVimentin with significant DEG from CCLP PRH 

overexpression RNAseq. This produced a set of 599 common significant 

DEGs (figure 5-29). 
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Figure 5-29 Venn diagram showing that 599 significant DEG were co-regulated by 
Vimentin and PRH. 

Then, to examine whether the above 599 DEGs were likely to be directly 

regulated via PRH-DNA binding, we overlapped them with gene list from 

CCLP PRH-Myc ChIPseq data regardless of the peaks number or distance 

from TSS. This narrowed down the list into 187 significant DEG with ChIP 

peaks for PRH. Then we used these 187 DEG to extract the genes that were 

changing in opposite directions (i.e. upregulated by Vimentin and 

downregulated by PRH and vice versa). Out of these 187 genes, 7 genes were 

co-regulated by Vimentin and PRH (upregulated by Vimentin – downregulated 

by PRH), and 19 genes were co-regulated by Vimentin and PRH 

(downregulated by Vimentin – upregulated by PRH) bringing down the final 

gene count to 26 (figure 5-30). 
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Figure 5-30 UpSet plot showing the number of extracted significant DEG co-regulated 
by Vimentin and PRH in opposite direction after applying FC cut-off on the common 
DEG. 

To explore the functional importance of these 26 significant DEG co-regulated 

by Vimentin and PRH, we performed GSEA using hallmarks terms (figure 5-

31-A). Out of the top 10 enriched hallmarks, 5 showed a p-value below 0.05 

which were as follow: coagulation, mitotic spindle, apoptosis, p53 pathway, 

and EMT. All of which indicate that the Vimentin regulates gene sets that were 

enriched in pathways associated with cancer progress. These genes were 

also regulated by PRH via PRH-DNA binding.  
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Figure 5-31 GSEA using MSigDB Hallmarks on 26 significant DEG co-regulated by 
Vimentin and PRH in opposite directions.  

(A) The list represented the top 10 significantly enriched hallmarks in order of their -Log10(p-
value). (B) Bar chart showing the expression fold change as (Log2(FC)) of the enriched 
significant DEG in MSigDB Hallmarks.   

To validate RNAseq findings, we further expanded on exploring the genes co-

regulated by Vimentin and PRH that were enriched in the above hallmarks 

taking into consideration PRH ChIP peak distance and peak numbers. We 

highlighted the genes with PRH peaks within 100 Kb distance of the TSS as 
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well as quantify the number of PRH peaks at each gene (figure 5-32). We 

identified the genes GADD45A, GSN, MMP10, STAT3 and WASF1 to have 

between 1-10 peaks at different locations within 100 Kb distance of the TSS.  

 

 

Figure 5-32 Significant DEG co-regulated by Vimentin and PRH and the number of PRH 
peaks.  

(A) A pie chart representing the number of PRH peaks at each identified DEG. (B) The 
epigenomic distribution of PRH peaks at each identified DEG.  

When we further narrowed the screening distance to within 2 Kb of TSS we 

found that MMP10, STAT3 and WASF1 genes each had a single peak for PRH 

at the promoter, intergenic, and intronic regions, respectively. Therefore, we 

decided to proceed with examining their expression using RT-qPCR. Since 

GADD45A and GSN genes were enriched in 3 hallmarks each, we added them 

as candidates for RT-qPCR validation. 

We designed and optimised RT-qPCR primers for GADD45A, GSN, MMP10, 

STAT3 as detailed in the method chapter. Out of all the primers, 3 primer pairs 

were qualified for RT-qPCR validation: GSN, STAT3, and WASF1 (Results 

from RT-qPCR primer optimisation are available as supplementary data in the 

appendix). GADD45A and MMP10 primers were left for future further 
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optimisation due to time restriction. We performed RT-qPCR in N=3 

independent biological repeats using cDNA from CCLP siVimentin (figure 5-

33).  

 

Figure 5-33 Validation of RNAseq findings using RT-qPCR.  

(A) Genes Log2(FC) from RNAseq data. (B) Vimentin mRNA relative fold expression (p= 
0.0002). (C) PRH mRNA relative fold expression (p= 0.0353). (D) GSN mRNA relative fold 
expression (p=0. 0.0406). (E) STAT3 mRNA relative fold expression (p= 0.0428). (F) WASF1 
mRNA relative fold expression (p= 0.0500). All RT-qPCR were performed in N=3 biological 
repeats and normalised to 1 for comparison. Two-tailed unpaired student t-test analysis was 
performed (for WASF1 One-tailed student t-test) [P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***)]. 
Error bars represented SD. 

Overall, the fold changes in gene expressions of GSN, STAT3, and WASF1 

on RT-qPCR agreed with their differential expression on CCLP siVimentin 
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RNAseq. GSN and STAT3 were significantly downregulated when Vimentin 

was knocked down GSN (p=0.0406), STAT3 (p=0.0428). Whereas WASF1 

was upregulated (p=0.0500). 
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5.3 Discussion 

Vimentin is a major cytoskeletal protein that is widely recognised for its 

extensive structural roles in the cells (10). We discussed in the introduction 

the subcellular localisation of Vimentin in the cells and how that influences its 

functions in each compartment. For example, the dynamic cytoplasmic 

filaments of Vimentin contribute to the re-organisation of the cytoskeleton 

serving cell shape preservation (334, 353-355), EMT regulation (359), cell 

motility and migration (378), and cell proliferation (384). We also discussed 

the existence of Vimentin in the nuclear subregion of cells where it was 

suggested to regulate gene transcription, particularly p21Waf1 gene expression 

(348). 

