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Abstract 

Circulating tumour cells (CTC) disperse from primary tumours to distal anatomical sites via 

lymphatic and haematological vessels. This process is known as metastasis, which 

contributes to the majority of cancer-related mortality. Though much rarer, CTC clusters are 

considerably more metastatic, up to 100-fold more, than their single CTC counterpart. Around 

30 – 34% of patients suffering from metastatic melanoma present CTC clusters. However, the 

underlying molecular mechanisms governing cluster formation and contribution to metastasis 

remain unknown. Using hydrophobic fluoroalkylsilica (FS) surfaces that induce multicellular 

aggregation-disaggregation of FM3 melanoma cells as an in vitro model, this research project 

discovered novel signalling molecules, such as galectin-3, 4F2hc, and MMP2, involved in 

homotypic aggregation-disaggregation of melanoma CTC. To promote aggregation, 

oligomeric galectin-3 could cross-link coterminous 4F2hc glycoproteins on adjacent cells, via 

the formation of glycoprotein:galectin-3:glycoprotein (GGG) bridges. At distal metastatic 

sites, MMP2-dependent cleavage of oligomeric galectin-3 could dissociate GGG bridges to 

promote disaggregation. Studies reported that β-catenin-signalling could be regulated by 

4F2hc. In FM3 cells, β-catenin expression was decreased during disaggregation, highlighting 

the importance of β-catenin interactome in aggregation. PU.1 transcription factor is likely 

involved in this non-canonical β-catenin-signalling. PU.1-inhibition resulted in increased 

4F2hc levels, suggesting that 4F2hc expression could be regulated by β-catenin and PU.1 in 

melanoma CTC. Lastly, fibronectin and vitronectin undergo denaturation caused by 

conformational changes associated with intermolecular β-sheets and random coils, during 

adsorption onto tissue culture polystyrene (TCP) surfaces but not on FS surfaces. Denaturation 

could expose cell-binding motifs from cryptic sites, leading to increased cellular adhesion, 

and multicellular disaggregation. This explains why FM3 cells readily attach to TCP surfaces 

but aggregate on FS surfaces. This research project demonstrates the suitability of using FS 

surface-based approaches to study melanoma CTC clusters. Future research could use FS 

surfaces to interrogate GGG bridges and CTC cluster-mediated metastasis of other cancers.   
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1.1 Melanoma 

1.1.1 Hallmarks of cancer 

The International Agency for Research on Cancer, World Health Organization, reported that in 

2022, there were almost 20 million new cancer incidents and 9.7 million cancer-related deaths 

occurred worldwide.1 New cancer incidents are projected to rise to 29.9 million, and the 

number of deaths caused by cancer is expected to rise to 15.3 million by the year 2040. Recent 

scientific efforts have advanced our understanding of carcinogenesis, tumour progression, and 

prognosis of cancer, revealing new opportunities for therapeutic interventions for this deadly 

disease once considered as uncurable. 

Cancer is the broad-term used for describing a heterogenous group of diseases that exhibit 

fundamental abnormality in cellular behaviour: the uncontrolled, invasive, and sustained 

proliferation, which leads to incongruous, and often dangerous, growth into healthy tissue. 

Normal healthy cells vehemently and subserviently follow a set of strict rules and guidelines 

forced upon them by the human body. Growth factors and mitogenic factors tell cells to grow 

and undergo mitosis. Growth suppressors impede cellular growth. Cell-death programmes, 

such as apoptosis, tightly control where and when cells should die. And the ultimate rule which 

puts a time-limit on cellular replicative capabilities, which embodies the essence of mortality 

of all life-forms as they age. However, cancerous cells rebel against these rules. In defiance 

of nature, they gain advanced features that normal cells do not usually possess, features such 

as replicative immortality. These features, so-called ‘hallmarks of cancer’, are bestowed upon 

them by genomic instability and chromosomal abnormalities, that pave the path for 

carcinogenesis.  

There are over two-hundred types of cancer that have been clinically described, each one 

manifesting as genotypically and phenotypically diverse compared to the next; though a 

myriad of commonalities, as described in the ‘hallmarks of cancer’ conceptual framework, 

allow for classification and treatment strategies. The hallmarks of cancer framework was 

initially conceptualised and codified by Hanahan and Weinberg in the year 2000,2 based on a 

quarter century of advances in cancer research and discovery of oncogenes (dominant gain of 

function genes) and tumour suppressor genes (recessive loss of function genes).   

Initially, it included six hallmarks: 

1. Self-sufficiency in growth signals – e.g. overexpression of epidermal growth factor 

receptor in breast cancer, which induces cells to exit from G0 and enter G1 stage of 

the cell-cycle, thus perpetuating mitotic division and growth.3 
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2. Insensitivity to anti-growth signals - e.g. loss of the tumour suppressor gene p53 in 

almost half of all cancers, thus preventing p53-mediated senescence/apoptosis 

responses to cellular/genomic stresses.4 

3. Tissue invasion and metastasis – e.g. reactivating developmental programmes, such 

as epithelial-to-mesenchymal transition (EMT) to obtain morphology required for 

motility and invasion.5 

4. Limitless replicative potential – e.g. in cancer cells, telomerases are upregulated, 

which is an enzyme that maintains telomere tandem repeat sequences (TTAGGG)n at 

the ends of chromosomes; gradual decrease of these telomere sequences with each 

cell-cycle normally preordains cells to senescence and eventual apoptotic-death 

during aging, which cancer cells intuitively avoid.6 

5. Sustained angiogenesis – e.g. induction of angiogenesis, that is the formation of new 

blood vessels from old vessels, by overexpression of angiogenic factor VEGF by cancer 

cells.7 

6. Evading apoptosis – e.g. upregulation of anti-apoptotic factors such as Bcl-2, whilst 

downregulating pro-apoptotic factors such as Bax.8 

After another decade of discoveries that highlighted key roles that stromal cells, such as 

cancer-associated fibroblasts, as well as immune cells, play in progress of the disease, in year 

2011,9 the hallmarks were expanded to include four more: 

7. Avoiding immune destruction – e.g. to avoid immune-surveillance and subsequent 

destruction of abnormal cells, cancer cells downregulate cell-surface antigen 

presenting machinery by mutating or complete loss of MHC molecules.10 

8. Tumour-promoting inflammation – e.g. inflammatory cells could infiltrate the tumour 

microenvironment, that could provide growth factors and cytokines to promote 

tumorigenesis.11 

9. Genome instability and mutation – e.g. for example, cancer cells contain large number 

of chromosomal aberrations (called chromosomal instability), that includes loss or 

gain of chromosomes, as well as translocation events, and hyper-mutability (called 

microsatellite instability) owing to faulty DNA mismatch repair system.12 

10. Deregulating cellular energetics – e.g. as heightened rate of cell division of cancer 

cells demands large quantity of energy and biosynthetic materials, cancer cells seek 

to obtain these from glycolysis and lactate fermentation processes (referred to as the 

Warburg effect) which produce sufficient biosynthetic materials needed for increased 

cell division, as opposed to oxidative phosphorylation (OXPHOS) that normal cells use 

for the generation of ATP/energy.13 
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And more recently, emerging insights into epigenetics, phenotypic plasticity, response to 

cancer therapy, and discovery of novel perpetrators such as influences of the microbiome, all 

lead Douglas Hanahan to propose four more dimensions to this conceptual framework in 

2022:14  

11. Nonmutational epigenetic reprogramming – e.g. hypoxia-induced epigenetic 

changes confer resistance to anti-PD-1 immunotherapy.15 

12. Polymorphic microbiomes – e.g. exotoxins secreted from tumour-promoting gut 

bacteria damage DNA of colon epithelial cells, contributing to colorectal carcinoma 

progress.16 

13. Senescent cells – e.g. cancer cells can be induced to a transitory reversible senescent 

state, by therapy for instance, which allows them to escape from non-proliferative 

irreversible form of senescent state, and ultimately resume proliferative oncogenic 

state, leading to therapy-resistance and recurrence.17 

14. Unlocking phenotypic plasticity – e.g.  dedifferentiation by loss of expression of 

differentiation markers and transcription factors; SMAD4 in colonic epithelial cells lost 

in advanced colon carcinoma for instance.18 

These advanced features allow cancer cells to more efficiently grow, survive, and successfully 

invade into neighbouring tissue as well as metastasise to distal anatomical sites. Abnormal 

growth of cancerous tissue in a secondary site, for example lungs or brain, leading to the 

formation of a tumour mass, would invariably and substantially decrease normal tissue 

function, causing organ failure and death.  

 

1.1.2 Melanoma carcinogenesis 

Melanoma is the most dangerous of all skin cancers, originating from melanin-producing 

melanocytes within the epidermis. Global incidence rates of cutaneous melanoma have been 

rising for the past decades and projected to continue to rise further.19 Early diagnosis is crucial 

for survival, as the ‘5-year post-diagnosis survival rate’ of 99% for primary melanoma drops 

to a devastating 27% for late-stage metastatic melanoma.20 A deeper understanding of 

tumour progression and metastasis of the disease is required to challenge this global burden.  

The number one cause of melanoma is exposure to ultraviolet (UV) radiation from the sun.21 

Mutation to certain genes, for example caused by UV radiation, may enhance proliferative 

and survival capabilities of melanocytes. The genes commonly affected by UV radiation are 

the BRAF and NRAS proto-oncogenes.22,23 Certain germ-line mutations, such as MITF gene, 

were also discovered to predispose melanocytes to transformation into melanoma.24  
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The RAS→RAF→MEK→ERK signalling pathway is a mitogen-activated protein (MAP) kinase 

cascade which drives cellular proliferation and survival.25 This signalling pathway is 

hyperactivated in most cases of melanoma, with NRAS (~52%) and BRAF (~28%) mutations 

being the predominant drivers of this pathway.26 A melanocyte acquiring these driver 

mutations may lead to hyperplasia and development of naevi.27  

Progression from a benign naevus to melanoma in situ involves the transition from low to high 

mutational burden, accompanied by mutation of the TERT promoter gene.28 This gene encodes 

for telomerase reverse transcriptase, which is the catalytic component of telomerase. 

Aberrantly high activity of telomerase in melanoma cells, meaning the prevention of 

shortening of telomeres with each cell cycle, essentially makes melanoma cells become 

replicative immortal.29 Inactivating mutations of tumour suppressor genes, such as TP53 gene 

(encodes for p53 protein) or PTEN gene (encodes for phosphatase and tensin homolog), 

contributes to genomic instability and dysregulated cell.30,31 

Pathways important for the development of primary melanoma tumours include 

phosphoinositide-3 kinase (PI3K) pathway which aids in cell survival,32 vascular endothelial 

growth factor (VEGF) and interleukin-8 (IL-8) which promotes angiogenesis,33,34 and 

programmed death-ligand 1 (PD-L1) which allows evasion from immune surveillance.35  

 

1.1.3 Melanoma metastasis 

Metastasis is the term used to describe the dissemination of cancer cells from a primary 

tumour to a distal secondary site. This process begins with invasion into local stroma at the 

primary site, extravasation into vasculature and transit via hematologic circulation, 

intravasation into the stroma at distal sites, and finally formation of new tumour masses at 

distal peripheral tissues.36 This incongruous tumour growth in vital organs, for example lungs, 

liver, gut, and brain for cutaneous melanoma,37 is the cause for mortality. 

Invasion into the surrounding stroma at the primary site requires hyperplastic cancer cells of 

epithelial origin to undergo drastic morphological transformation. This is known as Epithelial-

to-Mesenchymal Transition (EMT). Here, immotile epithelial-like cells, which are woven tightly 

to their neighbouring extracellular matrix, becomes detached and develop mesenchymal cell-

like motility.38 Similar process has been described in malignant melanoma, where 

proliferatively-inclined but invasively-deficient population of cells, termed ‘melanocytic 

state’, undergo a transition wherein they evolve into invasively-inclined but proliferatively-

deficient cell-types, termed ‘undifferentiated state’.39 



 

6 | P a g e  
 

1.2 Circulating tumour cell (CTC) clusters 

1.2.1 Single vs Clusters  

An overwhelming 90% of cancer-associated deaths are due to circulating tumour cells (CTC).40 

Tumour cells are shed into circulation as single cells or migrate collectively and shed 

cohesively into blood vessels as clusters. Tumour cells can also aggregate with each other 

within the vasculature to form homotypic clusters, as well as associate with stromal and 

immune cells to form heterotypic clusters.41  

Clustered configuration augments CTC survivability in the circulation: it helps them escape 

from immune-surveillance (Fig. 1.1), provides resistant to detachment-induced cell death 

(called anoikis), and helps them withstand the shear-stress of blood.41 As such, CTC clusters 

are approximately 50-fold more metastatic than single CTC;42 in some cases, going up to 100-

fold.43,44 Clusters, compared to single cells, confer shorter ‘progression-free’ and overall 

survival of patients with different cancers.45–48  

 

In CTC clusters, immune response pathways have shown to be downregulated; notable 

pathways include type II interferon and TNF signalling (Fig. 1.1).49 Antigen presentation 

involving MHC class II was downregulated in CTC clusters compared to single CTC (Fig. 1.1).43 

These studies suggest that CTC clusters are much more capable of evading immune responses 

than single CTCs.  

Fig. 1.1 Differences in molecular hallmark and properties between single CTC and CTC clusters.  CTC: 

circulating tumour cells, ICAM-1: intercellular adhesion molecule-1 MHC II: major histocompatibility complex 

II, TMIGD2: transmembrane and immunoglobulin domain containing 2, TNF: tumour necrosis factor.  
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Lastly, the clustered configuration could provide survival advantage to CTC cells by enhancing 

anti-apoptosis signalling. The anti-apoptotic protein Bcl-2 was found overexpressed in breast 

cancer CTC clusters compared to single CTCs (Fig. 1.1).49 Bcl-2 overexpression could also 

explain the anoikis-resistant observed in CTC clusters.50,51  

 

1.2.2 Mechanisms of CTC cluster formation 

Several possible mechanisms of formation of clusters have been described so far for breast 

cancer CTCs. For example, CTC clusters isolated from patients with breast cancer showed 

elevated levels of the desmosomal junction protein plakoglobin (Fig. 1.1).42 Knock down of 

plakoglobin in mice model prevented CTC cluster formation and metastases to lungs. Within 

the primary tumour, high expression of plakoglobin demarcates regions which are more 

stringently tethered together;52,53 cohesive shedding of these regions would arguably give rise 

to CTC clusters with enhanced survivability. 

CTC clusters originating from triple-negative breast cancer that were formed within the 

vasculature expressed high levels of CD44 cell-surface glycoprotein molecules (Fig. 1.1).44 

Using intravital multiphoton microscopic imaging to track individual oligoclonal cells, this 

study demonstrated that triple-negative breast cancer CTCs aggregated intravascularly as 

opposed to collective migration/cohesive shedding.44 It was shown that CD44 could interact 

with other CD44 molecules on neighbouring cells. This homophilic interaction was essential 

for multicellular aggregation; depletion of CD44 resulted in disaggregation of CTC clusters.44  

The cell-surface protein heparanase was shown to be overexpressed in multicellular 

aggregates of breast cancer CTCs;54 here, heparanase induced intravascular multicellular 

aggregation in a FAK/ICAM-1-dependent manner. A recent study has highlighted the role of 

ICAM-1 in initiating the formation of breast cancer CTC clusters, as well as aiding in 

transendothelial migration during pulmonary (Fig. 1.1).55 Lastly, galectin-3BP has been shown 

to bridge Galectin-1 and other unknown surface molecules to induce homotypic cellular 

aggregation and promote metastasis of breast cancer CTCs.56 

For colon cancer, two studies have outlined the mechanism of CTC cluster formation. Firstly, 

TMIGD2 cell-surface protein (also called IGPR-1 and CD28H) has been shown to regulate 

multicellular aggregation of colon cancer CTCs (Fig. 1.1);57 inhibition of TMIGD2 prevented 

multicellular aggregation. Secondly, colon cancer CTCs have been shown to aggregate by 

polarising the large interloping cell-surface MUC1 glycoproteins to one side of the cell, leading 

to the exposure and enrichment of the smaller cell-cell binding protein E-cadherin to the other 
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side of the cell.58 The newly exposed E-cadherin molecules were suggested to form cell-cell 

junctions and promote multicellular aggregation. The polarisation of MUC1 was shown to be 

induced by galectin-3 binding to the glycosylated regions of MUC1 (Fig. 1.1).58 Since galectin-

3 could simultaneously bind to multiple molecules containing β-galactosides, it was 

suggested that galectin-3 could stick multiple MUC1 molecules.58  

As for melanoma, despite it being one of the cancer types with a high CTC cluster prevalence, 

approximately 30% 59 – 34% 48 of patients suffering from metastatic melanoma, the nature of 

melanoma CTC clusters, mechanisms of cluster formation, and their impact on metastasis all 

remain unknown.   

 

1.3 Advanced tissue culture surfaces to study CTC clusters 

1.3.1 Limitations of current CTC cluster models 

Previous studies have used liquid biopsy samples from patients, isolated and enriched clusters 

using microfluidic techniques,60 to better understand the nature of CTC clusters. Some 

limitations concerning these microfluidic approaches include: (i) scarcity of CTC clusters in 

liquid biopsies, approximately 1 cluster per over 107 leukocytes and 1010 red blood cells,61 (ii) 

risk of cluster dissociation during blood processing, (iii) and the need for tumour-specific cell-

surface markers. The microfluidic techniques using cell-surface markers for detection could 

be inefficient, owing to most of the surface antigens being enclosed within the clusters, as 

well as shrouded by immune cells or platelets bound to the clusters.41 Therefore, a more 

reliable and facile approach is required for the investigation of CTC clusters in vitro, which 

arguably could both encourage and speed-up initial stages of research to uncover nature of 

CTC clusters and their contribution to metastasis cascade.  

 

1.3.2 Effects of surface chemistry and topography on cells 

Tissue culture polystyrene is by far the most used substrate for culturing adherent animal and 

human cells in research laboratories, due to its low production value, relatively 

straightforward synthesis, and optical clarity. In addition to two-dimensional surfaces, three-

dimensional culture systems based on natural polymers such as polysaccharides and 

extracellular matrix-derived scaffold proteins, as well as synthetic hydrogel matrices have 

also gained popularity due to being more representative of the three-dimensional natural 

environment from which the cells were derived.62 More recently, advanced tissue culture 
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surfaces have been developed with tuneable surface characteristics, such as surface 

chemistry, topography, and wettability, that have been shown to produce interesting cellular 

behaviour that cannot be achieved via traditional tissue culture polystyrene or three-

dimensional systems.63 

Surface chemistry: Many studies have demonstrated that surface chemistry and topology can 

be used to influence cellular behaviours, including proliferation, differentiation, adhesion, and 

morphology.64,65 Early studies highlighted that surface chemistry influences both cellular 

morphology and adsorbed extracellular matrix protein composition and architecture.66 

Development of self-assembled monolayers (SAM) has provided opportunities for exploring 

influences of surface chemistry and functional groups alone on cellular behaviour where 

effects due to topography could be controlled. Investigations using SAM functionalised with 

hydroxyl, amine, carboxylic, and methyl groups revealed influence of surface functional groups 

on protein adsorption kinetics (namely fibronectin) and subsequently cellular adhesion.67 

Another study show that SAM surfaces functionalised with hydroxyl groups induced human 

mesenchymal stem cell osteoblastic differentiation.68 Recent study used silane-modified 

surfaces functionalised with CH3, NH2, OH groups to demonstrate that the hydrophobic 

surfaces suppressed cellular proliferation and induced apoptosis of breast cancer cells by 

upregulation of Bcl-2.69 Surfaces functionalised with polyacrylate (high amine and low 

carboxyl group content) resulted in induction of mesenchymal stem cell chondrogenesis 

without needing to use a chondrogenesis-inducing cytokine that is normally required.70 

Interestingly, this study also highlighted that increase in hydrophobicity also induced 

aggregation of cells, still attached to the surface via basal layer of cells. It is conceivable that 

hydrophobic surfaces could induce aggregation of cells that could be used to model circulating 

tumour cell clusters.  Furthermore, surface group-induced wettability (e.g. non-polar vs polar 

groups and hydrophobic vs hydrophilic surfaces) could also affect cellular adhesion 

capabilities and behaviour of cells.71  

Surface topography: Topographical features have been shown to guide organisation of 

cellular morphology, in terms of both alignment and elongation, known as ‘contact 

guidance’,72 and where surface roughness,73 surface free energy,74 isotropy (same topography 

in all direction) and anisotropy (topography differ in different directions),75 influence cellular 

morphology, growth, adhesion, and differentiation. Disordered nanotopographical feature, 

contrast to symmetrical features, has been shown to control mesenchymal cell differentiation 

and stimulate bone mineral in vitro without the need for osteogenic supplements, highlighting 

important clinical implications for bone tissue engineering.76 Advanced techniques such as 

lithography and electrospinning have been used for precisely controlling topographical 
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features such as roughness, as well as mechanical features such as stiffness, from the nano 

to micro scale.77 Microscale features (above one micrometre) solely depend on contact 

guidance-based mechanisms to exert their effect on cells; for example, guided nerve axonal 

outgrowth on polymethylmethacrylate-covered silicon chips patterned with 100-400 nm 

width 300 nm depth parallel groves with distance between two adjacent grooves over one 

micrometre.78 Whereas nanopatterned surfaces with nanoscale topographical features such 

pits, columns, gratings, and islands all induce a plethora of different cellular responses 

ranging from differentiation to cell adhesion,79 though cellular responses likely cell-type 

dependent. Roughness-dependent wettability, using nanoscale patterned silicon wafers, has 

also been associated with differential fibroblast cell adhesion responses.80 Additionally, a 

study generated cell culture substrates with controlled nanotopographical features and 

demonstrated that surface roughness influenced cell adhesion, spreading, proliferation, whilst 

surface chemistry influenced cellular differentiation.81 Yeung et al. demonstrated that surface 

stiffness could also influence cell spreading, morphology and cytoskeletal structures.82 

 

1.3.3 Effects of surface chemistry and topography on protein adsorption 

During two-dimensional cell culture, surface characteristics such as surface chemistry and 

surface topography could affect cellular behaviour. Although cells could directly interact with 

features of surfaces and elicit a cellular response, cells secrete extracellular matrix proteins 

such as fibronectin, laminin, and collagen IV, as well as those found in cell culture serum such 

as fibrinogen and albumin, that adsorb onto the surfaces, and it is these proteins that are in 

intimate contact with the surface. Cells use a class of cell-adhesion molecules, called 

integrins, that recognise a specific peptide motif, Arg-Gly-Asp (RGD motif), present on several 

extracellular proteins, to adhere onto the extracellular matrix scaffolds and subsequently 

adhere onto the surface.83 Thus, cellular responses to surface features could be largely 

dependent upon surface-dependent adsorption kinetics of the various extracellular matrix 

proteins that cells secrete, as well as those found in the cell culture serum.84  

Surface chemistry: Protein adsorption on surfaces functionalised with various polar (e.g. 

carboxyl, phosphate, silanol, hydroxyl, and amino), and non-polar groups (e.g. methyl, and 

thiol) have been extensively studied previously,85 due to relevancy and importance of protein-

surface interactions for biosensors, biofilm formation, therapeutic devices, drug delivery, and 

nanomaterials.86 Using model hydrophobic (methyl functionalised) and hydrophilic (hydroxyl 

functionalised) surfaces, early investigations revealed that albumin undergoes a single-step 

adsorption kinetic, whereas fibrinogen adsorption involves multistage process, and that 
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albumin had a stronger affinity towards the hydrophobic surface compared to the hydrophilic 

surface, whereas fibrinogen adsorb readily onto both surfaces.87 Another study highlighted 

that bovine serum albumin adsorption increased as water contact angle (WCA) decreased.88 

Fibronectin adsorption notably increased on hydrophobic surfaces of polydimethylsiloxane 

functionalised with hydrophobic SAM and subsequently augmented cellular spreading.89 

Interestingly, using a superhydrophilic-to-superhydrophobic gradient, a study revealed that 

fibronectin adsorption induced conformational changes, with exposure of cell-binding 

epitopes (RGD motif) diminished on surfaces with superhydrophilic wetting properties, thus 

dramatically affecting cell-adhesion properties.90 These studies provide insights into the 

surface-protein interface largely affecting adsorption kinetics and adsorption-dependent 

secondary structure conformational changes, which could promote cell-adhesive properties 

of the surface by exposure of cell-binding epitopes. 

In a multiprotein system, for example cell culture media and serum, proteins adsorb 

competitively, wherein proteins at higher concentrations but low molecular size (e.g. albumin) 

which are described as high mobility/low affinity that adsorb first, that slowly become 

displaced by larger molecular size (e.g. fibrinogen) but less frequently-occurring proteins 

arriving much later which are described as low mobility/high affinity. This phenomenon, called 

the Vroman effect, was first noticed by Leo Vroman.91 Affinity for specific proteins to a 

particular surface could depend on surface functional groups. For example, surfaces 

functionalised with negatively charged/acidic groups such as carboxyl groups could have 

higher affinity towards proteins harbouring mostly positive charges, and surfaces 

functionalised with positively charged groups such as amino group could have higher affinity 

towards proteins whose charge is mostly negative. Though, it is noteworthy that proteins are 

not mono-charged entities, but rather have charge distribution, where hydrophobic moieties 

are buried in their cryptic sites, and hydrophilic moieties are exposed to aqueous phase. 

Therefore, both charge distribution as well as hydrophobicity could contribute towards protein 

adsorption. Generally, compared to bulk native protein in aqueous phase, several adsorbed 

proteins exhibit drastic conformational changes after prolonged contact with a solid 

substrate.92  

Surface topography: Similar to surface chemistry, surface topographical features such as 

roughness affect protein adsorption kinetics and dynamics. Early investigation using silica 

spheres suggested that BSA and fibrinogen both have distinct conformation profile during 

adsorption depending on surface curvature despite both proteins having similar binding 

affinity and saturation; BSA’s conformation was increasingly less ordered on larger substrates, 

whilst fibrinogen was suggested to lose secondary structure during adsorption onto silica 
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spheres with high surface curvature,93 indicating that silica nanospheres with these 

characteristics likely had a denaturation effect on larger proteins such as fibrinogen. Similarly, 

another study also showed that upon adsorption onto colloidal silica-coated surfaces with 

nanotopographic characteristics, fibronectin conformation changed dramatically, affecting 

human endothelial cell adhesion.94 Additionally, BSA adsorption increased with nano-

roughness of platinum surfaces.95 Nearly globular protein BSA was less influenced by 

roughness, whereas the larger non-globular fibrinogen protein adsorption and saturation 

increase with increasing roughness.96   

Protein adsorption onto the surface can be influenced by surface characteristics, such as 

wettability, roughness, and surface chemistry.97 Indeed, surface-induced adsorption-based 

approaches have provided much insight into conformational changes and fibrillogenesis of 

fibronectin,98,99 which is extracellular matrix protein important for melanoma metastasis.100 

Likewise, other notable extracellular matrix proteins such as fibronectin, laminin, and collagen 

IV, adsorption onto self-assembled monolayer (SAM)-modified gold substrates were recently 

investigated, highlighting that negatively charged proteins can adsorb onto negatively 

charged surfaces due to an interesting phenomenon called the adsorption-induced 

polarisation of proteins.101 

 

1.3.4 Silica-modified surfaces 

Our laboratory group has previously established the fabrication of silica-modified surfaces,102 

that have been used to interrogate cancer cellular adhesion, aggregation, and differentiation 

capabilities. Melanoma cellular adhesion was investigated on hydrophilic silica surfaces,102 

which demonstrated enhanced adhesion of cells onto silica surface compared to tissue culture 

polystyrene (TCP). Hydrophilic aminopropyl-functionalised silica surfaces were shown to 

enrich epithelial-like cells from a single clone containing both epithelial and mesenchymal-

like subpopulation of prostate cancer cells.103 Recently, it was demonstrated that epithelial-

like prostate cancer cells adhere well onto the hydrophobic FS surfaces, whereas the 

mesenchymal-like prostate cancer cells adhere poorly; however this is reversed when 

cocultured with the epithelial-like cells.104 Lastly, hydrophobic fluoroalkyl silica (FS) surface 

was developed, which induced fibronectin adsorption-dependent homotypic multicellular 

aggregation-disaggregation of breast cancer cells.105 These FS surfaces could prove useful for 

the investigation of CTC clusters.  

Fabrication of these silica-functionalised surfaces first involves polymerising a thin film of 

aniline onto TCP (Fig. 1.2 A & B),102 which adheres via hydrophobic interactions, using 
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ammonium persulphate as an oxidising agent to initiate the polymerisation process.102 This is 

followed by the immobilisation of glutaraldehyde (GDA) onto the polyaniline (PANI) film (Fig. 

1.2 C); an aldehyde group of GDA reacts with the primary and secondary amine groups in 

PANI.102  

Lysozyme is next immobilised onto the surface (Fig. 1.2 D); the free aldehyde groups of GDA 

that are not bound to PANI reacts with the amine groups of lysozyme molecules.102 Silica film 

is next deposited onto the surface by condensation of orthosilicic acid (Fig. 1.2 E). Tetramethyl 

orthosilicate (TMOS, Si(OCH3)4) is pre-hydrolysed under acidic conditions to generate free 

orthosilicic acid for the silica condensation reaction.102 The resulting siloxane network is 

immobilised to lysozyme via electrostatic static interactions; positively charged amine groups 

of lysozyme catalyses silica condensation reaction.102  

The silica surfaces can then be functionalised with silanes. Hydrophobic surfaces are 

synthesised by reacting pre-hydrolysed 1h,1h,2h,2h-perfluorodecyltriethoxysilane (FDTES), so 

as to cleave off the ethoxy groups and to free the silanol groups (Si-OH), with the siloxane 

network on the silica surfaces (Fig. 1.2 F).105 Condensation reaction results in the formation of 

siloxane bonds (Si-O-Si) between the silanol group of the aqueous silanes and the free silanol 

groups localised at the surface of the siloxane network.105 The fluoroalkyl-functionalised FS 

surface is hydrophobic with a water contact angle of ~115o,105 where the water contact angle 

of the original TCP surfaces is ~65o. FS surfaces (RMS roughness = ~119 nm) are also much 

rougher than the TCP surfaces (RMS roughness = ~ 20 nm).105 

 

 

 

 

 

 

  

 

 



 

14 | P a g e  
 

 

 

 

 

 

 

 

Fig. 1.2 Schematic depicting fabrication of FS surfaces from TCP surfaces. (A) Polystyrene monomer. (B) TCP 

coated with polyaniline by reacting aniline hydrochloride with ammonium persulfate at 1:1 ratio. (C) Glutaric 

dialdehyde is immobilised onto the polyaniline layer. (D) Free aldehyde group of glutaric dialdehyde reacts with 

amine groups present on lysozyme. (E) Aqueous orthosilicic acid, from pre-hydrolysed tetramethoxysilane, 

condensed upon lysozyme via formation of siloxane network. (F) FDTES molecule. (G) Fluoroalkyl functionalisation 

involves condensing FDTES onto the siloxane network and formation of siloxane bond between the silanol group 

of FDTES and silanol group of the free orthosilicic acid. EtOH: Ethanol, FDTES: 1h,1h,2h,2h-

perfluorodecyltriethoxysilane,  
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1.4 Project aims and objectives 

Nature of melanoma CTC clusters, including mechanism of multicellular aggregation, cell 

signalling pathways, and mechanism of disaggregation at distal metastatic sites, all remain 

elusive, owing to lack of a suitable in vitro cell culture model of melanoma CTC clusters that 

researchers could easily use in laboratory during the early stages of research, similar to tissue 

culture polystyrene that has been widely used for culturing adherent cancer cells, before 

carrying out further investigation using animal models or seek out scarce and labour-intensive 

isolation of patient-derived CTC cluster samples. Currently available models involve expensive 

microfluidic techniques, or three-dimensional cell culture or organoid-based models that may 

be suitable for studying primary or secondary tumours, whereas FS surface has been shown 

to induce multicellular aggregation-disaggregation as a single dynamic process which are 

comparatively more representative of intravascular CTC multicellular aggregation-

disaggregation events.  

Overarching aim: Therefore, this PhD research project aims to establish FS surface-induced 

multicellular aggregation-disaggregation of FM3 melanoma cells as an in vitro cell culture 

model to study nature of melanoma CTC clusters and unearth molecular players involved in 

multicellular aggregation-disaggregation events of FM3 melanoma cells.  

Objective 1: Using quantitative mass spectrometry, proteins involved in cell-cell and cell-

surface interactions and other cell signalling pathways important for FM3 melanoma 

multicellular aggregation and disaggregation will be identified. 

Objective 2: Targeting candidate proteins identified from proteomics, commercially available 

antibody or inhibitors that have been shown to disrupt protein-protein interactions will be 

used to investigate whether disruption of normal protein-protein interaction will be sufficient 

to disrupt FM3 multicellular aggregation-disaggregation events.  

Objective 3: To discern whether candidate proteins are also expressed in melanoma in the 

clinics, contribute to metastasis, proteomics or transcriptomics dataset of melanoma CTC 

clusters will be analysed if available, or at the very least primary and metastatic melanoma 

datasets obtained from online repositories will be analysed to prompt future detailed studies.   

Objective 4: As EMT and EMT-like processes have been shown to influence melanoma 

metastasis, though unclear what their role in CTC cluster formation/multicellular 

disaggregation, influence of EMT status on FM3 melanoma multicellular aggregation-

disaggregation will be investigated by treating FM3 cells with TGFβ. Classical EMT markers 

expression, as well as associated EMT-like interactions will be explored using proteomics and 

pathway analyses. Our laboratory group also has access to a previously established fully 
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epithelial and fully mesenchymal cloned cancer cell line; albeit it is prostate cancer cell line 

(clones of OPCT cells), investigation using these cloned cells and how epithelial-like and 

mesenchymal-like state will influence multicellular aggregation-disaggregation events, 

alongside TGFβ-treated FM3 cells will hopefully shed some light on influences of EMT/EMT-

like processes on FM3 melanoma multicellular aggregation-disaggregation events.   

Objective 5: Since protein adsorption likely play a part in cellular adhesion and could also be 

involved in surface-induced aggregation-disaggregation events, extracellular matrix proteins 

important for FM3 melanoma multicellular aggregation-disaggregation will be investigated 

by first isolating cell-secreted extracellular proteome and carrying out 

identification/quantification using quantitative mass spectrometry, then subsequently 

carrying out detailed study of conformation changes of secondary structure, during adsorption 

onto FS surfaces using FTIR spectroscopy.  

Thesis hypothesis: Since multicellular aggregation CTC has been shown to involve cell-surface 

glycoprotein-mediated cell-cell interactions in breast and colon cancers, here it is predicted 

that FM3 multicellular aggregates will also involve cell-cell interactions using glycoprotein. 

This hypothesis will be tested using quantitative mass spectrometry as a discovery method to 

find candidate cell-surface glycoprotein and by treating with commercially available inhibitor 

or antibody that could disrupt protein-protein interaction of this glycoprotein, where it is 

predicted that the treated samples will show complete or partial disaggregation.  

Molecular signatures of multicellular aggregates identified in this project could be utilised in 

the clinics; (i) to improve techniques of isolation of melanoma CTC clusters, (ii) to design 

therapeutic intervention of melanoma CTC cluster formation and metastasis, (iii) and to 

explore the predisposition of primary tumour cells in forming CTC clusters and metastasis.  
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2.1 Surface synthesis 

2.1.1 Fluoroalkylsilica surface fabrication 

Silica surfaces were synthesised on tissue culture polystyrene (TCP) (Sarstedt) plates following 

a previously described method,102
  and subsequently functionalised with a silylperfluorocarbon 

compound. Briefly, TCP surfaces (Sarstedt; 10 cm, 24-well, and 96-well cell culture plates) 

were coated with an initial layer of polyaniline  by polymerising 0.25 M aniline hydrochloride 

(Sigma-Aldrich, A8524) dissolved in 1 M HCl in the presence of an initiator, 0.08 M ammonium 

persulphate (Sigma-Aldrich, 248614) dissolved in ddH2O. This reaction was conducted at 1:1 

(v/v) ratio for 15 min at room temperature (RT). The surfaces were then coated with 2% (v/v) 

glutaric dialdehyde (Sigma-Aldrich, 340855) by incubating at 57 oC for 2 h.  

Next, surfaces were coated with a layer of 1 mg/mL lysozyme (Sigma-Aldrich, 62971) 

dissolved in 0.1 M sodium-phosphate buffer (pH 7.2), incubating for 2 h at RT or overnight at 

4 oC. Using these, superhydrophilic silica surfaces were fabricated by incubating with 0.5 M 

tetramethyl orthosilicate (TMOS) (Sigma-Aldrich, 218472) at RT for 2 h to allow thin layer of 

sol-gel formation from the colloidal TMOS monomers. Prior to use for surface coating, 0.5 M 

tetramethyl orthosilicate was hydrolysed in 1 mM HCl for 15 min and the pH raised to 4 with 

0.1 M NaOH.  

Lastly, the silica surfaces were functionalised with 10 mM 1H,1H,2H,2H–

perfluorodecyltriethoxysilane (FDTES) (Alfa Aesar, L16585) dissolved in 75% (v/v) ethanol; 

FDTES was pre-hydrolysed with 5 mM HCl for 30 min at RT and the pH raised to 8 with 0.25 

M NH4OH prior to coating for 2 h at 57 oC. The functionalised FS surfaces were cured for 24 h 

at 57 oC. The total coating volumes of each solution were kept the same but were only modified 

to account for the different sizes of the tissue culture plates (96-well: 300 µL, 24-well: 1.875 

mL, 6-well/60x15 mm plates: 9.019 mL). Between coating with different solutions, surfaces 

were washed three times with ddH2O (three times with ethanol and ddH2O after incubation 

with FDTES). Before using these surfaces for cell culture, they were UV-sterilised for 15 min 

using a UV-crosslinker (UV stratalinker 2400).  

 

2.1.2 Fluoroalkylsilica surface characterisation 

Contact angle measurements were taken using an Attention Theta Lite tensiometer and sessile 

ddH2O liquid droplets of 5 µL. Fourier transform infra-red attenuated total reflectance (FTIR-

ATR) spectroscopy of the surfaces were obtained using a Spectrum 100 FTIR spectrometer 
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(Perkin Elmer) equipped with a diamond ATR golden gate accessory, at 2 cm-1 resolution, 32 

scans for each sample, and between 650-4000 cm-1 wavenumber. Roughness of the surfaces 

was determined through atomic force microscopy (AFM) using a Dimensions Icon SPM 

(supplied by Bruker) in ScanAsyst mode, with a ScanAsyst-Air probe (Bruker, silicon tip on 

nitride lever, cantilever T: 650 nm, frequency 70 kHz). The root mean square (RMS) roughness 

was calculated using the built-in function of Nanoscale Analysis software. 

 

2.2 Cell culture & assays 

2.2.1 Routine cell culture  

FM3 cells (human metastatic melanoma) were originally obtained from University of 

Tübingen, Germany, and cultured in RPMI-1640 growth media (Corning, 150-040-CVR) 

containing 10% (v/v) foetal bovine serum and 2 mM L-Glutamine, in an incubator set at 37 oC 

and atmosphere of 5% CO2. P5B3 and P4B6B cell lines were obtained from a previous research 

project,106 cultured in defined keratinocyte serum free medium (GIBCO) (Thermofisher, 

10744019) supplemented with 2.5% (v/v) foetal bovine serum, in an incubator set at 37 oC and 

atmosphere of 5% CO2.   

 

2.2.2 Cell viability assay  

Cell density was calculated using live cell-detection haematocytometer and seeded 20,000 

cells per 300 µL for each well. Cellular viability assay in 96-well plate, and after 24 h or 72 h, 

live cells were measured using AlamarBlue cell viability reagent (Invitrogen, DAL1025) 

according to manufacturer’s instructions. 

 

2.2.3 Invasion and migration assay  

Invasion and migration assays were carried out using ‘Culturex basement membrane extract 

cell invasion assay kit’ (R&D systems, 3455-096-K) according to manufacturer’s instruction. 

Cells were first seeded at 20,000 cells per 300 µL for each well on FS or TCP surfaces. At 24 h 

or 72 h, cells were detached from the surfaces by means of repeated pipetting; this step was 

necessary for breaking off the clusters into single cells, and to be able to carry out the assays. 

Cells were centrifuged at 300 x g for 5 min; pellets were resuspended in serum-fere growth 

media. Cells were then immediately re-seeded into Boyden chambers containing basement 
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membrane extract to carry out the invasion assay, and into chambers without any basement 

membrane extract to test cell motility. For both assays, a chemotactic gradient was created 

by keeping the Boyden chamber serum-free and introducing 20% (v/v) foetal calf serum (FCS) 

in the bottom chamber. After 24 h, the number of cells present in the bottom chamber was 

quantified using calcein-AM which measures live cells. Fluorescence emission of calcein-AM 

was measured using a Tecan Ultra Microtiter Plate Reader (Tecan) at 485 nm excitation and 

520 nm emission.  A standard (fluorescence vs number of live cells) was used to calculate 

invaded or migrated cells as a percentage of the total cells that were initially seeded into the 

Boyden chamber.  