The aim of this chapter is to explore the potential role of Vimentin in 

conjunction with PRH to regulated gene expression in CCA. This was 

achieved by examining the roles of Vimentin in CCA; as a structural protein 

that influences CCA cells phenotype, and as a regulator of gene expression. 

Figure 5-34 shows the experimental model we followed in this chapter. 
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Figure 5-34 Flowchart analysis model for the investigation of gene co-regulation by 

Vimentin and PRH in CCA 
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Previously, Dr Ka Ying Lee (in her PhD work) drew attention to Vimentin as an 

important player in CCA when she first reported it as a protein partner for PRH 

in CCA cells (269). She subsequently revealed that both Vimentin and PRH 

promoted cell proliferation in CCA as well as regulated the expression of 

CCND2 and CDKN1B cell cycle genes (269). In response, we followed up with 

co-localisation investigations to further confirm the spatial co-existence of 

Vimentin and PRH in CCA cells, particularly in the nucleus.  

To fulfil our aim of exploring Vimentin as a structural protein in CCA, we 

needed to knockdown Vimentin in CCA cells (CCLP1 and CCSW1) and 

confirm that the resulting phenotype is in line to what is already known about 

Vimentin in the literature. We focused on the changes in cell proliferation, cell 

morphology, and cell migration. We used EdU incorporation assays, transwell 

migration (chemotaxis) assays, and microscopy imaging. To investigate the 

potential roles of Vimentin as a regulator of gene transcription, we used 

RNAseq analysis to identify the differentially expressed genes (DEG), analyse 

the biological impact of Vimentin knockdown on the functional enrichment of 

target genes in cancer using GO and GSEA, and validate the expression of 

target genes using RT-qPCR. 

We demonstrated using GEPIA2 that VIM and HHEX genes are upregulated 

and exhibited a correlated expression in CCA samples. This indicates that 

Vimentin is also important for CCA tumorigenesis. We also showed RT-qPCR 

and protein expression results demonstrating that an efficient depletion of 

Vimentin in CCA cells resulted in the downregulation of PRH expression. This 

is in agreement with the data Dr Ka Ying Lee generated for her thesis (269). 
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PRH was found to regulate the expression of Vimentin at both mRNA and 

protein levels in CCA cells (215). This further strengthened the potential role 

for Vimentin in CCA.  

As part of Vimentin knockdown phenotype verification, we showed that 

Vimentin depletion significantly reduced CCA cell proliferation. Vimentin 

expression has been seen to be induced in response to cell injury to promote 

cell proliferation via TGF-β signalling pathway (380). In addition, Vimentin 

importance for cell proliferation has been further illustrated in the impaired 

wound healing of (VIM -/-) mice (300). Moreover, Vimentin was reported to 

regulate the expression of p21 cyclin dependent kinase inhibitor in the nucleus 

(348). Our findings confirmed the initial work conducted by Dr Ka Ying Lee in 

which she reported both PRH and Vimentin promoted cell proliferation in CCA 

cells (269). It is important to say that we technically used a similar approach 

to suppress Vimentin expression in our cells and display its effect on cell 

proliferation. Our data were also consistent with the reduction in cell 

proliferation seen when Vimentin was depleted in HN12 cells (nodal metastatic 

squamous cell carcinoma) in vitro (482). The same study also confirmed the 

reduction in proliferation by reporting smaller tumour growth in xenograft 

models in vivo (482). Similarly, interfering with Vimentin expression in 

colorectal cancer cells, where AP-1 was overexpressed, was also reported to 

diminish the cell proliferation upregulated by AP1 in xenograft mice models 

(280). In contrast, Vimentin loss was linked to increased HepG2 proliferative 

activity in liver cancer via Rictor/AKT/β-catenin signalling pathway (384). Our 

finding do not align with a recently reported result of Vimentin knockdown in 
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KKU-214L5 CCA cell line (lung metastatic CCA cell line) where no influence 

on cell proliferation was seen (483). It worth mentioning that in the latter two 

studies, cell proliferation was assessed using a colorimetric cell viability assay 

relying on the metabolic reduction of WST-8 (water soluble tetrazolium salts) 

which is different from our approach in which we detected the number of cells 

incorporating synthetic EdU as they go through the S phase to reflect the 

change in cell proliferation (484). While both methods are end point assays, 

they have different principles. Although we combined cell counting with EdU 

assay in chapter 3, we did not conduct cumulative growth curve here because 

it required counting over two weeks. This would necessitate consecutive 

Vimentin knockdowns or stable Vimentin knockdown cells. It would be 

beneficial to combine several methods to measure the proliferative activity of 

the cells in the future to gain more comprehensive results. In general, the 

conflicting findings of Vimentin influence on cell proliferation has been reported 

several times in the literature perhaps indicating the complexity of the 

regulation of cell proliferation.  