2.2.4  Cell culture under hypoxic condition  

For experiments concerning hypoxia, cells were maintained in incubator set at 37 oC, 

atmosphere of <1% O2 and 5% CO2.   

2.2.5 Treatment of cells with inhibitor, antibody, or cytokine 

Prior to experiments, full growth media was treated with the treatment as needed, and 

vortexed for 1 min to get an even mixture. Details of the treatment as follows:  

 

Table 2.1: Summary of treatment used in this study 

 

Treatment Function Concentration* 

 

Supplier Catalogue # 

GB1107 Galectin-3 inhibitor 10 μM Cambridge 

Bioscience Ltd 

HY-114409 

Chlorhexidine 

dihydrochloride 

(CHX) 

MMP2 Inhibitor 10 μM Merck Sigma 

Aldrich 

C8527-5G 

DB2313 PU.1 inhibitor 10 μM Cambridge 

Bioscience Ltd 

HY-124629 

Anti-galectin-3 Galectin-3 Inhibition 10 – 200 ng/mL R&D Systems 

Inc. 

AF1154 

Anti-4F2hc 4F2hc inhibition 10 – 200 ng/mL Merck Sigma 

Aldrich 

HPA017980 

Anti-MMP2 MMP2 inhibition 10 – 200 ng/mL R&D Systems 

Inc. 

AF902 

Recombinant human 

TGFβ 

EMT induction 10 ng/mL PeproTech 100-21 
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2.2.6 Cellular aggregation assay  

Cells were seeded at 20,000 cells per 300 µL for each well (unless otherwise stated) on UV-

sterilised FS or TCP surfaces in full growth media. This cell density was chosen as it was the 

optimum density where there were not too much cells (contact inhibition) crowding the wells, 

and not too little, that 24 h time point would create small aggregates. After 24 h, 48 h or 72 h 

of culture, images were taken using a light microscope (Axio Oberserver.Z1 microscope, Zeiss) 

at 5x magnification. Image analysis was carried out using ImageJ software (Ver 1.52p). 

Aggregation and disaggregation events were quantified by drawing around the aggregates 

and non-aggregated cells using the freehand selection tool and adding the selection as a 

label onto the ROI manager, then measuring the area of each of the components as well as 

the total area so as to express the components as a percentage of total area of the image. On 

images with near-confluent cells, negative space was measured instead of the non-

aggregated cells; the area of non-aggregated cells was then determined by subtracting the 

area of the sum of negative space and aggregates from the total area of the image. 

 

2.2.7 Immunofluorescence 

Cells were seeded at 20,000 cells per 300 µL for each well into 96 well fluorescence compatible 

plates (BD Biosciences, 353219) – some of the wells were functionalised with FS prior to the 

immunofluorescence experiment. After 24 h or 72 h, media was removed, and cells were 

washed 3x with 300 µL of PBS. Cells were then fixed by incubating with 100 µL per well of 4% 

paraformaldehyde in PBS, at RT for 10 min. Fixed cells were blocked with 10% serum in PBST 

(0.1% Tween-20 in PBS), 100 µL per well, for 1 hour at RT on a rocker. Primary antibodies were 

then added, diluted in PBST by a factor recommended by manufacturer, and incubated 

overnight at 4 oC. For EMT proteins, primary antibodies from the EMT antibody sampler kit 

(Cell signalling, 9782) were used. Excess primary antibodies were removed by 3x 5 min washes 

with PBS (300 µL per well). Fluorescent-conjugated secondary antibodies were then applied, 

diluted in PBST by a factor recommended by manufacturer and incubated at RT for 2 h. 

Secondary antibodies used here were Alexa Fluor 488 anti-rabbit (Thermofisher, A-21206) and 

Alexa Fluor 568 (Thermofisher, A-11004). Wells were washed 3x 5 min washes with PBS (300 

µL per well) to remove excess secondary antibody, followed by incubation with 50 µL per well 

DAPI nucleus staining solution (Vector laboratories, H-1200-10). Wells were washed 1x 5 min 

with PBS to remove excess DAPI staining, before visualisation using Axio Observer.71 

microscope (ZEISS) and Nikon Eclipse Ts100 Light Microscope (Olympus). 
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2.3 Proteomics & Transcriptomics 

2.3.1 Cell lysis for mass spectrometry and western blot 

Cells were lysed using ice cold Pierce RIPA buffer (Thermo Scientific, 89900) containing 1% 

(v/v) protease inhibitor cocktail (Sigma, P8340), by 3x 10 min vortexing, followed by 

centrifugation at 14,000 x g at 4 oC for 10 min. The supernatant was transferred directly to 

Amicon ultra-0.5 centrifugal columns (Amicon, UFC500396) with a molecular weight cut off 

of 3 kDa; to concentrate protein, samples were centrifuged at 14,000 x g at 4 oC for 30 min, 

followed by 1,000 x g at 4 oC for 2 min, device upside down to recover the protein samples 

into fresh Eppendorf tubes. Protein concentration was determined through Pierce 660 nm 

protein concentration quantification assay (Thermo Scientific, 1861426). For this assay, 0.05 

g/mL of ionic detergent compatibility reagent (Thermo Scientific, 22663) was added to the 

assay reagent as the RIPA buffer contained SDS detergent. An aliquot of the protein samples 

diluted in 0.8% Triton X-100 (Sigma, T8787) at a ratio of 1:10 was used for the assay. Samples 

containing 50 µg of cell lysate proteins were used for mass spectrometry analysis.  

 

2.3.2 Extracellular matrix isolation for mass spectrometry 

ECM was isolated using a protocol described by Hellewell, A.L. et al.107 Briefly, cells were lysed 

by incubating in 20 mM ammonium hydroxide, followed by removal of cell debris by washing 

four times with copious amounts of sterilised ddH2O. The insoluble ECM left on the surfaces 

were then isolated using SDS-PAGE buffer, containing 1 M Tris-HCl (pH 6.8), 2% (v/v) SDS, 10% 

(v/v) glycerol and 100 mM DTT. The buffer was heated to 95 oC for 2 min before applying onto 

the surface. This step was repeated twice, and the plates were scored and scratched in order 

ensure the isolation and pooling of the whole matrisome. Matrisome protein samples were 

concentrated using Amicon ultra-0.5 centrifugal columns (Amicon, UFC500396) with a 

molecular weight cut off of 3 kDa. Protein concentration was then determined using Pierce 

660 nm protein concentration quantification assay as  described in 6.2.4. Matrisome samples 

containing 50 µg of protein were used for mass spectrometry analysis. Dr Clare Coveney is 

thanked for her assistance with the ECM isolation. 
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2.3.3 Western blot 

For each sample, 30 µg of protein was dissolved in 4x Laemmli buffer, heated at 95 oC for 10 

min to denature the proteins, before loading wells of Mini-PROTEAN (4-20 %) Precast protein 

gels (Bio-Rad, 4561093). Protein lysate was separated by size via SDS polyacrylamide gel 

electrophoresis (SDS-PAGE) in running buffer (25.0 mM Trizma base, 191.8 mM Glycine & 3.5 

mM SDS), at a current of 60 V for 10 min, followed by 100 V for 30 min. Size-separated protein 

was transferred from gel to PVDF membrane at a current of 30 V t at 4 oC overnight, using 

transfer buffer (25.0 mM Trizma base & 191.8 mM Glycine). After transfer, membranes were 

blocked for 1 hour at RT in 5% semi-skimmed bovine milk powder (Marvel Original) in TBST 

buffer (20.0 mM Trizma Base, 136.9 mM NaCl & 0.1% Tween-20, pH adjusted to 7.6 with HCl). 

Primary antibodies were then applied to membranes, diluted in TBST buffer containing 5% 

semi-skimmed milk by a factor recommended by the manufacturer, then incubated at 4 oC 

overnight. For EMT proteins, primary antibodies from the EMT antibody sampler kit (Cell 

signalling, 9782) were used. Membranes were then washed 3x 20 min using TBST buffer. 

Secondary antibodies were next applied to membranes by incubating at RT for 2 h, diluted in 

5% semi-skimmed milk in TBST buffer by a factor recommended by the manufacturer. EMT 

markers were detected using the anti-rabbit HRB conjugated secondary antibody from the 

EMT antibody sampler kit (9782). After a final wash cycle of 3x 20 min of the membranes in 

TBST buffer, Clarity Western ECL substrate (Bio-Rad, 170-5061) was added to the membranes 

immediately prior to image acquisition using a Syngene G:box instrument. The protein bands 

were identified using a molecular weight ladder (Bio-Rad, 161-0376) as  reference. 

 

2.3.4 Mass spectrometry 

Disulphides in the protein samples were reduced by incubating in 0.5 M DTT (Sigma, UK) at 

56 oC for 20 min. Subsequently, the cysteine residues were alkylated by incubating in 0.5 M 

iodoacetamide (Sigma, UK) for 15 min at RT. Tryptic digestion, at a ratio of 1:10 (wt/wt) of 

trypsin to protein, was carried out through S-Trap Micro spin columns (Protifi, USA). Peptides 

were eluted from the columns using 50 mM TEAB buffer containing 0.2% (v/v) formic acid. 

Hydrophobic peptides were recovered from the elution columns using 50% (v/v) acetonitrile 

containing 0.2% (v/v) formic acid. The reduced, alkylated and SDS-free protein samples (3 µL) 

were injected into YMC (15 cm x 0.3 mm) Triart-C18 columns (YMC, UK) linked to Eksigent 

NanoLC 425 HPLC system (Sciex) (5 µL/min flow rate). The fractionated and reverse phase-

separated protein samples were then inserted into a TripleTOF 6600 mass spectrometer(Sciex) 

for analysis. Two acquisition methods were employed: Independent Data Acquisition (IDA) to 
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generate the initial spectral library, and targeted analysis by Sequential Window Activation of 

All Theoretical Mass Spectra (SWATH-MS) within 100 variable m/z windows for quantification. 

Protein identification and library generation were carried out by Protein Pilot 5.0.3 software 

(Sciex) searched against the Human Swissprot proteome database (www.uniprot.org). Library 

was aligned to SWATH data using iRT peptides (Biognosis AG), with calibration of the 

retention time of the library carried out using PeakView 2.1 SWATH microapp software (Sciex). 

This alignment normalised protein peaks and the normalised protein peak area (integral) were 

used for quantifying individual differences between replicates of the sample protein sample. 

Dr Clare Coveney and Dr David Boocock are thanked for assisting with mass spectrometry 

experiments. 

 

2.3.5 Quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

Cell lysis and RNA extraction were conducted using RNeasy Mini kit (Qiagen, 74004) as per 

the manufacturer’s protocol. RNA was quantified using NanoDrop 8000, and 260 nm/280 nm 

ratio of 1.9 and above considered to be uncontaminated RNA ready to be used for reverse 

transcription. 2 µg of total RNA per sample were used for reverse transcription. Reverse 

transcription was carried out using High-Capacity RNA-to-cDNA Kit (Thermofisher, 4388950) 

as per the manufacturer’s protocol. RT-qPCR was conducted using iTaq Universal SYBR Green 

Supermix (Bio-Rad, 1725124) following the manufacturer’s protocol, using a Qiagen Rotor-

Gene Q real-time PCR instrument. Each reaction was carried out at total volume of 10 µL, 

containing 100 ng of cDNA, 500 nM of forward and reverse primers, and PCR-grade water to 

make up to the total volume. PCR cycle as follows: 5 min 95 oC denaturation, 40 cycles x 

[denaturation: 5 sec at 95 oC, annealing: 20 sec at 60 oC, elongation: 10 at sec 72 oC], and 

melt-curve analysis (65 – 95 oC at 0.5 oC increment, 2 – 5 sec per step) at the end to indicate 

amplification of gene of interest and not primer-dimers. Analysis was carried out using Rotor-

Gene Q Software (2.3.1.49 ver) with normalised fluorescence threshold of 0.01. Fold change 

from control was calculated using the threshold cycle (CT) values of gene of interest, 

normalised to the CT value of a reference gene (Equation 1 & 2), using the Schmittgen & Livak 

(2008) method.108  

Equation 1: 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2−𝛥𝛥𝐶𝑇 

Where, 2-ΔΔCT is described in Equation 2.  

http://www.uniprot.org/
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Equation 2:  

2−𝛥𝛥𝐶𝑇 = [(𝐶𝑇1 − 𝐶𝑇2) − (𝐶𝑇3 − 𝐶𝑇4)] 

Where, CT1 = CT of gene of interest in treatment group, CT2 = CT of reference gene in 

treatment group, CT3 = CT of gene of interest in control group, and CT4 = CT of reference gene 

in control group.  

Two reference genes were used, GUSB (which encodes for Glucuronidase β) and YWHAZ (KCIP-

1) just in case if one was affected by the treatment. Only the comparison to GUSB is 

graphically displayed. Fold change of three technical repeats were averaged to give fold 

change of one biological repeat. Details of primers can be found in the Appendix A. 

 

2.4 Bioinformatics 

2.4.1 Clinical patient data analyses 

Melanoma datasets, obtained from cBioPortal 109 and OncoLnc 110 online repositories were 

used in the analysis as follows: MEL_DFCI_2019,111 MEL_TSAM_LIANG_2017,112 

MEL_UCLA_2016,113 SKCM_DFCI_2015,114 SKCM_MSKCC_2014,115 

SKCM_TCGA_PAN_CAN_ATLAS_2018,116–125 SKCM_TCGA_PUB_2015,26 

SKCM_VANDERBILT_MSKCC_2015.126 Survival plots were generated using GraphPad Prism 

9.1.0 software, from which median Overall Survival (OS) scores were determined; Log-Rank 

(Mantel-Cox) test was carried out to determine χ2 and p-values. The PRECOG tool 127 was used 

to obtain Meta Z-score values of genes associated with melanoma and metastatic melanoma, 

and the datasets used here were as follows: PMID 20460471,128 PMID 18505921,129 and PMID 

19915147.130 Metastasis score was calculated from subtracting Meta Z-score of metastatic 

melanoma (Z2) from Meta Z-score of melanoma (Z1). A→D (aggregation-disaggregation) 

factor was calculated from Z-score of disaggregation and Z-score of aggregation. PANTHER 

classification system 17.0 131 used for gene ontology-based identification of transcription 

regulatory proteins. The hTFtarget tool 132 comprising chromatin immunoprecipitation 

sequencing (ChIP-Seq) databases was used for identification of transcription factors, co-

regulators and their target genes.  
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2.4.2 Protein docking 

Orthorhombic crystal structures of galectin-3-CRD (PDB ID: 1A3K)133 and 4F2hc-ED (PDB ID: 

2DH3)134 obtained from the Protein Data Bank (http://www.rcsb.org/)135 were used for protein-

protein docking computations using the ClusPro tool.136 Graphical depictions of the docking 

models were generated using PyMOL ver.1.7 software. Non-covalent interactions between the 

docking models were computed using LigPlot+.137 Protein-Protein Interaction scores (PPI) for 

each model were calculated from the sum of normalised and weighted scores of Hydrogen 

bond score (H), Hydrophobic interaction score (HP), and Aryl-Aryl (ArAr) interaction score. 

Hydrogen bond score was calculated from the number predicted by LigPlot+. The Hydrophobic 

Interactions score was calculated by first counting the number of hydrophobic residues 

predicted to make hydrophobic interactions (spoked lines; Supplementary Fig. 4.4 & 4.5), then 

multiplying this number by a ‘side-chain hydrophobicity factor’ corresponding to each of these 

residues (normalised to the hydrophobicity of glycine).138 Any residues with a negative side-

chain hydrophobicity factor, that is they are less hydrophobic than glycine, were not included 

in this calculation, even if those residues were highlighted as spoked lines in LigPlot+, as the 

impact of their hydrophobicity on PPI would be negligible. The Aryl-Aryl interaction score was 

deduced by counting the number of aromatic residues pairs, Phenylalanine, Tyrosine and 

Tryptophan, present immediately opposite of each other of the interface. The Hydrogen bond 

score, Hydrophobic interaction score and Aryl-Aryl score were min-max normalised and 

weighted by their Bond Energy factor. The Bond Energy factor was deduced by first taking the 

median value of the range of bond energy of non-covalent interactions reported in literature, 

followed by min-max normalisation of these values. Median value of bond energy are as 

follows:139 5 Kcal mol-1 for hydrogen bonds (weighted score multiplier = 1), 1.5 Kcal mol-1 for 

hydrophobic interaction (weighted score multiplier = 0.125), 1 Kcal mol-1 for Van der Waals 

(weighted score multiplier = 0), and 2 Kcal mol-1 for π-π stacking (weighted score multiplier = 

0.25).140 

Equation 3: 

𝑃𝑃𝐼 = 1 [
𝐻 − min (𝐻)

max(𝐻) − min (𝐻)
] + 0.125 [

𝐻𝑃 − min (𝐻𝑃)

max(𝐻𝑃) − min (𝐻𝑃)
]

+ 0.25 [
𝐴𝑟𝐴𝑟 − min (𝐴𝑟𝐴𝑟)

max(𝐴𝑟𝐴𝑟) − min (𝐴𝑟𝐴𝑟)
] 

Where, H = number of hydrogen bonds 

HP = total sum of values of hydrophobic residues multiplied by their corresponding ‘side-chain hydrophobicity 

factor’ 

ArAr = Number of aryl-aryl interactions 

 

http://www.rcsb.org/pdb/


 

27 | P a g e  
 

2.5 Protein adsorption 

2.5.1 Amido black staining 

Recombinant human vitronectin (PeproTech, 140-09) and human purified plasm fibronectin 

(Sigma-Aldrich, FC010) were used in this study. Proteins dissolved in ddH2O (concentration 

between 0.05 – 0.5 mg/mL) were incubated at RT for 24 h on TCP or FS surfaces (both 96-well 

format). After 24 h of protein adsorption, surfaces were rinsed three times with ddH2O (300 

µL per well) in order to remove unbound proteins. Next, staining solution (200 µL per well) 

containing 1% (wt/wt) naphthol blue-black dye (Sigma), 10% (v/v) methanol (Fisher), 10% (v/v) 

glacial acetic acid (Fisher), and 80% ddH2O, was added to each well and incubated at RT for 

5 min. Afterwards, surfaces were rinsed three times with ddH2O (300 µL per well) and wash 

solution (300 µL per well) containing 38% (v/v) methanol (Fisher), 2% (v/v) glacial acetic acid 

(Fisher), and 60% ddH2O to remove any unbound dye. Dye that was bound to the adsorbed 

protein was then detached from the surface by adding eluent solution (250 µL per well) 

containing 50% (v/v) ethanol (Fisher), 50 mM sodium hydroxide (Sigma)  and 0.1 mM EDTA 

(Fisher) in ddH2O, and incubating at RT for 30 min. An aliquot of 200 µL from each well was 

then removed, added to a fresh 96-well TCP surface. Absorbance was measured at 620 nm 

using a Tecan Ultra Microtiter Plate Reader (Tecan).  

 

2.5.2 FTIR-ATR and 2D correlation spectroscopy 

Bovine serum albumin (ALB, Calbiochem #12659), recombinant human vitronectin (PeproTech, 

140-09) and human purified plasm fibronectin (Sigma-Aldrich, FC010) were used in this study. 

Proteins were dissolved in ddH2O; 5 µL droplets were added on FS and TCP surfaces. Surfaces 

were then incubated at heat-controlled chamber at 37 OC for 24 h, covered tightly in paraffin 

film to prevent evaporation. Fourier transform infra-red attenuated total reflectance (FTIR-

ATR) spectra were obtained using a Spectrum 100 FTIR spectrometer (Perkin Elmer) equipped 

with a diamond ATR golden gate accessory. FTIR spectra were collected between 4000 and 

500 cm-1, at resolution 2 cm-1, followed by multipoint zero-baseline adjustment (including a 

linear subsection between ~ 1730 and 1470 cm-1 to highlight amide I and II regions). 

Commonly reported peaks of secondary structures were fit under the curve of the amide I 

band as outlined previously.141 Peak fitting was carried out using Thermo grams A1 software 

(Ver. 8.) Reported parameters were chosen for peak fitting corresponding to unique secondary 

structures:142–145  absorbance wavelength maxima at 1712 cm-1 for side chains, 1693 cm-1 for 

intermolecular β-sheet, 1680 cm-1 for β-turn, 1656 cm-1 for random coil, 1644 cm-1 for α-helix, 

1628 cm-1 for intramolecular β-sheet, and 1615 cm-1  for intermolecular β-sheet. A further 
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peak at 1592 cm-1 was introduced to compensate for the non-baseline resolution of amide I 

& II bands. Peak widths were restrained between 10 and 30 cm-1, and peak heights were 

allowed to assume any positive height to investigate changes in intensity of conformers. Dr 

Thomas Warwick is thanked for assisting with these experiments.  

Lastly, for 2D correlation spectroscopy, either aqueous fibronectin or vitronectin samples (10 

µM concentration) dissolved in ddH2O, were incubated on TCP or FS surfaces for 5 h, 24 h, or 

72 h, as a 5 µL droplet (5 technical repeats each), washed once with ddH2O to remove unbound 

proteins, leaving adsorbed protein layer. FTIR-ATR spectra were collected as described above, 

followed by smoothing (using Savitsky-Golay method_ and normalisation to the consistent 

area of C-H peak at 1200 cm-1 using SpectraGryph software (ver. 1.2). One representative of 

the 5 technical repeats (good signal and in the middle of the 5 technical repeats) were chosen 

for further analyses (see Supplementary fig. 8.1 – 8.4). Smoothed and normalised spectra 

were used for carrying out 2D correlation spectroscopy using the 2Dshige computation 

software (ver. 1.3).  

 

2.6 Statistical analyses 

Parametric statistical analyses were performed for all dataset in this research as either no 

non-parametric distributions were observed or difficult to tell distribution due to low n 

number. For experiments testing differences in mean that included two treatment groups, 

Student’s unpaired T-test (two-tailed, heteroscedastic) were carried out. For experiments 

testing differences in mean that included more than two treatment groups, Brown-Forsythe 

and Welch ANOVA test (equal SDs not assumed) were carried out, with Dunnett T3 post-hoc 

multiple comparisons test to highlight adjusted p-value. For experiments testing differences 

in mean that included more than two independent variables, Ordinary Two-way ANOVA with 

Tukey multiple comparisons post-hoc test was carried out. Note that in certain cases (e.g. 

mass spectrometry), Brown-Forsythe and Welch ANOVA tests were carried out for experiments 

that were testing effect of aggregation (FS-24h vs TCP-24h) and disaggregation (FS-72h vs 

FS-24h) on cellular proteomics, as these analyses were considered as One-way ANOVA, as 

opposed to Two-way ANOVA as effect of both surface and time-point were not being tested 

simultaneously. For survival plots, Median Overall Survival (OS) scores, high vs low expression 

statistics (χ2 and p-values) were determined using Log-Rank (Mantel-Cox).  The 

aforementioned statistical analyses were carried out using GraphPad Prism software (version 

9). Precisely which statistical test were carried out for which experiment is included in the 

figure legends of each figure. Protein-surface adsorption data was fitted with the Langmuir 
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adsorption isotherm model 146 (Equation 2) using Origin Pro (version 2022b). The Langmuir 

curve was used for calculating total surface saturation (Qm), binding affinities (K), where Q 

and C represents the concentration of absorbate on the surface and the concentration in the 

phase adjacent to the surface, respectively. 

Equation 4: 

𝑄

𝑄𝑚
=  

𝐾𝐶

1 + 𝐾𝐶
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Chapter 3.  In vitro cell culture surface-based 

model of melanoma circulating tumour cell 

clusters 
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3.1 Introduction 

This chapter describes the behaviour of melanoma cells cultured on fluoroalkyl silica (FS) 

surfaces and discusses the suitability to use this surface-based approach as an in vitro model 

of melanoma circulating tumour cell (CTC) clusters observed in patients.  

CTC clusters are substantially more metastatic than single CTC.42 Approximately 30 - 40% of 

patients with metastatic melanoma had clusters of CTC.48,59 The nature of melanoma CTC 

clusters still remain largely unknown. This is mainly due to the lack of appropriate in vitro 

models. Previously, studies have used microfluidic techniques to capture and investigate CTC 

clusters extracted from liquid biopsies.147 Some studies have used intravital photoimaging 

techniques to track single CTC as they travel via the vasculature of mice,148 as well as to 

visualise intravascular aggregation of CTC.44 A melanoma-specific CTC capture method called 

the OncoBean (MelanoBean) platform has been developed.149 However, these microfluid-

based approaches come with an intrinsic risk of mechanical disruption of the CTC clusters 

during blood processing. This limitation makes it difficult to investigate CTC cluster formation.   

Our laboratory has previously described alternative cell culture surfaces and observed 

surface-induced multicellular aggregation and disaggregation of breast cancer cells.105 MCF-

7 breast cancer cells formed multicellular aggregates on FS surface during the initial 24 h of 

cell culture; by 72 h, disaggregation was observed.105 The present chapter aims to study the 

multicellular aggregation-disaggregation dynamics of FM3 melanoma cells during culture on 

FS surface. Invasiveness, migratory properties, and cellular viability of aggregating and 

disaggregating FM3 cells will be compared to characteristics of clinical melanoma CTC 

clusters. This will aid in establishing FS surface as a suitable in vitro model of melanoma CTC 

clusters. As at present no such models exist, this research would encourage future in vitro 

studies of melanoma CTC clusters.  
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3.2 Results 

3.2.1 FM3 cell aggregation-disaggregation dynamics on FS surfaces   

FS surfaces were synthesised as before using tissue-culture polystyrene (TCP) as a starting 

material and a ‘final-coating’ functionalisation with FDTES to generate the hydrophobic FS 

surfaces.105 ATR-IR spectroscopy confirmed the fluoroalkylsilica functionalisation as denoted 

by the presence of double C-F stretching vibrations (doublet peak between 1120-1350 cm-

1)105  (Supplementary Fig. 3.1 A). Water contact angle measurements (WCA) confirmed that 

FS surfaces were hydrophobic (WCA θ > 90o) and TCP surfaces as hydrophilic (WCA θ < 90o) 

(Supplementary Fig. 3.1 B).  Roughness of the surfaces were assessed via AFM; root mean 

square (RMS) roughness of FS was ~5-fold higher than that of TCP (Supplementary Fig. 3.1 C 

- E).  

FS induced aggregation of breast cancer cells (MCF-7 cells) by 24 h, followed by 

disaggregation at 72 h.105 Therefore, it was hypothesised that melanoma cells would also 

undergo similar aggregation-disaggregation dynamics on FS surface. Similar to the MCF-7 

breast cancer cells, in the present study, FS surface induced aggregation of a cutaneous 

melanoma cell line (FM3 cells) by 24 h, followed by disaggregation at 72 h (Fig. 3.1 A-B).  

Raising seeding density from 5k cells/well to 40k cells/well resulted in disaggregation by 48 h 

rather than 72 h, as denoted by a significant increase in percentage of non-aggregated cells 

(Fig. 3.1 B).  When CTC clusters encounter a microenvironment rich in cell-adhesive proteins 

and remodelled ECM suited for cancer cellular adhesion, CTC likely would disaggregate. It 

was hypothesised that the ECM composition present on FS surface at 72 h, that is ECM that 

had been remodelled by FM3 cells longer, favours disaggregation. To test this, FM3 cells were 

removed to expose ‘bare’ ECM at 24 h and 72 h to give ’24 h ECM’ (shorter period of 

remodelling by FM3 cells) and ’72 h ECM’ (longer period of remodelling by FM3 cells), 

respectively. On these isolated ECM-surfaces, de novo FM3 cells were then seeded. Upon the 

’72 h ECM’, cells disaggregated much more readily (Fig. 3.1 C-D). Percentage of non-

aggregated cells significantly increased on ’72 h ECM’ compared to the ’24 h ECM’ after 48 h 

of de novo seeding of cells. Undergoing aggregation-disaggregation promotes a more invasive 

phenotype.  

During experimentation, one of the surfaces containing TCP control (5k cells; Fig. 3.1 B) was 

damaged, which is why this data is missing. It was not repeated as statistical comparison 

was only made within FS surfaces.  
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Fig. 3.1 Modelling melanoma CTC cluster aggregation-disaggregation dynamics using fluoroalkylsilica (FS) surfaces. (A-B) Effect of seeding density on FM3 cellular aggregation, (A) 

representative light micrograph images, scale = 200 µm, and (B) quantification, n=4. (C-D) Aggregation-disaggregation propensity of cells cultured on ECM derived either from FS-24h or FS-72h 

surfaces, (D) quantification, n=6, and (C) representative light micrograph images. (E-G) (E) Invasiveness, n=5, (F) Migration, n=3, and (G) Proliferation, n=3, of aggregates (FS-24h) vs non-

aggregates (FS-72h and TCP). Scale bar (white bottom left) = 200 µm. Ordinary Two-way ANOVA with Tukey post-hoc multiple comparisons for B and D, Brown-Forsythe and Welch ANOVA tests 

(equal SDs not assumed) with Dunnett T3 post-hoc multiple comparison test for E – G. ECM: extracellular matrix, FS: fluoroalkylsilica, TCP: tissue culture polystyrene. 
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Metastatic melanoma is more invasive than primary tumours. This is because of aberrant 

overexpression of several key pathways responsible for cell-motility and secretion of matrix 

metalloproteinases (MMP); for example, Rac1 signalling and JAK-STAT signalling, 

respectively.150 At metastatic sites, CTC clusters become entrapped in microvessels. 

Afterwards, CTC clusters disaggregate, extravasate out of vasculature, and invade 

neighbouring stroma.  

Therefore, it was hypothesised that the ‘disaggregation’ phenotype seen at 72 h on FS 

surfaces was likely to be more invasive compared to the ‘aggregation’ phenotype seen at 24 

h, as well as compared to those that have not undergone aggregation at all (cells cultured on 

TCP). To test this, invasion and migration assays were carried out using cells representing 

these phenotypes. Cells were first seeded onto FS or TCP surfaces. At 24 h or 72 h, cells were 

detached from the surfaces by means of repeated pipetting; this step was necessary for 

breaking off the clusters into single cells, and to be able to carry out the assays. Cells were 

then immediately re-seeded into Boyden chambers containing basement membrane extract 

to carry out the invasion assay, and into chambers without any basement membrane extract 

to test cell motility. For both assays, a chemotactic gradient was created by keeping the 

Boyden chamber serum-free and introducing 20% (v/v) foetal calf serum (FCS) in the bottom 

chamber. After 24 h, the number of cells present in the bottom chamber was quantified using 

calcein-AM reagent (which measures live cells).  

The cells representing the ‘disaggregation’ phenotype (isolated from FS-72h) were 

significantly more invasive compared to those that did not undergo aggregation at all 

(isolated from TCP-72h) (Fig. 3.1 E). There was no difference in invasiveness between the 

‘aggregation’ phenotype (isolated from FS-24h) and the TCP-24h control, suggesting that the 

‘aggregation’ phenotype is not invasive. Cell migration assay showed that there was no 

difference in migration between cells grown on FS and TCP surfaces (Fig. 3.1 F). Together, 

these results suggest that cells that have gone through aggregation-disaggregation 

(‘disaggregation’ phenotype) representing CTC clusters at distal sites could be more invasive 

but not more motile, compared to aggregates (‘aggregation’ phenotype) representing 

intravascular CTC clusters, or when compared to those that have not undergone any 

aggregation-disaggregation events.  
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3.2.2 Cellular viability is reduced in FM3 aggregates  

Since detachment from ECM or surfaces usually leads to cell-death by anoikis programmes 

and reduced cellular viability, it was hypothesised that cell viability would be reduced in the 

‘aggregation’ phenotype compared to the cells that have attached to the surface (FS-72h and 

cells cultured on TCP). Cell viability during aggregation at FS-24h was significantly reduced 

compared to TCP-24h and the FS-72h ‘disaggregation’ phenotype (Fig. 3.1 G).  

 

3.2.3 Cell-cell proteins are upregulated during FM3 multicellular aggregation 

To discern molecular mechanisms governing melanoma cellular aggregation-disaggregation, 

quantitative proteomics was carried out (Fig. 3.2 A) on intracellular proteins isolated from 

cells representing the following phenotypes: (i) ‘aggregation’ phenotype (isolated from FS-

24h; representing CTC clusters), (ii) ‘disaggregation’ phenotype (isolated from FS-72h; 

representing cells invading at metastatic site), (iii) ‘single cell’ phenotype (isolated from TCP-

24h; representing single CTCs), and (iv) confluent-monolayer phenotype (isolated from TCP-

72h; representing cells that did not undergo aggregation-disaggregation).  

By comparing the intracellular proteome of ‘aggregation’ phenotype with ‘single cell’ 

phenotype (aggregation; FS-24h vs TCP-24h), the processes and molecules involved in cluster 

formation were identified. During aggregation, proteins involved in cell-cell contacts were 

upregulated (Fig. 3.2 B). Notably, the cell surface glycoprotein 4F2 (also known as 4F2hc and 

CD98) was upregulated during aggregation (FS-24h vs TCP-24h) (Fig. 3.2 B). Proteins involved 

in cell-matrix adhesion, for example collagen alpha-2(IV) chain (CO4A2), were downregulated 

during aggregation (Fig. 3.2 B). 

Comparison of ‘disaggregation’ phenotype with ‘aggregation’ phenotype (disaggregation; 

FS-72h vs FS-24h), revealed processes and molecules underlying multicellular disaggregation. 

Cell-cell contact proteins, for example vinculin (VINC), were downregulated during 

disaggregation (Fig. 3.2 C). In contrast, cell-matrix proteins, for example integrin β3 (ITB3), 

were upregulated (Fig. 3.2 C) during disaggregation.  

Both aggregation and disaggregation involve drastic changes in cellular morphology. As such, 

proteins involved in cytoskeletal changes, for example unconventional myosin-X (MYO10), and 

epithelial-to-mesenchymal transition (EMT)-related proteins, such as thrombospondin-1 

(THBS1), were also differentially expressed (Fig. 3.2 B & C).  
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3.2.4 Cell-matrix proteins were upregulated during melanoma multicellular 

disaggregation 

Multicellular disaggregation appears to be influenced by changes in composition of ECM 

(section 3.3.1.2). Proteomic analysis of intracellular lysate also revealed upregulation of some 

ECM-remodelling proteins (Fig. 3.2 C). To outline the changes in ECM compositions during 

melanoma cellular aggregation-disaggregation, quantitative proteomics was carried out on 

the matrisomal proteins (Fig. 3.3 A)., isolated and categorised using a previously established 

approach.151 By comparing differential expression (fold-change) against statistical 

significance (p-value), the most influential proteins were identified (Fig. 3.3 B-C). The 

vitronectin levels were significantly reduced during aggregation (FS-24h vs TCP-24h) and 

increased during disaggregation (FS-72h vs FS-24) (Fig. 3.3 D). Fibronectin levels also 

significantly reduced during aggregation (FS-24h vs TCP-24h (Fig. 3.3 E).  
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Fig. 3.2 Proteomics of melanoma cell lysate reveal aggregation-disaggregation machinery upon FS surface. (A) 

Scheme showing harvest of cell lysate and extracellular matrix protein followed by SWATH-MS. (B-C) Heat maps 

comparing differentially expressed proteins of (B) TCP-24h (non-aggregate) vs FS-24h (aggregate), n=4, and (C) FS-

24h (aggregate) vs FS-72h (disaggregate), n=4. Proteins were chosen for analysis based on significant difference 

(p<0.05) and Log2 fold change ±0.38 (3345 total hits). Log2 fold change of the mean illustrated on the left most column, 

and protein function (cross-referenced from UniProt, MetaCore and DAVID 6.8) on the right most column. ECM: 

extracellular matrix. EMT: epithelial-mesenchymal transition, FS: fluoroalkylsilica, SWATH-MS: Sciex TripleTOF 6600 

data-independent acquisition mass spectrometry. TCP: tissue culture polystyrene.  
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Fig. 3.3 Proteomics highlight key ECM components involved in aggregation-disaggregation of FM3 cells. (A) 

SWATH-MS proteomics of ECM secreted from FM3 cells upon TCP or FS surfaces, n=6 (298 hits), and 

categorised as outlined by A. Naba et al. (2016). (B & C) Key ECM proteins were identified using volcano plots 

with p-value < 0.05 (-Log10) and Log2 fold-change of ±0.38 cut offs, (B) where FS-24h vs TCP-24h shows ECM 

composition during aggregation, and (C) FS-72h vs FS-24h shows ECM composition in disaggregation. (D & E) 

Change in expression during aggregation-disaggregation of matrisomal (D) Vitronectin (VN) and (E) 

Fibronectin (FN). Brown-Forsythe and Welch ANOVA tests (equal SDs not assumed) with Dunnett T3 post-hoc 

multiple comparison test. ECM: extracellular matrix, FS: fluoroalkylsilica, SWATH-MS: Sciex TripleTOF 6600 

data-independent acquisition mass spectrometry, TCP: tissue culture polystyrene. 
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3.3 Discussion 

3.3.1 Melanoma FM3 cells aggregate under reduced cellular adhesion conditions 

During metastasis, single CTCs could aggregate upon collision with other CTCs or 

immune/stromal cells.54,152 These CTC clusters then disaggregate at secondary metastatic 

sites and invade through the local stroma to produce metastatic lesions. The aim of this 

chapter was to establish an in vitro model of melanoma CTC cluster formation and 

disaggregation. Currently, such models have not been described elsewhere. Skin organoid 

models 153 are suitable for studying CTC clusters originated via collective migration/cohesive 

shedding, but unsuitable for studying intravascular collision and multicellular aggregation.  

Both FM3 cells (melanoma) and MCF-7 cells (breast cancer) originate from metastatic solid 

tumours, and as such, both are expected to behave in a similar, albeit not exact, fashion. 

Therefore, it was hypothesised that similar to MCF-7 cells,105 FM3 cells would also aggregate 

under conditions of reduced cellular adherence (RCA). In line with this hypothesis, FM3 cells 

aggregated by 24 h of culture on FS surface (Fig. 3.1 A). One possible reason as to why FM3 

cells aggregate under RCA conditions could be that it is important for cellular survival. The 

survival of cells increased when they aggregate or when cultured as 3D spheroids, as opposed 

to as 2D monolayers.154 It is likely that mechanisms involving resistance to anoikis must be 

employed here. Anoikis is a process in which cells undergo apoptosis during RCA when cells 

are not attached to the matrix. As such, metastasising cancer cells, in most cases, adopt 

characteristics that promote resistance to anoikis.155 

A study showed that A549 lung cancer cells aggregated when cultured as suspension, where 

an elevation of anoikis-resistance during cellular aggregation was observed.156 Similarly, CTC 

clusters also show resistant to anoikis even when under fluid shear stress.157 Therefore, during 

instances of RCA, it would seem that CTC and FM3 cells aggregate to better their chances of 

survival. During the initial 24 h of culture upon the FS surfaces, the conditions mimic blood 

circulation as their adhesive capacity is significantly reduced due to the decreased adsorption 

of cell-adhesive proteins.105 As such, at 24 h upon the FS surface, cells were influenced to 

aggregate.  

A limitation when attempting to establish FS surface-induced aggregates as representative 

CTC clusters, is that the FS-surface induced aggregates, via its basal layer, attach to the 

matrix/surface. This means that at least some of the cells of the FS surface-induced 

aggregates were not under the same RCA conditions as the rest. However, since the majority 

of the cells within the FS surface-induced aggregates exist as that and experience RCA 
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conditions, FS-24h ‘aggregate’ phenotype is still an suitable representation of intravascular 

CTC clusters.  

 

3.3.2 Disaggregation occurs on remodelled extracellular matrix  

Upon FS surfaces, multicellular aggregates of MCF-7 cells disaggregated by 72 h.105 Similarly, 

multicellular aggregates of FM3 cells also disaggregated by 72 h (Fig. 3.1 A). A reason for the 

disaggregation of FM3 aggregates could be similar to MCF-7 multicellular disaggregation, 

where adsorption of cell-adhesive proteins, such as fibronectin, onto the substrate increased 

overtime.105  

When FM3 cells were seeded onto ECM substrate that had been remodelled by other FM3 cells 

for a longer period (‘72h ECM’), the multicellular aggregates rapidly disaggregated (Fig. 3.1 

C), as compared to when FM3 cells were seeded onto ECM that had been remodelled by other 

FM3 cells for a shorter period of time (‘24h ECM’). Indeed, ECM remodelling by metastasising 

cell has been shown to be necessary for successful invasion, infiltration, and colonisation.158 

For a successful infiltration of the lungs, tumour cells must stimulate within the stroma the 

expression of periostin; which is an ECM component that acts as a ligand for αV/β3 and αV/β5 

integrins.159 This in turn recruits Wnt ligands, signalling of which enhances the maintenance of 

cancer stem cells leading to a more efficient and sustained infiltration. During invasion of the 

brain, melanoma cells could coerce resident glial cells, such as astrocytes, to secrete pro-

inflammatory cytokines, such as IL-23.160 In turn, as part of a reciprocal signalling cascade, 

IL-23 can stimulate the expression of MMP2 by melanoma cells. MMP2 could remodel ECM 

and induce the blood-brain-barrier to become more permissive to infiltration by tumour cells. 