Beside cell proliferation, we chose to examine the phenotype of our Vimentin 

knockdown cells by addressing the changes in cell morphology. We followed 

similar approach from chapter 3 where we inspected the changes in cell 

morphology using brightfield imaging followed by an immunofluorescence 

imaging confirmation combined with shape descriptor scores. In chapter 4, we 

co-stained CCLP1 cells for PRH-Vimentin spatial localisation. Our results 

indicated that CCLP1 cells were spindle-like and mesenchymal in appearance 

displaying a filamentous expression of Vimentin in the cytoplasm representing 
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the cytoskeleton with some fibres extending to appear in the nuclear region. 

Our results in this chapter for CCLP1 control cells were consistent with our 

previous findings. Our data also showed that control CCSW1 cells displayed 

similar elongated morphology and a Vimentin cytoplasmic staining pattern to 

CCLP1 control cells. There was a striking reduction in cell area upon 

repressing Vimentin expression in CCA cells (CCLP siVimentin and CCSW 

siVimentin) on both brightfield and immunofluorescence imaging. We 

supported those visual findings with analysis of cells area and shape using the 

following parameters on FIJI: area, aspect ratio, and circularity (450). All three 

measurements indicated that we had significantly smaller, polygonal, circular 

cells (i.e. epithelial-like cells) with Vimentin knockdown compared to control 

cells (CCLP1 and CCSW1). Vimentin is a well-known canonical EMT marker 

(359), and it is important to preserve the shape of cells (334, 353-355). Our 

findings were consistent with the transitioning into epithelial-like morphology 

seen in KKU-214L5 cells when they were stained for Vimentin 48 hours post 

Vimentin depletion (483). As in spatial localisation imaging, the number of 

imaged cells in our experiment was small. However, we partially compensated 

that by including two cell lines. We were not able to show whether there are 

changes in other EMT markers using RT-qPCR or WB due to time restrictions 

and this would be an important area for future studies. However, overall, our 

results further strengthened the importance of Vimentin in preserving the 

elongated morphology of mesenchymal cells.  

Quantitative analysis of Vimentin expression from confocal 

immunofluorescence imaging drew the attention to the discrepancy in 
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Vimentin expression across multiple techniques; Western blotting, RT-qPCR 

and immunofluorescence imaging. Although Vimentin reduction was overall 

consistent and statistically significant, results from RT-qPCR and Western 

blotting were more aligned compared to immunofluorescence. Visual 

inspection and intensity measurements of CCA cells after transfection 

revealed various degrees of Vimentin depletion. While the inherent difference 

in experimental principles of each technique is a major reason behind our 

observations, we cannot neglect the fact that Vimentin is major cytoskeletal 

protein that is challenging to completely deplete. All the methods we used 

required optimisation of the various steps in the protocols. In both Western 

blotting and RT-qPCR, Vimentin is detected in isolated total protein and mRNA 

from the cells, respectively. Densitometric quantification of protein bands are 

affected by the variability in antibody specificity and affinity (485). While mRNA 

quantification in RT-qPCR is dependent on sample integrity and primer 

efficiency (419, 420). In contrast, sample preparation in fluorescent imaging 

involves manipulating cell permeability to allow accessing target protein at 

various subcellular regions, antibodies specificity, and background of images 

(486). All the previous could serve as sources of variation in Vimentin 

biological data indicating the importance of integrating multiple techniques to 

assess the level of expression at protein or mRNA levels.  

We observed a drastic change in cell shape and size following the loss of 

Vimentin expression in CCLP1 and CCSW1 cells and Vimentin is a major 

intermediate filament contributing to the structural maintenance of cells. The 

cells lost their elongated mesenchymal form to become rounder and more 



 

 

317 

epithelial like. This effect is not unique to Vimentin since reducing the levels of 

cytoskeletal proteins in cancer cells is expected to bring about profound 

changes in cancer cell shape and morphology.  This comes in support of the 

distortion of cell morphology and changes in functional phenotypes reported 

after disorganising Tubulin microtubules using an antimitotic drug 

(Nocodazole), or when Tubulin- associated proteins (stathmin) underwent 

downregulation (487). Similarly, disrupting actin filaments via downregulating 

its binding proteins (e.g. cofilin) caused loss of cells polarity (488). Since 

manipulating the expression of Vimentin induced a significant change in cell 

shape, there is a possibility that it also affected the organisation of several 

other cytoskeletal proteins. We generated control cells using non-targeting 

siRNA to exclude the non-specific effect of siRNA in our approach. In the 

future, control cell lines where Vimentin depletion is restored are important to 

include as control cells to ensure that the morphological changes are related 

directly and solely to Vimentin expression. Additionally, adding wildtype cells 

in all the experiments sets the basal morphology without any interference from 

siRNA manipulation. Furthermore, it is important to avoid using cytoskeletal 

housekeeping genes or proteins to monitor cDNA input or protein loading. We 

detailed in the introduction how Vimentin-induced EMT is essential for many 

cellular biological processes regulated by different signalling pathways in 

which Vimentin is an upstream or downstream player (359). Examples of these 

biological processes include: cells adhesion (369), motility (365), migration 

(376, 377), and invasion (335). In this chapter, we demonstrated that Vimentin 

depletion in CCA cells significantly reduced cell migration in Boyden transwell 
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(chemotaxis) assays. Reduced migratory ability is a characteristic of epithelial 