Alternatives to FS surfaces, there are other ultra-low attachment tissue culture microplates, 

for example CorningTM CostarTM, available on the market that researchers have used in the 

past to generate 3D spheroidal multicellular ‘aggregates’.161 Poly-2-hydroxyethylmethacrylate 

(polyHEMA) has been widely used to coat tissue culture surfaces to generate water-absorbent 

surfaces, and produce mammosphere of MCF-7 breast cancer.162 Aggregates generated this 

way seldom undergo disaggregation. Similar to 3D MatrigelTM or MyogelTM-based approaches, 

these aggregates grow in size over time and have a distinct necrotic core.163 Having this 

growth pattern and necrotic core, permits these aggregates to be highly suitable models for 

primary and secondary tumours. Researchers have used these models to highlight many 

aspects of cancer biology, including resistance to chemotherapeutic agents, having an 

external proliferative zone and inner necrotic core,164 as well as to highlight importance of 3D 

environment in cellular differentiation.165 However, these aggregates might not be suitable for 
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studying CTC clusters that form by intravascular collision and aggregation. Whereas FS 

surface models are better suited for these types of CTC clusters, and disaggregation at 

metastatic site via remodelling of ECM as highlighted in the present contribution.  

 

3.3.3 Aggregation-disaggregation process results in a more invasive phenotype 

Metastatic melanoma cells are more invasive and migratory than their primary counterpart.166 

This is because invading cells need to have high invasive potential to be able invade through 

the basement membrane both at primary and secondary sites, and to infiltrate the stroma 

both at secondary sites. Here, they release matrix degrading proteins, such as collagenases 

and gelatinases, to permeate the basement membrane.167 Moreover, it is the clusters, not 

single CTC, that are more metastatic;42 therefore, it is the CTC clusters likely to be more 

invasive and more migratory.  

Following this, it was hypothesised that FM3 cells isolated from FS-24h ‘aggregate’ 

phenotype, representative of CTC clusters, that would be the most invasive and migratory 

than the ‘disaggregated’ phenotype from FS-72h and those that had not undergone 

aggregation-disaggregation (TCP-24h and TCP-72h). However, the experimental observations 

disproved this hypothesis; it was observed that the cells denoting FS-72h ‘disaggregates’ that 

were the most invasive (Fig. 3.1 E) and not the FS-24h ‘aggregates or TCP-24h ‘single cell’ or 

TCP-72h ‘monolayer’ phenotypes. This indicates that the aggregation-disaggregation process 

itself augments cellular invasiveness; cells existing as aggregates is not enough to elicit a 

more invasive phenotype. This would suggest that upon a suitable and remodelled ECM that 

would promote multicellular disaggregation, CTC clusters cells undergo a transition that 

enhances their invasiveness.  

Recent publications have highlighted that heterotypic melanoma CTC clusters contain mixture 

of epithelial-like cells and mesenchymal-like cells.168 It was suggested that these 

mesenchymal-like cells take charge of invasiveness, whereas the epithelial-like cells carry out 

proliferative role as well as sustaining stemness and enhancing anoikis-resistance. Here, the 

neural crest transcription factor TFAP2 was noted as a master regulator of clustering and 

switch between proliferative vs invasive phenotypical states. These results imply that for 

successful metastasis, invasion, and seeding of secondary tumours, CTC clusters would need 

to be comprised of both epithelial-like and mesenchymal-like cells.169 The present 

contribution builds onto this theory that, in addition to having a mixed population of cells, 

undergoing aggregation-disaggregation is important for invasion and infiltration at 
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metastatic site. Further research is required to address whether TFAP2 is important for the 

aggregation-disaggregation-dependent switch to an invasive phenotype. 

Both FS-72h and TCP-72h showed increased cell migration compared to their 24h counterparts 

(Fig. 3.1 F); but no differences were observed between the FS-72h and TCP-72h phenotypes. 

This is likely due to the cells at 72 h reaching high confluency. When grown upon 2D surfaces 

such as TCP or FS, cells were forced to spread within the plane as a monolayer so as to 

decrease contact-induced inhibition of cellular proliferation.170 Thus, it would seem that the 

increased cellular migration occurring at 72h both upon FS and TCP surfaces likely due to 

effects of confluency rather than aggregation-disaggregation. Even if aggregation-

disaggregation events affected cell motility, it was hard to distinguish it from the confluency-

dependent effects. One way to isolate and measure these effects separately would be to carry 

out the cell motility assay, but over varying cell density; that is, increasing cell density likely 

to pose a stronger confluency-effect. As such, if there was a noticeable effect, at 72h when 

cells disaggregate even at low cell density, then that could reveal any effect on cell motility 

caused by aggregation-disaggregation event; in this way, confluency-effect can be safely 

ruled out.  

Another limitation of these experiments involving aggregates of cells and using Boyden 

chambers containing one-to-two cells-wide pores, is that to be able to carry out these assays, 

the aggregates were broken apart by pipetting up and down. Subsequently, the separated 

single cells, which at the time of beginning the experimentation standing as representative of 

the ‘aggregate’ phenotype, were seeded into the Boyden chambers. Other treatment groups 

in these experiments were treated the same so as to avoid any potential effects this process 

of pipetting up and down would have on cellular invasion and migration. Ideally, to test 

cellular motility of aggregates in vitro, live-cell imaging could have been carried out. One 

would still need to employ Boyden chambers to carry out the invasion assay; as it stands now, 

all available in vitro invasion assays that test the ability of a cancerous cell to invade through 

a basement membrane require a Boyden chamber of some kind. Currently, there are no 

appropriate invasion and migratory assays available that would overcome this limitation. 

Thus, to get a general overview of the invasive and migratory attributes of these phenotypes, 

the Boyden chamber-based assays were employed here.  

One conclusion that can be drawn from these experiments, that is still valid in spite of the 

aforementioned limitations, is that the aggregation-disaggregation process results in a 

phenotype that is significantly more invasive than those cells that had not undergone 

aggregation-disaggregation. This explains why CTC clusters have much higher metastatic 

propensity and invasiveness compared to single CTC and primary tumours.42 It is not clear 
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how much EMT-like processes, that also influences invasiveness,171 contribute to the 

aggregation-disaggregation dynamics, or vice versa, and their concerted play in regulating 

invasion and migration. But it is clear that EMT processes and aggregation-disaggregation 

processes are separate, albeit similar, processes. Effects of EMT processes on metastasis and 

invasion can be imagined as occurring at the subcellular level, where effects due to 

aggregation-disaggregation processes occur at the multicellular level. Henceforth, 

aggregation-disaggregation processes of metastasis (ADPM) will be considered as a 

phenomenon that is separate but similar to EMT. Contribution of ADPM to invasiveness in 

other cancer types in addition to melanoma, and concerted play with EMT, needs to be 

investigated to get a more accurate picture of the metastasis cascade as a whole. 

 

3.3.4 Cellular viability is reduced in melanoma FM3 multicellular aggregates 

Cellular viability assay using AlamarBlue dye revealed that FM3 multicellular aggregates were 

significantly less proliferative compared to the other phenotypes (Fig. 3.1 G). There was no 

significant difference in viability between FS-72h and TCP-72h. Similarly, CTC clusters of 

small-cell lung cancer cells were shown to downregulate proliferative pathways.46 Since there 

was no significant difference in viability of FM3 cells between FS-72h and TCP-72h (Fig. 3.1 

G), the reduction in viability must be caused by the ‘aggregate’ phenotype, rather than the FS 

surface. That is, FS surfaces were not cytotoxic to FM3 cells.  

Why is it important for CTC clusters and FM3 multicellular aggregates to slow down their rate 

of proliferation rate under RCA, only to resume their proliferative capabilities once they meet 

a suitable matrix? During the intravascular voyage, CTC clusters may use the resources that 

they would otherwise use for proliferation, for surviving the harsh conditions of circulation. For 

example, CTC clusters may increase their chances of survival by packing themselves tightly 172 

or repel adversarial immune cells by downregulating certain pathways that are involved in 

immune response, such as interferon-γ and tumour necrosis factor (TNF) signalling.49 These 

responses require synthesis of proteins, where CTC cells would use the amino acids that they 

otherwise would use for cellular proliferations.  

An important implication of this is that chemotherapeutic agents that target proliferative 

pathways, might not work as well as intended for melanoma CTC clusters. A commonly used 

chemotherapeutic agent for melanoma is dacarbazine, which targets cellular proliferation. A 

meta-analysis of nine randomised controlled trials, totalling 2,481 patients suffering from 

malignant melanoma, highlighted that dacarbazine-based combinatory therapies were 

substantially more effective, and yielded better overall response and 1-year survival 
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responses, when compared to treatment with dacarbazine alone.173 In light of the present 

contribution, it is conceivable why Dacarbazine may work adequately for primary or 

secondary melanoma tumours,174 but less so when targeting melanoma CTC clusters. A 

therapeutic approach that targets CTC clusters would be more effective than dacarbazine in 

preventing metastasis.  

 

3.3.5 ADPM of FM3 cells involve cell-cell, cell-matrix, and cytoskeletal regulatory 

pathways 

Various signalling pathways are likely to regulate ADPM of CTC clusters. It is conceivable that 

the underlying machinery of ADPM may vary vastly depending on the cancer subtype. For 

breast cancer CTC clusters utilise cell surface CD44 molecules to aggregate during 

intravascular passage,44 whereas colorectal cancer CTC clusters seek the aid of galectin-3 and 

MUC1 for multicellular aggregation.58 The signalling pathways that orchestrate ADPM of 

melanoma CTC clusters still remain elusive. To discover these, proteomics and ontology 

analysis were carried out on cytosolic proteome of FM3 cells extracted at various stages of FS 

surface-induced ADPM.  

Proteins involved in cell-cell interaction were upregulated during FM3 multicellular 

aggregation (Fig. 3.2 B) as cell-cell contacts increased. During disaggregation, as cell-cell 

contacts decreased, cell-cell proteins were downregulated (Fig. 3.2 C). In contrast, proteins 

involved in cell-matrix interaction were downregulated during aggregation where there was 

minimal cell-matrix contact (Fig. 3.2 B). During disaggregation, as cell-matrix contacts 

increased, cell-matrix proteins were upregulated (Fig. 3.2 C). FM3 melanoma cells seem to 

follow similar pattern of tuning cell-cell proteins to aggregate as breast CTC clusters. Breast 

CTC clusters showed elevated cell-cell junctional proteins, such as plakoglobin 42 and ICAM1.54 

These studies did not investigate disaggregation, as in CTC clusters at their final destination 

of metastasis; or at the very least, compared CTC clusters to the secondary metastatic lesions. 

Thus, it is difficult to compare FM3 cells to breast CTC clusters in terms of the signalling 

pathways underlying the disaggregation process, which is arguably the other half of the story. 

FS surface models, on the other hand, provide more of a holistic picture of ADPM.  

Molecules and pathways that regulate cytoskeleton, as well as those involved in EMT, were 

differentially expressed during ADPM of FM3 cells (Fig. 3.2 B – C). FM3 cells were submitted 

to drastic morphological changes as they aggregated; they became more spherical in contrast 

to their usual elliptical shape, packed tightly, and had more cell-cell contacts, compared to 

their single-cell/monolayer phenotypes. This level of morphological changes seldom come 
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without changes to cellular cytoskeleton. For example, cells grown as 3D spheroids have vastly 

different cytoskeletal actin and intermediate filament arrangement compared to those grown 

as monolayers. Cells grown in 3D environment showed relaxation of cytoskeleton tension and 

seemingly increased expression of pluripotent genes in mesenchymal cells.175 Similarly, FM3 

cells were also likely to undergo genetic changes accompanying cytoskeletal 

relaxation/tension. Since EMT also involves morphological and cytoskeletal events, it is no 

surprise many molecules, or at the very least their related family members performing similar 

roles, also often differentially expressed during EMT, or its reverse mesenchymal-to-epithelial 

transition (MET).176 These studies explain the differential expressions of cytoskeletal-

regulatory and EMT-associated proteins during ADPM of FM3 cells.  

More research is required to better understand exactly how each of these proteins regulate 

the cytoskeleton, identify positive and negative effects they have on each other, and how these 

effects culminate to bring about a spheroidal or an elliptical morphology, depending on RCA 

conditions. Further research could address this by inhibiting the proteins highlighted in the 

present contribution, individually, and in combination, and observing morphological changes 

at a single cell level, then at multicellular level. 

 

3.3.6 FM3 cells remodel ECM by secreting vitronectin and fibronectin during 

disaggregation 

Cell-matrix interactions and ECM remodelling both seem to play major parts in 

disaggregation than aggregation, as highlighted by ontological analysis.  ECM-swap 

experiment (Fig 3.1 D) also confirmed that the FS-72h ECM favours multicellular 

disaggregation and spreading. To outline how the ECM is remodelled during ADPM of FM3 

cells, mass spectrometry was carried out on cell-free ECM deposited on the surfaces.  

Vitronectin levels decreased during aggregation (FS-24h vs TCP-24h) and increased during 

disaggregation (FS-72h vs FS-24h) (Fig. 3.3 D). Vitronectin is a cell-adhesive glycoprotein, 

often aiding in cell-matrix adhesion by linking cell-surface proteins to ECM scaffolds, using 

ligands, such as integrins (notably integrin alpha-V beta-3), plasminogen activator inhibitor-

1 (PAI-1) and urokinase plasminogen activator receptor (uPAR).177 These findings imply that 

melanoma CTC clusters could disaggregate by remodelling ECM; make the distal metastatic 

ECM more receptible for cellular adhesion by secreting vitronectin molecules. Further support 

for this comes from a clinical study that showed increased serum vitronectin levels in 

metastatic melanoma.178  
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Fibronectin levels also decreased during aggregation (FS-24h vs TCP-24h) (Fig. 3.3 E). As 

fibronectin matrices are important for cellular adhesion,179 this was expected as cell-matrix 

contacts decreased during aggregation. In metastatic melanoma, fibronectin levels were 

found to be increased.100 These results are, however, in disagreement with a previous study 

that demonstrated that fibronectin levels increased during multicellular aggregation of breast 

and lung cancer cells;51 knockdown of fibronectin also decreased aggregation. The authors 

highlighted a non-matrisomal role of fibronectin in enhancing resistance to anoikis. An 

explanation for this disparity could be that fibronectin could serve different roles in melanoma 

ADPM (cell-matrix contact) compared to ADPM of breast and lung CTC clusters (resistance to 

anoikis). Metastatic cancer cells not only remodel the ECM at distal sites by reconstructing 

fibronectin networks,180 and vitronectin networks,181,182 but they have also been shown to prime 

the distal ECM before they arrive by upregulating expression of these scaffold proteins in 

stromal fibroblast cells.183  

A notable limitation accompanying mass spectrometry of ECM in the present contribution is 

that the isolation of ECM was crude. Melanoma and melanocytes in general express 

matrisomal scaffolding proteins besides fibronectin and vitronectin, such as collagen 184 and 

chondroitin sulphates.185 However, these were not detected in the mass spectrometry analysis. 

It could be that FM3 cells do not express these proteins. However, an obvious explanation 

could be that these matrisomal proteins were too scarce for this crude approach to effectively 

measure. An improvement here could be to include a further step, notably deglycosylation to 

remove glycosylated side chains that could otherwise obfuscate identification of the 

aforementioned proteins.186 Another limitation with this study was that only one melanoma 

cell line (FM3 cells) was used. Ideally, another melanoma cell line needed to lend further 

support to the conclusions drawn. Though, due to lack of fund and time, only one set of 

experiment for one cell line was possible at this time. Future experiments could be repeated 

using a different melanoma cell line to lend further support. 

3.3.7 Conclusions 

The research used FS surfaces to explore aggregation-disaggregation events by FM3 

melanoma cells and highlighted these surfaces as cost-effective and suitable in vitro models 

of melanoma CTC clusters that does not require patient samples or costly microfluidic 

instruments. FM3 cells aggregate under RCA conditions to increase their chances of survival. 

At distal metastatic sites, melanoma CTC clusters could disaggregate by remodelling the ECM, 

by secreting ECM scaffold proteins such as fibronectin and vitronectin. Cells that had 

undergone ADPM were more invasive than those that had not; this could why CTC clusters are 

more metastatic than single CTC. Cellular viability was reduced in multicellular aggregates, 
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which highlights the inadequacy of therapeutics that target proliferation in metastatic 

melanoma. Mass spectrometry revealed that FM3 cells aggregate by increasing cell-cell 

signalling and decreasing cell-matrix signalling; cells could disaggregate by doing the 

opposite. Morphological changes associated with ADPM arise from cytoskeletal regulations 

and EMT-like processes. Future research could use these FS surface models to investigate 

other important aspects of melanoma CTC cluster metastasis like resistance to anoikis and 

EMT.  
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3.4 Supplementary Figures 

 

 

 

 

 

 

 

Supplementary Fig. 3.1 Characterisation of FS and TCP surfaces. (A) FTIR spectra of TCP, FDTES and FS. (B) Water 

contact-angle measurement of TCP and FS, n=3. (C) RMS roughness of TCP and FS, n=3, and representative micrographs 

(D-E). T-test (two-tailed, heteroscedastic). FS: fluoroalkylsilica, RMS: root mean square, TCP: tissue culture polystyrene, 

WCA: water contact-angle. 
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Chapter 4.  Involvement of 4F2hc and galectin-3 

in melanoma multicellular aggregation 
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4.1 Introduction 

This chapter focuses on the roles of 4F2-heavy chain (4F2hc) and galectin-3 proteins in driving 

multicellular aggregation of FM3 melanoma cells.  

In chapter 3, quantitative proteomics revealed that the cell-surface glycoprotein 4F2hc levels 

increased during FM3 cellular aggregation (Fig. 3.2 B). Many cell-surface glycoproteins have 

been attributed to the formation of CTC clusters in different cancers; for example, CD44 in 

triple-negative breast cancer 44 and MUC1 in colon and breast cancer cells.58 CD44 molecules 

form homophilic interactions with CD44 molecules on adjacent cells and induce cluster 

formation of breast cancer CTCs.44 In both breast and colon cancer, galectin-3 molecules have 

been shown to link neighbouring MUC1 glycoproteins together, which allows for the formation 

of E-cadherin-dependent cell-cell adhesion and aggregation.58 In FM3 melanoma cells, it is 

not clear, if at all, whether 4F2hc molecules induce multicellular aggregation, and whether it 

is via homophilic interactions similar to CD44 molecules, or via galectin-3-mediated similar 

to that of MUC1. Galectin-3 molecules could link 4F2hc molecules, since 4F2hc molecules 

possess four putative N-glycosylation sites that could be recognised by galectin-3.134 

Galectin-3 and 4F2hc interaction has been shown in HeLa cervical cancer cells.187 

Three principal characteristics separate galectin-3 from the other galectin types: (i) it 

functions both intracellularly and extracellularly, (ii) it oligomerises at high concentrations, 

(iii) and this oligomeric conformation allows for a greater flexibility in simultaneously binding 

to multiple glycans.188 Physiological concentration of circulating galectin-3 is elevated in many 

different types of cancer, including breast 189 and melanoma.190 In most of these cases, sera 

galectin-3 levels increased even further in patients with metastatic cancer compared to those 

with non-metastatic cancer. Immunohistochemistry staining for tissue galectin-3 revealed 

that compared to patients with precancerous naevus and dysplastic naevus, galectin-3 levels 

markedly increased in primary melanoma;191 however, expression levels notably dropped in 

secondary metastatic melanoma lesions. These findings suggest that galectin-3 must play a 

key role during early stages of melanoma progression and during CTC-cluster metastases 

through blood circulation; but is involved much less once metastasis has taken place. 

Therefore, this chapter aims to study the potential interplay between 4F2hc and galectin-3 in 

regulating aggregation-disaggregation of FM3 melanoma cells. Whether it is through 

homophilic binding of 4F2hc, or through 4F2hc interacting with galectin-3, that melanoma 

CTC could undergo multicellular aggregation will be investigated using in silico protein 

docking experiments. 
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4.2 Results 

4.2.1 Galectin-3 expression in FM3 multicellular aggregation-disaggregation   

Galectin-3 has been reported to regulate CTC multicellular aggregation in malignancies.58 

Galectin-3 holds much potential in bridging multiple cell-surface glycoproteins on 

neighbouring cells during cellular aggregation. As such, in the present contribution, it was 

theorised that galectin-3 levels would rise during melanoma cellular aggregation. Indeed, 

both mass spectrometry and quantitative reverse transcription PCR (RT-qPCR) showed that 

intracellular galectin-3 levels were somewhat increased during melanoma cellular 

aggregation (Fig. 4.1 A & C). RT-qPCR also revealed a small reduction in expression of LGALS3, 

the gene that codes for galectin-3 protein, during cellular disaggregation (Fig. 4.1 C), although 

these results were not statistically significant, they follow the same pattern as the intracellular 

galectin-3 proteomic data. Conversely, matrisomal galectin-3 levels significantly reduced 

during cellular aggregation and increased during disaggregation (Fig. 4.1 B).  