cells (489). This is consistent with the roles of Vimentin we reported in the 

introduction highlighting the need for Vimentin to induce and regulate cell 

migration. Vimentin regulates directed migration via inducing actin filaments 

flow rates (375), and by stabilising microtubules through direct interaction 

(376, 377). Vimentin upregulation in gastric cancer was reported to increase 

transwell migration of GES-1 cells (379). Vimentin overexpression in CCA was 

associated with increased metastasis in CCA patients (490, 491). Recently, 

Vimentin suppression in KKU-214L5 (CCA cells) was showed  to significantly 

decrease cell migration and invasion (483). Taking the data from the changes 

in cell morphology and cell migration together we confirmed that Vimentin is 

required to maintain the mesenchymal morphology which is essential to 

potentiate cell migration in CCA cells. Adding a transwell invasion assay for 

future follow up work would show us whether Vimentin depletion affects cells 

invasiveness. After we confirmed that Vimentin knockdown in CCA cells 

produced a phenotype that is in line with the published literature, we 

proceeded with transcriptomic RNAseq analysis. To the best of our 

knowledge, RNAseq of altered Vimentin has not been conducted in CCA cells 

so far. Here, we provided RNAseq results from depleting Vimentin in two CCA 

cell lines; CCLP1 and CCSW1. The results we obtained from CCLP siVimentin 

and CCSW siVimentin RNAseq analysis and their subsequent GO and GSEA 

analysis demonstrated that Vimentin has substantially greater roles in CCA 

than what is already reported in the literature. Vimentin differentially regulated 

the expression of genes that were also enriched in hallmarks associated with 



 

 

319 

cell proliferation, EMT, and cell migration. The EMT hallmark was the most 

significantly enriched pathway for both RNAseq data sets individually as well 

as for the common DEG between the two data sets. Altogether, the enriched 

pathways were associated with the change in phenotypes we observed in 

vitro. 

While examining and validating every enriched gene identified in the EMT 

hallmark as well as the other hallmarks is important, this was beyond the time 

and capability of this PhD project. Instead, we identified 12 common genes 

(including VIM) enriched in the EMT hallmark in both RNAseq data sets. 9 

genes were downregulated in both data sets (GJA1, ITGAV, ITGB5, MMP2, 

SDC1, SERPINE2, SGCB, TGFBR3, and TPM4), while (SERPINE1 and 

IGFBP3) were upregulated in CCLP siVimentin RNAseq. Gap Junction Protein 

Alpha 1 (GJA1) encodes a gap junction protein which regulates the 

intercellular diffusion of low molecular weight materials (492). Its expression 

was linked to tumour progression and metastasis of gastric cancer (493). 

Integrin Subunit Beta 5 (ITGB5) encodes Integrin cell-surface receptors which 

are important for cell adhesion and cell signalling (492). Matrix 

Metallopeptidase 2 (MMP2) encodes gelatinase A which can breakdown 

components of the ECM and other molecules important for cell signalling 

(492). Syndecan 1 (SDC1) encodes a proteoglycan protein which is important 

for cell proliferation and migration. It also mediates cell binding and cell 

signalling (492). Serpin Family E Member 2 (SERPINE2) encodes protease 

inhibitor proteins (492). SERPINE2 was reported to promote cancer cell 

proliferation and invasion in pancreatic and breast cancer (494, 495). 
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Sarcoglycan Beta (SGCB) encodes Sarcoglycans transmembrane proteins 

which facilitates the link between ECM and muscle cells cytoskeletal (492). 

Tropomyosin 4 (TPM4) encodes a member of tropomyosin proteins which is 

involved in the contractility of the cytoskeleton of cells (492). Integrin Subunit 

Alpha V (ITGAV) also encodes a protein member of the integrin family which 

may regulates angiogenesis and drives cancer progression (492). 

Transforming Growth Factor Beta Receptor 3 (TGFBR3) encodes the 

transforming growth factor (TGF)-beta type III receptor that is linked to cancer 

progression when its expression is suppressed (492). Serpin Family E 

Member 1 (SERPINE1) is an inhibitor of fibrinolysis, while Insulin Like Growth 

Factor Binding Protein 3 (IGFBP3) regulates growth of cells in response to 

Insulin Like Growth Factor. ITGB5, MMP2 and ITGAV were linked to cancer 

progression and metastasis in lung cancer (496), and glioblastoma (497). The 

changes in expression of these genes comes in support of Vimentin regulating 

EMT genes related to several cellular processes that are important in cancer 

e.g. cells adhesion (369), migration (376, 377), and invasion (335).  

Interestingly, RNAseq analysis revealed that Vimentin only exerted a 

significant differential expression on 19.51% of CCLP siVimentin DEGs and 

43.80% of CCSW siVimentin DEGs. Nonetheless, this percentage of genes 

still showed the EMT hallmark as the most significantly enriched pathway, 

followed by p53 and TGF-β pathways. Interestingly, the effect of Vimentin on 

the expression of CCND2, CDKN1A, CDKN1B, and CDKN2B cell cycle genes 

in both RNAseq data was not strongly significant despite the crucial roles 

Vimentin has in regulating pathways related to cell division (312)., and to cell 



 

 

321 

proliferation (384). It is important to note that we sequenced RNA samples 

from cells harvested 48 hours after transfection. This was probably a factor 

affecting the count of genes with adjusted p<0.05 and the fold changes in 

expression. If possible, it would be useful to sequence RNA from samples 

harvested after prolonged Vimentin depletion to see if more genes would be 

significant and displaying greater fold changes in expression. This may 

influence the functional examination of gene enrichment via GO and GSEA to 

reveal more about the regulation of gene expression by Vimentin in CCA.  

Overlap analysis between RNAseq data sets generated from altering Vimentin 

and PRH expression in a CCA cell line (CCLP siVimentin, CCLP PRH 

knockdown, and CCLP PRH overexpression) showed that Vimentin and PRH 

co-regulated gene expression in the same direction and in opposite directions. 

The subsequent GSEA using Hallmarks gene sets revealed the significant 

enrichment of genes in EMT, p53, mitotic spindle, and KRAS signalling 

pathways. This indicates that Vimentin and PRH co-regulate a common set of 

genes (in either direction) important for CCA tumour initiation and progression. 

This is consistent with previous data on PRH promoting the mesenchymal 

phenotype in CCA and regulating pathways like EMT, Wnt/β-catenin, TGF-β, 

(215). 

We expanded on the investigation of gene co-regulation by Vimentin and PRH 

in opposite directions. We extracted the genes with adjacent PRH peaks 

according to CCLP PRH-Myc ChIPseq data. That further narrowed down the 

gene count to 26 genes. These genes were significantly enriched in the 

following hallmarks: coagulation, mitotic spindle, apoptosis, p53 pathway, and 
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EMT. We chose (GSN, STAT3, and WASF1) genes for further RT-qPCR 

validation. Results from RT-qPCR mRNA relative expression analysis agreed 

with the change in expression observed in RNAseq. GSN and STAT3 were 

down regulated in CCLP siVimentin, while WASF1 was upregulated. Gelsolin 

(GSN) regulates calcium binding to actin monomers in order to modulate their 

assembly into filaments (492). Downregulation of GSN in gastric cancer was 

linked to poor survival (498). STAT3 encodes a protein that is a member of the 

STAT family displaying a significant role in cell growth and apoptosis (492). 

WASP Family Member 1 (WASF1) regulates actin filaments organisation. 

WASF1 was reported to induce the proliferation and invasiveness of epithelial 

ovarian cancer (492). The downregulation we observed in STAT3 and WASF1 

mRNAs along with the phenotype produced in CCLP siVimentin cells are in 

support with Vimentin regulating genes important for tumour growth and 

invasion. These genes were upregulated in CCLP1 cells by PRH which 

correlates with the increase in cell proliferation and invasion seen when PRH 

was overexpressed in CCA cells (215). Taken these together, this highlights 

the intricate nature of gene expression and the interplay in their co-regulation 

by PRH and Vimentin. Collectively, the results from this chapter substantially 

expanded our understanding of gene regulation by Vimentin and PRH in CCA 

which was the main aim of this part of the project. 

One significant limitation in this part of the project was the limited number of 

biological repeats for RNAseq in either CCLP siVimentin or CCSW siVimentin. 

However, we had the advantage of including two independent cell lines for all 

the experiments. Similarly, the number of cells imaged for the effect of 
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Vimentin loss on cell morphology is also limited. Nonetheless, the results were 

statistically significant. Yet, this still could be confirmed with more cell number. 

Another limitation was using siRNA transient depletion of Vimentin in our cells. 

This required multiple transfections followed by RT-qPCR and Western 

blotting validations, in addition to careful timing of the seeding for the different 

assays we performed. Using cell lines with stable Vimentin knockdown or 

Vimentin knockout would have avoided these problems and could be an aim 

of future work. The benefits would also extend to performing more assays to 

investigate other common Vimentin-related phenotypes such as apoptosis, 

adhesion, and invasion assays. In addition, we could investigate the influence 

of long-term Vimentin suppression on differential gene expression. Although 

we came across several interesting genes that are potentially regulated by 

Vimentin and PRH, time restriction was an obstacle against going further with 

more gene validation using RT-qPCR and western blotting. It is important to 

carry out these validations in the future. Lastly, integrating future work of 

Vimentin ChIPseq with the current work we performed in this chapter is 

needed to study the direct regulatory relationship between Vimentin and PRH 

in gene co-regulation. ChIP sequencing should be performed on ChIP of 

endogenous Vimentin in CCA cells, ChIP after altering Vimentin levels in the 

cells as well as ChIP in cells depleted of Vimentin followed by restoration of 

PRH expression which theoretically would restore Vimentin expression. 

Comparing ChIPseq results of before and after Vimentin levels manipulation 

can provide knowledge on the specificity of Vimentin bindings to target genes. 