Silencing galectin-3 in MUC16-expressing breast and ovarian cancer cells reportedly inhibited 

metastasis in murine models.192 In this study, blocking galectin-3 with this antibody led to 

reduced lung-specific metastatic growth. In the present contribution, it was hypothesised that 

blocking galectin-3 signalling using an anti-galectin-3 antibody (AF1154) could reduce 

melanoma cellular aggregation. A concentration of 10 ng/mL of anti-galectin-3 antibody was 

sufficient to reduction in cellular aggregation (FS-24h) compared to that of IgG isotope control 

(Fig. 4.1 D), although not statistically significant. However, it is worth noting here that this 

was accompanied by a increase in cellular disaggregation (FS-72h). The antibody had no 

significant effect on cell viability (Fig. 4.1 E). These results highlight that galectin-3 could be 

important for intravascular aggregation of melanoma CTC.  

A high-affinity galectin-3 inhibitor (GB1107; 37 nM) has been developed recently, with 

selectivity for galectin-3 over other Galectins.193 In a mouse model, GB1107 decreased growth 

of human and mouse lung adenocarcinoma and blocked metastasis.194 In the present study, 

treatment with GB1107 at 10 μM decreased melanoma cellular aggregation (supplementary 

Fig. 4.1).  
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Fig. 4.1 Galectin-3 facilitates FM3 cellular 

aggregation-disaggregation. (A-B) Change in 

Galectin-3 levels during FM3 cellular aggregation 

(FS-24h vs TCP-24h) and disaggregation (FS-72h 

vs FS-24h) as measured by mass spectrometry; 

(A) Intracellular or cell-surface bound Galectin-3, 

n=4, or (B) extracellular or matrisomal Galectin-3, 

n=6. (C) Periodic expression of Galectin-3 mRNA 

during aggregation (5-24h) vs disaggregation (48-

72h) as measured by RT-qPCR, n=3. Fold Change 

(2-ΔΔCT) represents comparison of FS surfaces vs 

TCP surfaces. (D-E) FM3 cells were treated with 

anti-Galectin-3 antibody (Anti-Gal3; AF1154) or 

immunoglobulin G (IG) isotope during culture upon 

FS surfaces. (D) Effect of increasing concentration 

of Anti-Gal3 on percentage area occupied by 

aggregates and non-aggregates, n=6. (E) Effect of 

increasing concentration of Anti-Gal3 on cellular 

viability after 72 h of culture, n=6. Brown-Forsythe 

and Welch ANOVA tests (equal SDs not assumed) 

with Dunnett T3 post-hoc multiple comparison 

test was carried out for mass spectrometry 

comparisons and RT-qPCR (A – C). Ordinary Two-

way ANOVA with Tukey post-hoc multiple 

comparisons were carried out for antibody-

treatment and cell viability experiments (D - E). 

Anti-Gal3: monoclonal antibody targeting 

galectin-3. FS: fluoroalkylsilica, Gal3: Galectin-3, 

IG: Immunoglobulin G Isotope, TCP: tissue culture 

polystyrene. 
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4.2.2 4F2hc expression during FM3 multicellular aggregation-disaggregation 

Quantitative mass spectrometry revealed that 4F2hc and the large neutral amino acid 

transporter-1 (LAT1) proteins levels were significantly increased during cellular aggregation 

(Fig. 4.2 A-B). 4F2hc levels also significantly decreased during disaggregation. These two 

proteins compose the cell-surface glycoprotein CD98 heterodimer. RT-qPCR further confirmed 

that expression of SLCA3A2, the gene that codes for 4F2hc, was upregulated during 

melanoma cellular aggregation (significantly upregulated at 48 h), and subsequently 

downregulated during disaggregation (Fig. 4.2 C).  

LAT1 is a membrane transport protein that transports branched-chain and aromatic amino 

acids. LAT1 has no reported glycosylation sites.195 Whereas 4F2hc contains four glycosylation 

sites: N-Acetylglucosamine (GlcNAc) added to the amine nitrogen atom of asparagine 

residues at positions 365, 381, 424, and 506. All four of these asparagine residues are present 

within the extracellular topological domain of 4F2hc. Galectin-3 has been shown to bind to 

GlcNAc-R chains, and as such, exogenous galectin-3 has been reported to bind to 4F2hc.196 

When galectin-3 molecules were blocked in FM3 cells, reduced cellular aggregation was 

observed. Therefore, it was hypothesised that blocking 4F2hc/galectin-3 interaction would 

attenuate cellular disaggregation. For this, the anti-4F2hc antibody (HPA017980) was used. 

This antibody recognises an antigenic epitope within the extracellular region of 4F2hc, 

between amino acids 245-385; where 2 out of the 4 glycosylation sites are located.134 Treating 

FM3 cells with 50 ng/mL of the anti-4F2hc antibody was sufficient to significantly reduce 

cellular aggregation at 24 h (Fig. 4.2 D).   Unlike the galectin-3 antibody, this anti-4F2hc 

antibody did not induce a significant increase in cellular disaggregation at 72 h. Anti-4F2hc 

antibody significantly reduced cellular viability (Fig. 4.2 E) 
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Fig. 4.2 4F2hc regulates FM3 cellular aggregation-

disaggregation. Changes in protein levels of 4F2hc 

(A) and LAT1 (B) during FM3 cellular aggregation 

(FS-24h vs TCP-24h) and disaggregation (FS-72h 

vs FS-24h) as measured by mass spectrometry, 

n=4. (C) Periodic expression of 4F2hc mRNA during 

aggregation (5-24h) vs disaggregation (48-72h) as 

measured by RT qPCR, n=3. Fold Change (2-ΔΔCT) 

represents comparison of FS surfaces vs TCP 

surfaces. (D-E) FM3 cells were treated with anti-

4F2hc antibody (Anti-CD98; HPA017980) or 

immunoglobulin G (IG) isotope during culture upon 

FS surfaces. (D) Effect of increasing concentration 

of Anti-CD98 on percentage area occupied by 

aggregates and non-aggregates, n=6. (E) Effect of 

increasing concentration of Anti-CD98 on cellular 

viability after 72 h of culture, n=6. Brown-Forsythe 

and Welch ANOVA tests (equal SDs not assumed) 

with Dunnett T3 post-hoc multiple comparison 

test was carried out for mass spectrometry 

comparisons and RT-qPCR (A – C). Ordinary Two-

way ANOVA with Tukey post-hoc multiple 

comparisons were carried out for antibody-

treatment, and cell viability experiments (D - E). 

FS: fluoroalkylsilica, IG: Immunoglobulin G 

Isotope, TCP: tissue culture polystyrene. 
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4.2.3 Galectin-3 and 4F2hc colocalises at cell-cell facet of FM3 multicellular 

aggregate  

To investigate whether galectin-3 and 4F2hc colocalise at the cell-cell interface in FM3 

multicellular aggregates, dual-stain immunofluorescence was carried out. Dual-staining of 

Galectin-3 and 4F2hc revealed that both proteins were colocalised at the cell-cell interface 

(Supplementary Fig. 4.2; as denoted by the white arrows). 4F2hc was predominantly localised 

to the cell-cell interface, whereas galectin-3 was predominantly localised to the outer 

periphery of the aggregates (Supplementary Fig. 4.2). This indicates that galectin-3 could 

serve a bigger role in the periphery than the core of the aggregates.  

 

4.2.4 4F2hc:oGal3:4F2hc bridges vs 4F2hc:4f2hc homophilic binding 

Co-expression of 4F2hc and oligomeric galectin-3 (oGal3) alone is insufficient to prove that 

galectin-3 binds to 4F2hc, and that this interaction is needed for multicellular aggregation. It 

is equally likely that 4F2hc could form homophilic interactions to promote aggregation. Since 

co-immunoprecipitation and pull-down binding assays require substantial time-investment 

and optimisation, in silico study was carried out to investigate the likelihood of 

4F2hc:oGal3:4F2hc bridges, or homophilic interaction of 4F2hc:4F2hc, that would promote 

FM3 multicellular aggregation.  

The orthorhombic crystal structures of 4F2hc ectodomain (4F2hc-ED) and galectin-3 

carbohydrate recognition domain (galectin-3-CRD) have been solved via X-Ray 

Crystallography (PDB ID: 2DH3 and PDB ID: 1A3K, respectively). These crystal structures were 

chosen for this study as opposed to full molecules to limit interactions to the extracellular 

milieu. To test the bridge vs the homophilic interaction theory, human galectin-3-CRD was 

docked to 4F2hc-ED, or 4F2hc-ED to itself, via ClusPro computation 136 (Fig. 4.3 A-B), without 

including any molecules of water or solvent. The top ten models of each of the interactions 

were selected for further analysis, with the top two graphically depicted using PyMOL package 

(Fig. 4.3 A & B).  
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Fig. 4.3 FM3 multicellular aggregation: [4F2hc-oGal3-4F2hc] bridges vs [4F2hc-4F2hc] homophilic interactions. (A-B) 

Human 4F2hc ectodomain (4F2hc-ED) was docked to human galectin-3 carbohydrate domain (galectin-3- CRD) (A) or 

itself (B) in silico via ClusPro computation using crystal structures of 4F2hc-ED (PDB ID: 2DH3) and galectin-3-CRD (PDB 

ID: 1A3K). Top two docking models are shown for each interaction. (A) Highlighted in magenta are the four asparagine 

residues susceptible to N-Glycosylation. (C) Scheme of tGal-3-CRD binding to 4F2hc-ED (first panel), and scheme of oGal-

3 binding to two coterminous 4F2hc-ED on adjacent cells to form cell-cell bridge (second panel). (D) Scheme of 4F2hc-ED 

homophilic binding in cell-cell interaction predicted by ClusPro protein docking computation (first and second panels) and 

scheme of homophilic interaction of CD98 molecules forming cell-cell contacts (third panel). (E-F) Crystal structure of 

human galectin-3-CRD was solved (PDB ID: 1A3K), allowing visualisation of the four-glycan binding pockets (SA-D), and 

one protein-binding SE facet, within the S-Face of the CRD. (G) Scheme of a tetrasaccharide, containing GlcNAc, galectin 

and two additional sugars, fitting into the four SA-D subsites of galectin-3-CRD. (H) Crystal structure of human CD98 

heterodimer was solved (PDB ID: 6IRS); highlighted in blue are GlcNAc disaccharides N-Glycosylated to four asparagine 

residues. (I) Three classes of cell-surface glycosylation in mammalian cells. Asn: Asparagine, CRD: Carbohydrate 

recognition domain, ED: ectodomain, Gal: Galactose, oGal-3: oligomeric galectin-3, GlcNAc: N-acetylglucosamine, Man: 

mannose, tGal-3: truncated Galectin-3, Neu5Ac: N-acetylneuraminic acid. 
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4F2hc-ED possesses four asparagine residues (magenta in Fig. 4.3 A) which are susceptible 

to N-Glycosylation. Crystal structures revealed that the asparagine residues exist as pairs, 

with each pair on opposing sides of the ectodomain. Two of these (N264 and N323) pair is 

located on one side, and the other two (N280 and N405) pair residing on the other facet of 

the 4F2hc-ED. During N-Glycosylation, GlcNAc residues are added to the asparagine residues. 

Recent study, using Cryogenic Electron Microscopy (Cryo-EM) techniques solved structure of 

full CD98 heterodimer (PDB ID: 6IRS), LAT1-4F2hc; this further confirmed the presence of 

GlcNAc disaccharides on the four asparagine residues of 4F2hc-ED.  

Since galectin-3-CRD recognises carbohydrates, it was hypothesised that it would bind at any 

of these four GlcNAc sites. Indeed, ClusPro computation revealed that seven out of the top ten 

models predicted galectin-3-CRD protomer to bind proximal to the N264 and N323 

asparagine pair (Fig. 4.3 A; Model 2). Three out of the top ten models predicted galectin-3-

CRD protomer to bind proximal to the N280 and N405 asparagine pair (Fig. 4.3 A; Model 1). 

Fig. 4.3 C shows a scheme of how these 4F2hc-galectin-3 interactions would lead to cell-cell 

bridges should the galectin-3 involved were to be oligomeric (oGal3) rather than the truncated 

variant (tGal3).  

On the other hand, 4F2hc-ED self-docking involved two distinct orientations: (i) one model 

where the N-terminus domains, through which 4F2hc molecules tether to the plasma 

membrane, predicted to be opposite of the interface (Fig. 4.3 B; Model 1), and (ii) one model 

where the N-terminus domains predicted to be adjacent to the interface (Fig. 4.3 B; Model 2). 

Here, model 1 predicts homophilic interactions of 4F2hc-ED from adjacent cells during cell-

cell contact, whereas model 2 predicts homophilic 4F2hc-ED interactions within the same cell 

(Fig. 4.3 D). 

LigPlot+ computation 137 was used next to compare which of these two interactions, galectin-

3-CRD:4F2hc-ED or 4F2hc-ED:4F2hc-ED, has higher propensity to occur. This was analysis 

was carried out by focusing on non-covalent interactions, such as hydrogen bonds, 

hydrophobic and aryl-aryl interactions (Supplementary Fig. 4.4 & 4.5). Rather than comparing 

each of these non-covalent interactions individually, and since each of these non-covalent 

interactions could have varying degree of impact on the protein-protein interactions (PPI) as 

a whole, normalised and weighted PPI scores were calculated instead (Supplementary Fig. 

4.6).  4F2hc/4F2hc model 2 yielded the highest PPI score and 4F2hc/4F2hc model 2 yielded 

the lowest. Both models of Gal3/4F2hc yielded similar PPI scores (Supplementary Fig. 4.6).   
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4.2.5 4F2hc and galectin-3 predicted to contribute to clinical melanoma metastasis 

Malignant transformation of most solid tumours, including melanoma, is often accompanied 

by glycosylation of a plethora of cell-surface glycoproteins; this is carried out via post-

translational modification by glycosyltransferases.197 For melanoma CTC aggregation-

disaggregation events, in addition to 4F2hc, other glycoproteins could also be linked by 

galectin-3. To deduce whether any other glycoproteins involved in ADPM of FM3 cells, 

quantitative proteomics dataset (from Chapter 3, Fig. 3.2 B & C) was compared to primary 

and metastatic melanoma datasets from clinical studies obtained from online repositories.   

Literature from the past ~30 years reported fifty-one cell-surface proteins that could bind to 

galectin-3 (Supplementary Table. 4.1). Contribution of these proteins to the risk associated 

with melanoma (Z1) and metastatic melanoma (Z2) were obtained from PRECOG tool.127 

PRECOG tool matches RNA sequencing dataset to patient survival dataset to generate ‘meta’ 

Z-score (Fig. 4.4 A: Z1 and Z2). The dataset used here as follows: for melanoma, PMID 

20460471128 and PMID 18505921;129 and for metastatic melanoma PMID 18505921 129 and 

PMID 19915147.130 

Next, Metastasis Z-score (Z2-Z1) was calculated for the fifty-one glycoproteins (Fig. 4.4 A). 

Since Z-score, classically, is a metric of statistical significance, where p-value of 0.05 of a 

two-tailed distribution equates to Z-score of 1.96, this Z-score was used to gauge the 

glycoproteins contributing to the most favourable and most unfavourable risks associated 

with the metastasis of melanoma. This revealed the following genes coding for the 

glycoproteins as most favourable: ITGAM, TFRC, PTPRC, LAMP1, HPSE, FZD8; and most 

unfavourable: BSG, FZD9, CD44, FZD3, SLC3A2, LYPD3, LGALS3BP. Notably, SLC3A2, the gene 

that codes for 4F2hc protein, was amongst the top five unfavourable prognostic markers for 

metastasis of melanoma.  

To investigate whether these genes, also contribute to the in vitro FM3 multicellular 

aggregation-disaggregation model, Z-score was calculated for disaggregation (ZD), 

aggregation (ZA), and aggregation-disaggregation factor (Fig. 4.4 B: A→D (|ZD| + |ZA|)).  

The glycoproteins considered to be important for both in vitro FM3 multicellular aggregation-

disaggregation model (Fig. 4.4 B: A→D), as well as metastasis of clinical melanoma (Fig. 4.4 

A: Z2-Z1), were basigin (BSG) and 4F2hc (SLC3A2). Cell-surface proteins that seem to be only 

important for the in vitro model, but not necessarily clinical melanoma, were integrin β3 

(ITGB3) and LAT1 (SLC7A5). 

Lastly, since human melanocytes and melanoma cells express a whole host of galectins, it 

was important to also identify galectins other than galectin-3, that could also serve as a cell-
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cell bridge in multicellular aggregation. Meta Z-score obtained from PRECOG tool for different 

galectins, and metastasis factor (Z2-Z1) was calculated and stratified similar to glycoproteins 

(Supplementary Fig. 4.7). This investigation highlighted galectin-3 (LGALS3) and galectin-1 

(LGALS1) as unfavourable risk factors for the metastasis of melanoma, and galectin-8 

(LGALS8) as favourable risk factor (Supplementary Fig. 4.7).  

Fig. 4.4 4F2hc predicted to 

contribute to clinical melanoma 

CTC aggregation-disaggregation.  

(A) Clinical melanoma and 

metastatic melanoma Z-score 

(meta) obtained from PRECOG tool 

for galectin-3 binding cell-surface 

glycoproteins. Adjusted meta Z-

score or ‘metastasis score’ (Z2-Z1) 

calculated from Z-score of 

melanoma (Z1) and metastatic 

melanoma (Z2). (B) Z-score was 

calculated using proteins expressed, 

as detected by mass spectrometry, 

during FM3 cellular aggregation (ZA) 

and disaggregation (ZD); from which 

Aggregation-disaggregation (A→D) 

contribution factor was calculated.  
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4.3 Discussion 

4.3.1 Galectin-3 is involved in FM3 multicellular aggregation-disaggregation   

In this chapter, the aim was to gain a deeper insight into FM3 multicellular aggregation-

disaggregation by interrogating the interplay between galectin-3 and 4F2hc molecules. 

Serum galectin-3 levels has been associated with melanoma growth and metastasis.198 

Galectin-3 also has been shown to promote multicellular aggregation of breast cancer cells, 

via cross-linking cell-surface MUC1 glycoproteins.58 Therefore, it was hypothesised that 

galectin-3 levels could be elevated in FM3 multicellular aggregates, and that blocking 

galectin-3 could reduce aggregation. In line with these hypotheses, intracellular galectin-3 

protein levels (Fig. 4.1 A), as well as LGALS3 gene expression (Fig. 4.1 C), increased during 

FM3 multicellular aggregation. Transcriptomic analysis further highlighted that the LGALS3 

gene expression also decreased during disaggregation (Fig. 4.1 C). Blocking galectin-3 with 

anti-Gal3 antibody and inhibitory drug GB1107 decreased FM3 multicellular aggregation and 

increased disaggregation (Fig. 4.1 D & Supplementary Fig. 4.1). This reduction in galectin-3 

levels during disaggregation agrees with previous findings that suggest galectin-3 expression 

decreases in metastatic lesions of malignant melanoma compared to primary tumours.191   

Upon the plasma membrane of cells, galectin-3 could oligomerise, form lattices, and cross-

link cell-surface glycoproteins, leading to the cell-activation and cell-cell contacts.199 Two 

models galectin-3 conjectured to be at work here in promoting aggregation of FM3 cells. 

Model A: similar to breast and colon cancer aggregates,58 galectin-3 could cross-link the 

otherwise interluding MUC1 surface glycoproteins and sequester them to the outer periphery 

of the aggregates, which ultimately allows cell-cell proteins to make cell-cell contacts. 

Model B: galectin-3 could also cross-link cell-cell proteins, given that they possess GlcNAc 

sites, present on adjacent cells and promote aggregation. Lending support to Model B, 

galectin-3 has been shown in many studies, especially between immune cells,200,201 to cross-

link multiple glycosylated membrane receptors, owing to the pentameric configuration of 

galectin-3 oligomers.202 This configuration likely to form stable cell-cell contacts during 

intravascular transit of immune cells and CTC; unstable glycoprotein-glycoprotein bridges 

could result in cellular disaggregation. Exactly how much galectin-3 contributes to either 

model in during FM3 multicellular aggregation remains to be seen.   