In addition, this would explore the effect of Vimentin levels on chromatin 
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organisation and accessibility. Integrating results from Vimentin ChIP with 

PRH ChIP could identify potential target genes co-regulated by PRH and 

Vimentin via direct DNA binding in CCA. Moreover, overlapping analyses 

could unveil the effect of Vimentin levels on PRH occupancy at Vimentin target 

genes. The next step would be to design ChIP qPCR primers targeting the 

same identified genes co-regulated by PRH and Vimentin where we had ChIP 

peaks for PRH. There is a high chance that these genes would have peaks for 

Vimentin when Vimentin ChIP and ChIPseq experiments are carried out.  
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6 Chapter 6: Conclusion 

6.1 Overview 

The general focus of this thesis is to explore the roles of the PRH oncoprotein 

in cholangiocarcinoma (CCA). Due to the vital regulatory functions PRH 

displayed in normal development (217, 218) and in cancer (214, 215, 243, 

245, 259, 260), an important pre-requisite was to generate immortalised 

cholangiocytes (AKN1 cells) expressing GFP-tagged PRH. Chapter 3 carried 

out and discussed the establishment of an in vitro 2D model for investigating 

PRH in CCA. To this end, such a system has been produced in parallel with 

our work and this project sought to advance the work and take the cells forward 

for further investigations (215). The initial consistency and efficiency of AKN1 

cells expressing GFP- tagged PRH helped to unveil and track the changes 

brought about by PRH in the cells. For this reason, the cells were to be 

selected to acquire a monoclonal stable AKN1 cell line expressing GFP-

tagged PRH and referred to as AKN1 GFP-PRH-Myc cells with a control AKN1 

GFP cell line. Challenges to maintaining a constitutive expression of GFP-

tagged PRH were not fully circumvented. Nonetheless, the current cell line 

allowed exploration in different areas of the project. In line with collaborators, 

it was found that AKN1 GFP-PRH-Myc cells, in early passages, are more 

proliferative. Additionally, partial EMT-like morphological changes in AKN1 

GFP-PRH-Myc cells can induce cell migration and likely cell invasion as well. 

However, further work is warranted to examine the changes in EMT markers 

and cell morphology. 
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Following the acquisition of evidence on PRH inducing the transformation of 

AKN1 cells to tumour-like cells expressing Vimentin, investigating PRH and 

Vimentin spatial subcellular localisation in CCA cells is the main aim of chapter 

4. This work was also a follow up on the discovery of Vimentin as a protein 

partner for PRH in CCA cells using CoIP and mass spectrometry (269). PRH 

is known to exist in the nuclear and cytoplasmic subcellular compartments of 

the cells (196, 241). Whenever PRH was altered or mis-localised, a collection 

of phenotypic cellular changes was detected (233). Such changes were 

related to either tumour cell progression or suppression (214, 245, 249, 250). 

For localisation investigation purpose, an important pre-requisite was to 

characterise PRH expression via immunofluorescence staining in CCA cells. 

This is essential to serve as a reference for Vimentin distribution in CCA cells. 

The exploitation of coupled confocal and PALM dSTORM imaging techniques 

is a common approach to explore spatial localisation of proteins at high and 

super-resolution levels. In fact, challenges of detecting and quantifying PRH-

Vimentin adjacent localisation were partially surpassed by utilising PALM 

dSTORM. In agreement with PRH staining in published works, PRH in CCA 

cells depicted nuclear and cytoplasmic distributions assuming a mix of foci, 

speckles, and homogenous form of expression. Also, in support of its role as 

a transcription factor regulating gene expression, there was an adjacency 

between PRH and euchromatin staining. In addition, there was a similarity in 

expression pattern between PRH-DNA staining and RNAPII-DNA staining. 

The clustering of PRH molecules in the nucleus resembled the clustering of 

RNAPII which is away from densely stained DNA. On that basis, Vimentin-



 

 

327 

nuclear localisation in relation to PRH was taken forward. There was an 

insightful discovery of spatial proximity between PRH and Vimentin in the 

nucleus. In this project, the localisation investigations at the single molecule 

level were limited to the nuclear compartments of CCA cells.  

PRH-Vimentin localisation was attempted in AKN1 GFP-PRH-Myc at high 

resolution level (confocal imaging). In chapter 3, PRH was found to induce the 

expression of Vimentin on immunofluorescence imaging. The very low level of 

PRH-Vimentin spatial localisation is attributed to several reasons including the 

level of Vimentin induction by PRH in the cells. This arises from the level of 

GFP-tagged PRH in AKN1 GFP-PRH-Myc cells. 

In line with previous studies, GFP-tagged PRH in AKN1 GFP-PRH-Myc is 

amenable to GFP stand-alone expression or cleavage interfering with long-

term expression and phenotype observations (475). Applying FCS fluctuation 

analysis on GFP and GFP-tagged PRH in AKN1 cells drew the attention to the 

complexity of GFP-tagged PRH behaviour in AKN1 cells. GFP and GFP-

tagged PRH dynamics revealed several forms of expression in AKN1 cells 

proving the occurrence of GFP-tagged PRH cleavage in our cells. Hence, 

GFP-tagged PRH in AKN1 GFP-PRH-Myc cells warrants the re-assessment 

of plasmid integrity as well as the need to investigate GFP-tagged PRH 

dynamics. Studying AKN1 GFP-PRH-Myc cells remains a worthy goal as the 

workup for phenotype characterisation in AKN1 GFP-PRH-Myc cells was 

conducted in a single clone due to time restrictions.  

Recent studies suggested that Vimentin could bind to DNA and regulate gene 

expression (348). Extensive research has taken place to investigate the role 
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of Vimentin in the cytoplasm owing to its predominant cytoplasmic expression 

(317, 323). The aim of chapter 5 is to explore the gene regulation potential of 

Vimentin in CCA in conjunction with PRH. The prerequisite was to characterise 

the phenotype from altering Vimentin in CCA cells. Vimentin siRNA depleted 

its expression 48 hours after transfection accounting for over 95% reduction 

in Vimentin at mRNA level and approximately 90% reduction at protein level. 

Vimentin brought about phenotypic changes aligned with the literature. There 

was a significant reduction in the proliferative activity of the cells. This also 

came in support of pilot experiments conducted on the regulation of 

proliferation and cell cycle genes by PRH and Vimentin using RT-qPCR (269). 

Concurrent acquisition of epithelial-like morphology in CCA cells upon 

Vimentin repression resulted in decreasing the migratory activity of the cells. 

As discussed in chapter 5, a reduction in cell migration is a phenomenon of 

epithelial cells. A similar finding was reported in a study conducted to 

investigate the importance of Vimentin to cell migration in KKU-214L5 CCA 

cell line (483). 

PRH and Vimentin are both highly expressed in CCA tissues, and their 

expression is correlated according to GEPIA2 and OncoDB. PRH is a 

regulator of Vimentin expression in CCA (215), and together, they regulated 

important cell cycle genes (CCND2 and CDKN1B) using RT-qPCR (269). 

Vimentin downregulation brought about PRH expression changes at mRNA 

and protein levels shown using RT-qPCR and immunofluorescence imaging, 

respectively. 
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Given the phenotypes identified, follow up with RNA sequencing and analysis 

was warranted. Pathways and hallmarks enrichment in GO and GSEA 

analysis of Vimentin knockdown RNAseq came in support of the observed 

phenotypes. EMT hallmark genes are the most significantly enriched 

differentially expressed genes. Several enriched EMT genes were common 

between RNAseq data of (CCLP1 and CCSW1) CCA cells. Among the 

common enriched genes, the expression of GJA1, ITGAV, ITGB5, MMP2, and 

SERPINE2 genes was linked to the progression of breast cancer (494, 495), 

gastric cancer (493), lung cancer (496), and glioblastoma (497). The 

downregulation in their expression subsequent to Vimentin downregulation 

may explain the suppression of proliferation and migration in CCA cells. 

Despite the relatively low overlap between DEG counts in RNAseq of the two 

CCA cell lines, there are abundant similarities in the regulated pathways and 

hallmarks worth of detailed examination. However, time restriction hindered 

further analysis for this thesis. This could be taken forward in the future to 

further study the role of Vimentin in CCA. 

In parallel, analysis of published CCA PRH overexpression and knockdown 

RNAseq as well as ChIPseq data allowed the examination of the potential for 

gene expression co-regulation by PRH and Vimentin in CCA. Directionality of 

regulation is essential to highlight when gene co-regulation is surveyed. 

Although screening for gene expression co-regulation in both similar and 

opposite directions was commenced, only gene co-regulation in opposite 

directions was taken further. The relatively large number of common genes in 

the latter situation implied higher chances of identifying interesting target 
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genes. GSN, STAT3, and WASF1 were some of the co-regulated genes by 

PRH and Vimentin in opposite direction and these were validated using RT-

qPCR. These genes have been recommended as good potential targets to 

investigate in Vimentin ChIP and ChIPseq experiments. 

To explore the importance of the PRH-Vimentin interaction in regulating the 

common target genes and their associated functional pathways, further 

experimental work is warranted to exclude unrelated shared functions. 

Sequential ChIP at common target genes using antibodies against PRH 

followed by an antibody for Vimentin can suggest PRH-Vimentin co-

occupancy is required to regulate a specific target gene. Additionally, 

transcriptomic analysis of differentially expressed genes upon depleting both 

PRH and Vimentin simultaneously, or depletion followed by restoration of 

expression, can further support that the shared biological functions are more 

related to the protein interaction rather than individually regulated.  
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Figure 6-1 Schematic illustration of gene regulation by PRH and Vimentin. 

Conclusion Vimentin knockdown down regulates the expression of GSN and STAT3 in CCLP1 
cells and upregulates the expression of WASF1. All three genes are directly regulated by 
PRH.  

6.2 Conclusion 

Overall, the results obtained in this project expand our current understanding 

of the role of PRH in CCA. We characterised the tumorigenic effects of PRH 

expression in immortalised cholangiocytes. We extended the benefits from the 

generated cell line to exploit the cells for visual characterisation of PRH 

expression as well as PRH possibly inducing morphological changes that 

resembles partial EMT. We provided data of PRH and Vimentin nuclear 

clustering and subcellular localisation in CCA cells. We also revealed the 



 

 

332 

substantial roles for Vimentin in CCA cells and revealed new insights into the 

regulation of gene expression in CCA by PRH and Vimentin. The combination 

of subcellular PRH and Vimentin clustering and organisation along with the 

identified potential target genes co-regulated by PRH and Vimentin could 

serve as new targets for future interventional studies. 
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7 Appendix 

 

Figure 7-1 GSN RT-qPCR primer optimisation. 