In contrast to intracellular galectin-3, extracellular matrisomal galectin-3 levels decreased 

during aggregation and increased during disaggregation (Fig. 4.1 B). During multicellular 

aggregation, galectin-3 molecules theorised to be bound to cell cell-surface glycoproteins, 
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and thus would not be present within the ECM. During disaggregation, however, galectin-3 

molecules would no longer be bound to cell-surface glycoproteins; free galectin-3 molecules 

can now interact with ECM glycoproteins. This would explain the increase in matrisomal 

galectin-3 observed during disaggregation (Fig. 4.1 B). Arguably, galectin-3 oligomers bound 

to the cell-surface are the ones that are pertinent for cellular aggregation, where galectin-3 

found within the ECM could serve processes pertaining to cell-matrix adhesion during 

disaggregation. One such role galectin-3 could perform in the matrix is to stabilise matrisomal 

glycoprotein scaffolds and structures. Indeed, galectin-3 has been shown to directly bind to 

fibronectin, collagens IV, V and VI 203 and regulate tumour cell motility by inducing fibronectin 

polymerisation.204 

A drawback of the present contribution is that galectin-3 oligomers, free galectin-3 molecules, 

or exosomes containing galectin-3 that would be present secreted into the extracellular space 

were not investigated due to lack of time and resources. However, during the proteome 

extraction from the FM3 multicellular aggregates, the cell-culture serum was isolated and 

frozen at -80 oC, so that the dynamics of galectin-3 during ADPM of FM3 cells within the 

extracellular space investigated in the future. Nonetheless, the cell-lysate and matrix 

proteome studies, as well as LGALS3 gene expression PCR, have provided a closer to full-

picture of the role of galectin-3 in ADPM of FM3 cells.  

 

4.3.2 4F2hc plays a major role in FM3 multicellular aggregation-disaggregation   

Mass spectrometry revealed two notable glycoproteins, 4F2hc and LAT, the components of 

the CD98 heterodimer, were significantly upregulated during FM3 multicellular aggregation 

(FS-24h vs TCP-24h) (Fig. 4.2 A & B). Quantitative PCR showed that SLC3A2 gene expression 

(encodes for 4F2hc protein) levels were significantly increased during aggregation and 

significantly reduced during disaggregation (Fig. 4.2 C). Since, 4F2hc possesses four GlcNAc 

sites,134 whereas LAT1 zero GlcNAc sites, upon which galectin-3 likely to bind, 4F2hc was 

chosen for further detailed study of FM3 multicellular aggregation.  

Treatment with the anti-4F2hc antibody (HPA017980; 50 ng/mL), which blocks two of these 

four glycosylation sites, resulted in a significant reduction in FM3 multicellular aggregation 

(Fig. 4.2 D), confirming the involvement of 4F2hc in aggregation. Perhaps, blocking all 4 

glycosylation sites could completely prevent cellular aggregation. Similarly, another study has 

previously shown that CD98 molecules could promote homotypic aggregation of U937 pro-

monocytic lymphoma cells, aided by CD43 and β1 integrin.205  
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On the other hand, a study showed that treating Jurkat T cells with anti-CD147 or anti-CD98 

monoclonal antibodies, as well as knock down of CD147 with RNA interference, all induced 

prominent homotypic aggregation.206 Thus, the authors concluded CD147 and CD98 could 

inhibit homotypic aggregation of Jurkat T cells. These results are not in line with the present 

contribution, as an increased expression of 4F2hc was observed in FM3 multicellular 

aggregate (Fig. 4.2 A) and inhibition of 4F2hc with anti-CD98 antibody decreased 

multicellular aggregation (Fig. 4.2 D). An explanation for this disparity between their study 

and the present contribution could be due to the promiscuous nature of 4F2hc. Various 

combinations of CD98 heterodimers exist, for example 4F2hc with LAT1 or 4F2hc with LAT2, 

at various levels in different cell lines, that could affect its trafficking to the plasma 

membrane.207 This would ultimately influence homotypic aggregation. For FM3 cells, the 

binding partner for 4F2hc likely to be LAT1, as LAT1 levels were increased during aggregation 

(Fig. 4.2 B) similar to 4F2hc; LAT2 or other binding partners of 4F2hc were not detected in the 

proteomics analyses. 

Elevated levels of CD98 have been observed in almost all human melanoma cell lines 208 as 

well as in many different cancers, including triple negative breast cancer,209 renal cancer 210 

and lung adenocarcinomas.211 Overexpression of 4F2hc has been associated with 

development of neoplasms, progression, and increased metastatic potential.212,213 Moreover, 

CD98 levels has been shown to increase in proliferative normal tissues.214 This explains why 

cell viability of FM3 cells upon both TCP and FS surfaces decreased with increasing 

concentration of anti-CD98 antibody (Fig. 4.2 E), but not with increasing concentration of 

anti-Galectin-3 antibody (Fig. 4.1 E). Moreover, overexpression of CD98, and interaction with 

β1 Integrins, lead to malignant transformation.215 Both 4F2hc and LAT1 levels were high in 

sites of metastases compared to primary tumours,215 further alluding to the role of CD98 in 

metastasis.  

The extracellular C-terminus domain of 4F2hc contains class II PDZ-binding domain.216 As 

such, theoretically, 4F2hc could bind to any PDZ domain-containing proteins. This is important 

for cell-cell contacts, as many tight junctional proteins, such as the ZO-1, contain many PDZ 

domains.217 This is also important for transferring syndecan/integrin-mediated signalling to 

the cytoskeleton, via the syntenin proteins, which also have several PDZ domains.218 In chapter 

3, proteomic studies highlighted the involvement of cytoskeletal regulation during ADPM of 

FM3 cells (Fig. 3.2 B & C). Together, these discoveries hint towards the major role 4F2hc could 

play in orchestrating cytoskeletal remodelling to cell-cell interactions and homotypic 

aggregation.  
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4.3.3 Galectin-3 and 4F2hc colocalises at FM3 cell-cell interface   

CD98 molecules have been shown to interact with galectin-3.219 Specifically, 4F2hc was shown 

to bind directly to galectin-3 via co-immunoprecipitation.220 In FM3 multicellular aggregates, 

4F2hc and galectin-3 colocalised at the cell-cell interface (Supplementary Fig. 4.2). However, 

galectin-3 was mostly localised to the outer periphery of the aggregates. 4F2hc molecules 

were only localised to cell-cell interface, restricted to the core of the FM3 aggregates. These 

results suggest that galectin-3 could cross-link 4F2hc glycoproteins at cell-cell interface to 

promote multicellular aggregation. Since most galectin-3 proteins were localised to the outer 

periphery of the aggregates (Supplementary Fig. 4.2), perhaps an additional role of Galectin-

3 could be to sequester Mucin-like proteins, for example MUC1, in melanoma cells much like 

colon and breast cancer cells.221 Further experiments are needed to confirm this. 

Since the dual-staining immunofluorescence was a preliminary experiment (n=1 was only 

possible at the time, due to lack of time and resources), having more repeats, and quantifying 

and statistical testing of the immunofluorescence of galectin-3 and 4F2hc signals at core vs 

periphery would provide further insights. An improvement of the dual-staining experiment 

could be to embed the aggregates in paraffin, section them into thin slices using a microtome, 

and carry out the dual-staining on the cross-section of the aggregates; this approach would 

highlight, if any, variation in galectin-3/4F2hc co-localisation signals from core to the 

periphery.  

 

4.3.4 4F2hc:oGal3:4F2hc bridges 

As opposed to the MMP2-cleaved truncated monomeric galectin-3 (tGal3), oligomeric 

galectin-3 (oGal3) could theoretically cross-link 4F2hc-ED and bridge coterminous CD98 

molecules on adjacent cells. Three-dimensional orthorhombic structures of galectin-3-CRD 

(PDB ID: 1A3K) and 4F2hc-ED (PDB ID: 2DHC), that had been solved previously using X-Ray 

Crystallography, were used in the present study to carry out in silico protein docking analyses. 

As galectin-3-CRD recognises glycans, it was hypothesised that, if it were to interact with 

4F2hc-ED, it would be proximal to any of the four N-glycosylable sites (Fig. 4.3 A). Top ten 

docking models, generated by ClusPro computation, predicted that galectin-3-CRD protomer 

likely to bind proximal to N-glycosylable sites upon the 4F2hc-ED, with 7 of the top ten 

(represented by model 2 on Fig. 4.3 A) favouring the asparagine pair N264 and N323. Evidence 

for whether these asparagine residues become N-glycosylated with GlcNAc comes from study 

that solved the structure of the full CD98 heterodimer (PDB ID: 6IRS). This study demonstrated 
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the presence of GlcNAc disaccharides present on all four of the N-glycosylable sites of the 

4F2hc-ED.222  

It is conceivable that if the CRD of galectin-3 presented to 4F2hc-ED is from oGal3 molecules 

instead of tGal3 molecules, this would lead to invariably cross-linking of 4F2hc-ED (Fig. 4.3 C; 

second panel). These cross-linking events are more likely to occur where oGal3 molecules are 

abundant, for example at and above physiological concentrations of Galectin-3, as 

oligomerisation increases with increasing concentration of Galectin-3.223 As concentration of 

serum galectin-3 was shown to increase above physiological levels in metastatic melanoma 

(median = 6.9 ng/mL in healthy control, median = 12 ng/mL in metastatic melanoma),224 the 

likelihood of oGal3-mediated cross-linking of 4F2hc increases in the blood circulation of 

patients suffering from metastatic melanoma.   

Though the protein-protein docking analyses have provided much insight into galectin-3-

CRD/4F2hc-ED interactions, arguably the interaction between the glycan-containing/glycan-

recognition moieties of these two proteins, which the docking in silico analyses did not 

consider, likely would provide even a greater understanding. Protein-protein docking results 

may describe enfeebled and transient interactions. However, the strength of lectins lies in their 

ability to bind to carbohydrates. The conserved CRD of galectins comprise of several pockets 

in which glycans can fit snugly. Galectin-3-CRD has been described as having four distinct 

subsites SA-D 225 within its S-Face that can accommodate a tetrasaccharide (Fig. 4.3 E – G); 

with an additional site SE that may bind to the protein part of a glycoprotein, an additional 

saccharide, or lipids.226 SC pockets bind to putative β-Galactosides, which give these lectins 

its name; SB pockets can accommodate GlcNAc, N-Acetylgalactosamine (GalNAc) and N-

Acetylneuraminic acid (Neu5Ac); and subsites SD and SA can accommodate a variety of 

different saccharides, which allows for further variation in binding affinity of galectins.226 This 

hints towards how galectin-3 could not only bridge 4F2hc, but also other glycoproteins to 

induce homotypic multicellular aggregation of other cancers. 

N-glycans often come as forked or branched structures (Fig. 4.3 H & I). The tail-end of these 

structures, usually 3 – 4 glycans long, are what may be presented to lectins. It is therefore 

likely that galectin-3 could recognise the tail-ends of both complex and hybrid glycan chains 

(Fig. 4.3 G), but not chains containing high levels of mannose due to the lack of β-

Galactosides. Moreover, galectin-3 has the highest affinity towards triantennary-β1,4 N-

glycans (Kd = 2.9 µM), followed by tetraantennary N-glycans (Kd = 3.8 µM), and lower affinity 

towards biantennary N-glycans (Kd = 6.3 µM) and triantennary-β1,4 N-glycans (Kd = 7 µM).227 

4F2hc molecules present on MCF7 breast cancer cells were shown to be predominantly N-

glycosylated with tetraantennary, and small amounts of bi- and triantennary glycans.228 
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Therefore, it is conceivable how these complex or hybrid tetrasaccharide tail-end chains, 

composing tetraantenary structures, originating from an N-glycosylated asparagine residue 

of 4F2hc-ED, could bind feasibly within the four subsites (SA-D) of galectin-3-CRD, and that 

the affinity for this interaction likely to be high.  

 

4.3.5 4F2hc:4F2hc homophilic binding  

4F2hc-ED self-docking analyses revealed that 4F2hc could interact with each other in two 

different orientations. As 4F2hc molecules tether to the plasma membrane via their N-

terminus domain, the orientation in which the N-termini of two interacting 4F2hc-ED are 

adjacent to each other (Fig 4.3 D; second panel, Model 2), likely predicts the interaction of 

4F2hc self-association that may occur within the same cell. It is important to note here that 

this self-association may not be feasible, as 4F2hc almost always trafficked to the plasma 

membrane bound to its heterodimeric light-chain partner (usually LAT1).229 These light chains 

likely would hinder the types of interactions as depicted by Model 2 (Fig. 4.3 B & D second 

panel). Whereas the orientation in which the N-termini are opposite of each other (Fig. 4.3 B 

& D; Model 1, first panel), likely predicts the interaction of 4F2hc molecules from two different 

cells. This interaction would not be hindered by light chain of the CD98 molecules.  

PPI scores were calculated from LightPlot+ computation. Out of the two Gal3/4F2hc and two 

4F2hc/4F2hc models, model 2 of 4F2hc/4F2hc interaction yielded the highest PPI score, 

contrasted to the model 1 of 4F2hc/4F2hc (Supplementary Fig. 4.6). This indicate that the 

likelihood of homophilic binding of 4F2hc/4F2hc molecules within the same plane, as in within 

the plasma membrane of the same cell, is arguably higher compared to the likelihood of 

homophilic binding of 4F2hc/4F2hc from adjacent cells. Whereas PPI scores of the two models 

of Gal3/4F2hc were comparable (Supplementary Fig. 4.6), indicating equivalence in likelihood. 

As such, PPI scores analyses indicate that the model 1 of 4F2hc/4F2hc, the model that predicts 

the orientation in which 4F2hc/4F2hc self-association would lead to the homotypic 

aggregation of FM3 cell, seems to be less likely compared to model 2 of 4F2hc/4F2hc. 

Perhaps, model 2 of 4F2hc/4F2hc interactions that may occur within the same cell could aid 

in the formation of CD98 multicomponent cell-surface hubs. This is evident from 4F2hc 

molecules binding to other glycoproteins, such as CD147 230 and β-integrins.231 Conceivably, 

the more 4F2hc molecules a cell expresses on its surface, the more likely these 4F2hc self-

associations may occur; a potential advantage of these types of homophilic binding is to 

perhaps cluster these proteins together to enhance downstream signalling. This conjecture is 

supported by how integrins are enriched to focal adhesions to enhance integrin-mediated 
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signalling.232 4F2hc/integrin interactions could also be amenable to similar enrichment and 

modulation mechanisms. 4F2hc homodimerisation has been predicted computationally, as 

well as shown experimentally in HeLa.233  

 

4.3.6 4F2hc:oGal3:4F2hc bridges vs 4F2hc:4F2hc homophilic binding in melanoma 

FM3 aggregates 

A recent study by Xia Liu et al. (2019) showed that CD44-CD44 homophilic interactions may 

lead to breast cancer multicellular aggregation.44 It is entirely possible that, similar to 4F2hc 

molecules, CD44 molecules could also be bridged by oGal3 in order to promote breast cancer 

multicellular aggregation. Notable evidence for this is that CD44 molecules have been shown 

to bind to galectin-3,234 and CD44’s lectin-like hyaluronate binding domain (HABD) contains 

five possible N-glycosylation sites,235 in its extracellular domain. Previous study truncated 

domain I of CD44, from N21-97, which resulted in reduced multicellular aggregation.236 The 

authors suggested that since domain I is located within the extracellular space, homophilic 

aggregation of breast cancer cells are governed by the interaction of two adjacent domain I 

of coterminous CD44 proteins on neighbouring cells. However, it is important to note here that 

domain 1 region between N21-97 contains 2 N-glycosylation sites (N25 and N57) (analysis 

carried out on neXtProt).237 Thus, the reduction in breast cancer aggregation could well be 

caused by the ablation of CD44:oGal-3:CD44 bridges.  

The aforementioned study investigated CD44:CD44 homophilic binding by immobilising the 

extracellular domain of CD44 (CD44-ED) to a solid phase in vitro and tested for self-

association by monitoring binding of secondary biotin-labelled CD44. Compared to BSA 

control, CD44 was shown to bind to other CD44 molecules more;44 the authors concluded that 

this would allude to CD44-CD44 interaction that results in cellular aggregation. The only 

conclusion that can be drawn here is that relative to the CD44-BSA interaction, CD44 

molecules have higher affinity for other CD44 molecules. It is inapposite to use these results 

to substantiate coterminous CD44-CD44 binding, as the results could also be explained by 

CD44-CD44 homodimerisation, which has been shown elsewhere;238 that is side-to-side 

within the same plasma membrane as opposed to end-to-end interaction from two different 

plasma membranes.  

Furthermore, the study, via overexpression of CD44-FLAG and CD44-HA (full length) in two 

distinct subpopulations of HEK-293 cells, followed by co-immunoprecipitation pulldown of 

lysates, highlighted CD44-FLAG:CD44-HA interactions. This data, on the other hand, is 
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sufficient to show neighbouring cell CD44-ED:CD44-ED interaction and rule out CD44-CD44 

binding by via homodimerisation within the same cell. Here still, it is imprudent to rule out 

CD44:oGal3:CD44 bridge as being the reason for cellular aggregation, given that there is 

evidence for CD44-galectin-3 directing binding.234 Indeed, galectin-3 has been associated 

with reduced tumorigenicity of breast cancer cells,239 and galectin-3 has been shown to 

enhance metastatic potential of breast cancer.240 

A subsequent study from the same laboratory group showed that the extracellular domains, 

domain I and domain II, of both standard form CD44 (CD44s) and full-length CD44 (CD44fl), 

participate in breast cancer cellular aggregation.236 It is noteworthy that CD44s domain I 

mutant, which possessed, amongst many other, the mutation of the asparagine residue N94 

into an alanine residue; this resulted in reduced cellular aggregation. The authors suggested 

that, due to the mutation of many residues and subsequent conformational change of domain 

I, the CD44 molecules are no longer able to associate with each other, and thus results in 

reduction in cellular aggregation. An important experiment here, to confirm involvement of 

galectin-3 in CD44-mediated breast cancer multicellular aggregation, would be to point-

mutate just the N94 residue, and see if that would also result in reduced cellular aggregation.  

For melanoma FM3 cells, it remains uncertain whether it is via 4F2hc-4F2hc or 

4F2hc:oGal3:4F2hc melanoma cells aggregate. A future experiment that could uncover 

whether it is via CD44-CD44 or CD44:oGal3:CD44 breast  cancer cells aggregate, and whether 

it is via 4F2hc-4F2hc or 4F2hc:oGal3:4F2hc melanoma cells aggregate, is to pulldown CD44 

or 4F2hc molecule and their associated proteins using co-immunoprecipitation and carry out 

western blot analysis of the pulldown lysate, to show, if any, presence of Galectin-3. 

Furthermore, point mutagenesis of asparagine residues important for N-glycosylation, for 

example the N25 and N57 of CD44 molecules, or N365, N381, N424, and N506 asparagine 

residues of 4F2hc molecules, to show, possible, reduction in cancer cellular aggregation. This 

would conclusively confirm, one way or the other, interaction of CD44:CD44 or 4F2hc:4F2hc 

homophilic interaction, or whether its CD44:oGal3:CD44 or 4F2hc:oGal3:4F2hc bridges, that 

mediate cancer cellular aggregation.  

A cost-effective experiment that could be carried out to investigate glycoprotein:galectin-

3:glycoprotein (GGG) bridges vs glycoprotein:glycoprotein (GG) homophilic binding is through 

in silico computational analyses. For example, by using Molecular Dynamics (MD) simulation 

and the Amber99SB-ILDN forcefield 241 to study dynamics of galectin-3-CRD with random 

tetrasaccharide, galectin-3-CRD with 4F2hc-ED or domain I and II of CD44, and the oGal3 

bridges (4F2hc:oGal3:4F2hc or CD44:oGal3:CD44). Then calculating the end-point binding 

free energy via Molecular Mechanics-Poisson Boltzmann Surface Area (MMPBSA-TΔS), which 
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combines continuum models with molecular interaction dynamics, similar to this study,242 

could ultimately reveal which of these aforementioned interactions would be more 

energetically favourable and thus would have more propensity to occur in the peripheral blood 

or lymphatic circulation.  