A. DNA gel electrophoresis for GSN Ta optimisation on gradient PCR. 

B. Amplification plot of serial dilution cDNA tested for GSN primers 
efficiency.   

C. RT-qPCR melting curve showing a single peak for GSN amplification. 

D. GSN primers standard curve.  
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Figure 7-2 STAT3 RT-qPCR primer optimisation. 

A. DNA gel electrophoresis for STAT3 Ta optimisation on gradient PCR. 

B. Amplification plot of serial dilution cDNA tested for STAT3 primers 
efficiency.   

C. RT-qPCR melting curve showing a single peak for STAT3 amplification. 

D. STAT3 primers standard curve.  
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Figure 7-3 WASF1 RT-qPCR primer optimisation. 

A. DNA gel electrophoresis for WASF1 Ta optimisation on gradient PCR. 

B. Amplification plot of serial dilution cDNA tested for WASF1 primers 
efficiency.   

C. RT-qPCR melting curve showing a single peak for WASF1 
amplification. 

D. WASF1 primers standard curve.  
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Figure 7-4 Plasmid sequencing repor.t 

 
Sequencing: 
 
NNNNNNNNNNNNCTCGGCATGGACGAGCTGTACAAGTCCGGACTCAGA
TCTCGAGCTCAAGCTTCGAATTCGGGCGGAGC 
CATGCAGTACCCGCACCCCGGGCCGGCGGCGGGCGCCGTGGGGGTG
CCGCTGTACGCGCCCACGCCGCTGCTGCAACCCG 
CACACCCGACGCCCTTTTACATCGAGGACATCCTGGGCCGCGGGCCC
GCCGCGCCCACGCCCGCCCCCACGCTGCCGTCC 
CCCAACTCCTCCTTCACCAGCCTCGTGTCCCCCTACCGGACCCCGGTG
TACGAGCCCACGCCGATCCATCCAGCCTTCTC 
GCACCACTCCGCCGCCGCGCTGGCCGCTGCCTACGGACCCGGCGGCT
TCGGGGGCCCTCTGTACCCCTTCCCGCGGACGG 
TGAACGACTACACGCACGCCCTGCTCCGCCACGACCCCCTGGGCAAAC
CTCTACTCTGGAGCCCCTTCTTGCAGAGGCCT 
CTGCATAAAAGGAAAGGCGGCCAGGTGAGATTCTCCAACGACCAGACC
ATCGAGCTGGAGAAGAAATTCGAGACGCAGAA 
ATATCTCTCTCCGCCCGAGAGGAAGCGTCTGGCCAAGATGCTGCAGCT
CAGCGAGAGACAGGTCAAAACCTGGTTTCAGA 
ATCGACGCGCTAAATGGAGGAGACTAAAACAGGAGAACCCTCAAAGCA
ATAAAAAAGAAGAACTGGAAAGTTTGGACAGT 
TCCTGTGATCAGAGGCAAGATTTGCCCAGTGAACAGAATAAAGGTGCTT
CTTTGGATAGCTCTCAATGTTCGCCCTCCCC 
TGCCTCCCAGGAAGACCTTGAATCAGAGATTTCAGAGGATTCTGATCAG
GAAGTGGACATTGAGGGCGATAAAAGCTATT 
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TTAATGCTGGATGATGACCACTGGCATTGGCATGTTCAGAAAACTGGAT
TTAGGAATAATGTTTTGCTACAGAAAATCTT 
CATAGAAGAACTGGAAGGCTATATAAGAAAGGGAATCAATTCTCTGGTA
TTCTGGAAACCTAAAAATATTTGGTGCACTG 
CTCAATTAACAAACCTACATGGAGACCTTAATTTTGACTTAACAAATAGT
TTATGTACTGCTCTTAGGTTGTTTTGATAA 
AGTGACATTATAGTGATTAAATTCTTCCCCCTTTAAAAAAACAGTTAGTG
GTTTTCACTATTTATAAAAAATTAATTTTG 
AACTTTTTGTTAAATTTTTAAGTTANAGCTTTAAAGGTTTTAATAGGACCT
TCTTGAACGACTTTTCTGTAATCTGTTTA 
TCTCCCACTTAATGGAAAGGCAAAGGGGTACCNNNGGGCCCCGGGATC
CACCGGATCNAGATAACTGANNTAANTCNNCC 
ATACCANATTTGTNNNGGTTTTACTTGCTTNAAAAAACNNNCCCACCNN
NCCCCCNNANNCNNNAANNNAAAAAAANNNN 
NNNANNNNTTTTTTNNNANTTTTNTTTTNNNNNCCTTNNANNGGNNNNA
NANAAAAANNNANNNNNCCNNNAANTNTTNC 
ANAANANAAAANTNNNNTTTNNNNNNNNNNNNNNNNNNNGNNNNNNNN
CNCCCNNNAA   
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