 

4.3.7 Glycoprotein:Galectin-3:Glycoprotein (GGG) Bridges in clinical melanoma 

Galectin-3 cross-linked MUC1 proteins in the periphery of colon cancer aggregates in order to 

promote E-cadherin-dependent multicellular aggregation.221 In FM3 melanoma cells, MUC1 

proteins were not detected in the mass spectrometry investigation. MUC18 is the only mucin 

protein that was detected; though, there was no significant difference in MUC18 levels 

between aggregates and non-aggregates (Supplementary Fig. 4.3), denoting to its lack of 

contribution to ADPM. It is equally likely that galectin-3 could be cross-linking and bridging 

a glycoprotein other than, or in addition to, 4F2hc, either at cell-cell interface or at the 

periphery or at mix of both interfaces, to promote homotypic aggregation of melanoma CTC 

clusters.  

Moreover, CD44 and 4F2hc are both expressed simultaneously, albeit in varying degrees, in 

both melanoma and breast cancer; CD44 surface expression was shown on malignant 

melanoma 243 and CD98 activation has been associated with clustering of β1 Integrins in 

breast cancer cells.244 Therefore, it is within the realm of possibilities, that even in multicellular 

aggregates originating from a single clonal subpopulation of cells, there could be different 

compositions of GGG bridges using different glycoproteins as the cellular anchors. To identify 

composition of GGG bridges of cancer cellular aggregates, seeking a fractionation/co-

immunoprecipitation method during protein harvest to isolate cell-membrane bound 

galectin-3/glycoprotein is preferred to crude cell-lysis, as the fractionation/co-

immunoprecipitation method would isolate only membrane-bound galectin-3/glycoprotein 

conjugates, as well as disregarding monomers of galectin-3 and glycoproteins.  

Since, the aforementioned protein-harvest approach was not carried out in the present study, 

to gain insights into the compositions of glycoproteins that could potentially partake in 

forming GGG bridges in melanoma CTC clusters, in silico analyses were carried out using ‘meta 

Z-score’ from melanoma and metastatic melanoma datasets obtained from PRECOG tool. The 

following genes coding for cell-surface glycoproteins were identified as markers of most 

favourable outcome: ITGAM, TFRC, PTPRC, LAMP1, HPSE, and FZD8 (Fig. 4.4). The expression 

and risk associated with these glycoproteins reduce during metastasis; as such, it is unlikely 

that these glycoproteins partake in GGG bridges of melanoma CTC clusters.  
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Conversely, the following genes coding for glycoproteins were identified as harbingers of 

unfavourable outcome: BSG, FZD9, CD44, FZD3, SLC3A2, LYPD3, LGALS3BP (Fig. 4.4). As per 

nextprot sequence analyses (nextprot.org), in their extracellular domain, CD147 (also known 

as Basigin; coded by BSG) contains 3 N-linked GlcNAc sites, Frizzled-9 (coded by FZD9) 

contains 2 N-linked GlcNAc sites, CD44 (coded by CD44) contains 9 N-linked GlcNAc sites, 

Frizzled-3 (coded by FZD3) contains 1 N-linked GlcNAc site, C4.4A (also known as Ly6/PLAUR 

domain-containing protein 6; coded by LYPD6) contains 2 N-linked GlcNAc sites, Gp90 

(previously known as Galectin-3 Binding Protein; coded by LGALS3BP) contains 6 viable N-

linked GlcNAc sites and 1 high-mannose N-linked site; upon these glycosylation sites  oGal3 

could theoretically bind, cross-link coterminous glycoproteins, and form cell-cell GGG bridges. 

CD147 and 4F2hc are the only two cell-surface glycoproteins that seem to be involved in ADPM 

of both FM3 cells in vitro and clinical melanoma.  

The focal galectin of the present study was galectin-3. Yet, many other galectins are also 

prone to multivalent and promiscuous binding owing largely to their well-conserved CRD. 

Notably, similar to galectin-3, dimeric galectins such as galectin-1, 2, 5, 7, 10, 11, 13 - 20, 

have been shown to cross-link glycoproteins including cell surface receptors and extracellular 

matrix proteins.245 As such, these aforementioned galectins could also be involved in GGG 

bridges and cell-cell interactions. Comparison of ‘Metastatic Factor’ score revealed that 

galectin-1 (LGALS1) and galectin-3 (LGALS3) as adverse risk factors for metastasis of 

melanoma, and galectin-8 (LGALS8) as favourable (Supplementary Fig. 4.7). A study showed 

that galectin-1 was expressed abundantly in dysplastic nevi, primary and metastatic 

melanomas, and that MCAM glycoproteins were the predominant ligand for Galectin-1.246  

Another study also showed that galectin-1 levels were high in patients with metastatic 

melanoma compared to primary human melanoma.247 Interestingly, galectin-1 binding to 

Gp90 was shown to induce multicellular aggregation of breast cancer cells;248 though these 

cells expressed galectin-3 mRNA, they showed no surface localisation Galectin-3.249 The 

authors also suggested that the homotypic aggregation arise from the formation of galectin-

1:galectin-3BP:galectin-1 bridges, where galectin-1 would be bound to another surface 

glycoproteins. In cases where oGal3 is absent in the extracellular space, cells could form 

galectin-1/Gp90-mediated bridges. Present study also suggested that perhaps Gp90 could 

serve a role in metastasis of clinical melanoma, but not in the in vitro FM3 cells. It could be 

that cancer cells may form galectin-3 or Galectin-1-based bridges or both; this requires 

further investigation.  
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4.3.8 Conclusions 

The present study uncovered that both 4F2hc and galectin-3 proteins are important for 

multicellular aggregation of FM3 cells. Galectin-3 could bridge coterminous cell-surface 

4F2hc proteins on adjacent cells to induce homotypic aggregation of FM3 cells. Likewise, 

homotypic aggregation of melanoma CTC clusters likely occurs through formation of GGG 

bridge, for example 4F2hc:galectin-3:4F2hc, as opposed to homophilic binding of 

glycoproteins. Research into CTC clusters need to consider the potentiality of GGG bridges 

being responsible for cell-cell contacts; especially if CTC clusters express glycoprotein 

containing N-glycosylation sites, and if the patients present high levels of sera galectin-3 

where oligomeric galectin-3 would be abundant enough to form GGG bridges and promote 

CTC clusters. Bioinformatics analyses revealed that, in addition to 4F2hc, other glycoproteins 

such as CD147, Frizzled-3 & 9, C4.4A, Gp90, CD44, all could theoretically form GGG bridges, 

and as such could regulate melanoma CTC cluster aggregation. It remains to be investigated 

which of these glycoproteins are the most notorious ones involved in building GGG bridges and 

driving ADPM of melanoma CTC clusters and CTC clusters of other cancers. Galectin-1 could 

also theoretically form GGG bridges much like galectin-3, however, extent to which Galectin-

1 drives ADPM remains to be uncovered. In conclusion, the present contribution described for 

the first time the involvement of 4F2hc/Galectin-3-based GGG bridges in driving ADPM of 

melanoma.  
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4.4 Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 4.1 Treatment of FM3 cellular aggregates with galectin-3 inhibitor (GB1107) inhibitor decreases aggregation. Micrographs showing changes in 

multicellular aggregation of FM3 upon FS surface after 24 hours of treatment with increasing concentration of galectin-3 inhibitor (GB1107), (n=5). Scale = 200 µm. FS: 

fluoroalkylsilica. 
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Supplementary Fig. 4.2 Galectin-3 colocalises with 4F2hc at cell-cell contact in FM3 multicellular aggregates. Immunofluorescence micrographs of FM3 

multicellular aggregates on FS surfaces, shows 4F2hc localisation (Green Alexa-Fluor 488 nm dye; bottom left panel), galectin-3 localisation (Red Alexa-Fluor 594 

nm dye; bottom right panel), and colocalisation of both 4F2hc and galectin-3 at the cell-cell interface as denoted by white arrows. Nucleus was stained with DAPI 

(top right). Top left image shows merged fluorescence micrograph. n=1 (preliminary experiment). Scale = 50 µm. 
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Supplementary Fig. 4.3 Change in MUC18 levels during FM3 

multicellular aggregation-disaggregation. MUC18 levels 

during FM3 cellular aggregation (FS-24h vs TCP-24h) and 

disaggregation (FS-72h vs FS-24h) as measured by mass 

spectrometry, n=4. Brown-Forsythe and Welch ANOVA tests 

(equal SDs not assumed) with Dunnett T3 post-hoc multiple 

comparison test was carried out for mass-spectrometry 

comparisons. FS: fluoroalkylsilica, TCP: tissue culture 

polystyrene. 
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Supplementary Fig. 4.4 Possible molecular interactions of galectin-3-CRD and 4F2hc-ED interface. Interfaces of galectin-3-

CRD:4F2hc-ED predicted by ClusPro docking (Fig 3.6 A) were further analysed using LigPlot+, with (A) showing model 1 and 

(B) showing model 2. Black dotted line depicts the interface and Magenta dotted line depicts hydrogen bonds. Spoked arcs 

around the amino acid residues, and ‘eye-lashes’ around individual atoms, both depict non-bonded hydrophobic contacts. 

CRD: Carbohydrate recognition domain, ED: ectodomain. LigPlot+ Plots were generated by Thomas Warwick. 



 

75 | P a g e  
 

 

Supplementary Fig. 4.5 Possible molecular interactions of 4F2hc-ED:4F2hc-ED homophilic interface. Interfaces of 

4F2hc-ED:4F2hc-ED predicted by ClusPro docking (Fig 3.6 B) were further analysed using LigPlot+, with (A) showing 

model 1 and (B) showing model 2. Black dotted line depicts the interface and Magenta dotted line depicts hydrogen 

bonds. Spoked arcs around the amino acid residues, and ‘eye-lashes’ around individual atoms, both depict non-

bonded hydrophobic contacts. CRD: Carbohydrate recognition domain, ED: ectodomain. LigPlot+ Plots were generated 

by Thomas Warwick. 
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Protein (CD#) Gene Ref 

CSPG8 (CD44) CD44 250 

T200 (CD45) PTPRC 251 

Transferrin Receptor (CD71) TFRC 251 

FOXD1 FOXD1 252 

GLUT1 SLC2A1  253 

Mgat5 MGAT5 254 

FcεRI FCER1A 255 

Fas (CD95) FAS 256 

NCAM (CD56) NCAM1 257 

SIGLEC-4A MAG 257 

CAML1 (CD171) L1CAM 257 

C4.4A LYPD3 258 

Basigin (CD147) BSG 259 

CTLA-4 (CD152) CTLA4 260 

VCAM-1 (CD106) VCAM1 261 

Frizzled FZD1 262 

Protein (CD#) Gene      Ref 
 4F2 (CD98) SLC3A2  +  SLC7A5 263 

Galectin-3BP LGALS3BP 264 

GP40 (CD7) CD7 265 

Integrin α1β1 ITGA1 +  ITGB1 266 

Integrin β1 (CD29) ITGB1 252 

Integrin αVβ3 ITGAV +  ITGB3 267 

Integrin β4 (CD104) ITGB4 268 

Integrin α3β1 ITGA3 + ITGB1 269 

Integrin αM (CD11B)  ITGAM 263 

K-ras KRAS 270 

ICAM1 (CD54) ICAM1 271 

MUC1 (CD227) MUC1 272,273 

MUC18 (CD146) MCAM 274 

Heparanase HPSE 275 

NG2 CSPG4 269 

CEACAM1 (CD66a) CEACAM1 276 

 CEACAM2 (CD66b) CEACAM8 276 

IGPR-1 (CD28H) TMIGD2 277 

Aminopeptidase N 

(CD13) 
ANPEP 278 

T-Cell Receptor TRA + TRB 279 

Lamp-1 (CD107a) LAMP1 263 

Lamp-2 (CD107b) LAMP2 263 

NkP30 (CD337) NCR3 280 

Supplementary Table. 4.1: Galectin-3-Binding Cell-Surface Glycoproteins 
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Supplementary Fig. 4.6 PPI score of galectin-3/4F2hc or 4F2hc/4F2hc interactions. PPI Score 

calculated for the two Gal3/4F2hc models and two 4F2hc/4F2hc models, based on H-bonds, 

hydrophobic interactions and aryl/aryl interactions as determined from LigPlot+. PPI: 

Protein-protein interaction. 

Supplementary Fig. 4.7 Galectin-3 predicted to contribute to clinical melanoma CTC aggregation-disaggregation. 

Clinical melanoma and metastatic melanoma Z-score (meta) obtained from PRECOG tool for the Galectins found in 

melanoma cells. Adjusted meta Z-score or ‘metastasis score’ (Z2-Z1) calculated from Z-score of melanoma (Z1) and 

metastatic melanoma (Z2). 
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multicellular aggregation and disaggregation 
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5.1 Introduction 

This chapter discusses the involvement of matrix metallopeptidase 2 (MMP2) in multicellular 

aggregation of FM3 melanoma cells, and outlines the concerted interplay of MMP2, galectin-

3 and 4F2hc during melanoma metastasis of CTC clusters.  

Stable silencing of 4F2hc impaired tumorigenicity of HeLa cells, perturbed integrin and 

hypoxia-dependent signalling, and reduced expression of MMP2.220 The integrin signalling 

cascade, FAK→PI3K→Akt→β-catenin, was shown to lie downstream of β1-

integrins/4F2hc/CD147 cell-surface complexes. Silencing 4F2hc in HeLa cells reduced the 

activation of this pathway and prevented β-catenin translocation into the nucleus to regulate 

gene transcription binding to TCF/LEF family of transcription factors. As a notable target gene 

of these transcription factor are MMPs,281 including MMP2, silencing 4F2hc in HeLa cells 

resulted in decrease in MMP2 levels.220 

Additionally, the authors showed down-regulation of 4F2hc not only reduced MMP2 

expression and activity, but also resulted in an exaggerated increase in extracellular, but not 

intracellular, galectin-3 levels.220 It was suggested that silencing 4F2hc leads to the inhibition 

of many galectin-3-mediated signalling events; likely due to reduced cleavage of galectin-3 

by MMP2.282 MMP2-cleaved galectin-3 has been thought to bind and stabilise 4F2hc 

multicomponent complexes, for example β1-integrins/4F2hc/CD147.220 

Evidently, MMP2, galectin-3 and 4F2hc play an intricate role in relaying information from 

integrins, which are the primary receptors for many extracellular matrix proteins including 

fibronectin.283 Chapter 4 highlighted the involvement of galectin-3 and 4F2hc-dependent cell-

cell bridges in FM3 multicellular aggregation. Chapter 3 revealed that multicellular 

disaggregation requires extracellular matrix proteins such as fibronectin. These findings lead 

to the question of whether MMP2 is involved in FM3 multicellular aggregation-disaggregation 

events and what, if any, part does MMP2 play in galectin-3/4F2hc-mediated aggregation. 

Answers to these questions would give further insights into the correlation between MMP2 

expression and melanoma progression.284  

Therefore, this chapter aims to investigate whether MMP2 is involved in multicellular 

aggregation-disaggregation of FM3 melanoma cells. Bioinformatic analyses will be carried 

out to uncover concerted interplay of MMP2, 4F2hc and galectin-3 expression in melanoma 

metastasis and prognosis.  
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5.2 Results 

5.2.1 MMP2 expression during FM3 multicellular aggregation-disaggregation  

Interaction of 4F2hc and galectin-3 molecules induces a non-canonical β-catenin-1 

translocation into the nucleus 220 and leads to the regulation of MMP2 gene expression via 

TCF/LEF family of transcription factors.281 Therefore, it was hypothesised that MMP2 mRNA 

expression would be increased during FM3 cellular aggregation as 4F2hc, and Galectin-3 

levels rise. However, RT-qPCR revealed that during aggregation (Fig. 5.1 A, from 5 h to 24 h), 

MMP2 mRNA expression was decreased (effect statistically significant 5 h vs 72 h), and no 

change in MMP2 mRNA expression was observed between aggregates and disaggregates 

(Fig. 5.1 A, 24 h vs 72 h).  

Moreover, treating cells with 10 ng/mL of anti-MMP2 (AF902) antibody was sufficient to 

significantly reduce cellular aggregation (Fig. 5.1 B; 24 h). Notably, higher concentration of 

anti-MMP2 antibody (200 ng/mL) also significantly reduced disaggregation at all the time 

points tested. Similarly, treating cells with increasing concentration of chlorhexidine (CHX), a 

portent inhibitor of MMP2, MMP8 and MMP9,285 also reduced cellular aggregation 

(Supplementary Fig. 5.1). 
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Fig. 5.1 MMP2-dependent cleavage of galectin-3 oligomers 

regulates melanoma cellular disaggregation. (A) Periodic 

expression of MMP2 mRNA during aggregation (5-24h) vs 

disaggregation (48-72h) as measured by RT qPCR, n=3. Fold 

Change (2-ΔΔCT) represents comparison of FS surfaces vs TCP 

surfaces. (B-C) FM3 cells were treated with anti-MMP2 

antibody (AF902) or immunoglobulin G (IG) isotope during 

culture upon FS surfaces. (B) Effect of increasing 

concentration of Anti-MMP2 on percentage area occupied 

by aggregates and non-aggregates, n=6. (C) Effect of 

increasing concentration of Anti-MMP2 on cellular viability 

after 72 h of culture, n=6. (D) Diagram depicting cleavage of 

galectin-3 oligomers by MMP2 during multicellular 

disaggregation. Brown-Forsythe and Welch ANOVA tests 

(equal SDs not assumed) with Dunnett T3 post-hoc multiple 

comparison test was carried out for RT-qPCR (A). Ordinary 

Two-way ANOVA with Tukey post-hoc multiple 

comparisons were carried out for antibody-treatment, and 

cell viability experiments (B - C). FS: fluoroalkylsilica, IG: 

Immunoglobulin G Isotope, oGal-3: Oligomers of galectin-3, 

tGal-3: truncated galectin-3, TCP: tissue culture 

polystyrene. 
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5.2.2 4F2hc, β-catenin, and TIMP3 expression during MMP2-inhibition in FM3 cells  

To outline proteomic changes under the control of MMP2-dependent signalling in FM3 cells, 

cells were treated with 10 µM of MMP2-inhibitor CHX for 24 h on TCP surface. Untreated FM3 

cells (UT) were used as control. Cell lysate proteins were extracted, and quantitative mass 

spectrometry was carried out. This analysis revealed that 4F2hc protein levels significantly 

increased in FM3 cells treated with CHX (Fig. 5.2 A). No significant difference in galectin-3 

levels was observed (Fig. 5.2 B). β-catenin levels significantly increased in FM3 cells treated 

with CHX (Fig. 5.2 C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2 4F2hc, galectin-3, and β-catenin 

expression in MMP2-inhibitor (CHX)-

treated FM3 cells. Changes in protein levels 

of (A) 4F2hc, (B) galectin-3, and (C) β-

catenin in FM3 cells treated with MMP2-

inhibitor (CHX) for 24 hours compared to 

untreated FM3 cells (UT), (n=3).  during 

FM3 cellular aggregation (FS-24h vs TCP-

24h) and disaggregation (FS-72h vs FS-

24h) as measured by mass spectrometry. 

Student T-test (two-tailed, 

heteroscedastic) was carried out for mass 

spectrometry comparisons (A – C). CHX: 

chlorhexidine, UT: untreated 
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5.2.3 Galectin-3, 4F2hc, and MMP2 on melanoma survival outcome 

Galectin-3, 4F2hc and MMP2 appear to have concerted roles in FM3 multicellular 

aggregation-disaggregation in vitro. It is not apparent whether these three proteins also 

involved in CTC cluster aggregation-disaggregation of metastatic melanoma. To isolate and 

outline any concerted or inharmonious effects these three proteins have on the survival 

outcome of patients, in silico study was carried on melanoma (SKCM) dataset from the Cancer 

Genome Atlas project (TCGA). The following results shown are in part based on data generated 

by the TCGA Research Network (https://www.cancer.gov/tcga). The melanoma (SKCM) gene 

expression/alteration dataset and patient survival dataset were obtained via cBioPortal 286 

and OncoLnc,287 respectively.  

Galectin-3, 4F2hc and MMP2 were differentially expressed during FM3 aggregation-

disaggregation. As such, it was hypothesised that patients who presented alteration in 

LGALS3 (gene coding for galectin-3), SLC3A2 (gene coding for 4F2hc), and MMP2 genes 

display shorter overall survival (OS) than those who presented unaltered version of these 

genes. Significant decrease in overall survival was observed for patients who presented 

altered SLC3A2 (Fig 5.3 B) and MMP2 (Fig. 5.3 C) genes compared to their unaltered 

counterparts. However, no significant difference in survival was observed for altered vs 

unaltered LGALS3 gene (Fig. 5.3 A).  

In FM3 cells, galectin-3 (Chapter 4: Fig. 4.1 A & C) and 4F2hc (Chapter 4: Fig. 4.2 A & C) 

increased during aggregation and subsequently decreased during disaggregation. MMP2 level  

decreased during aggregation and stayed the same during disaggregation (Fig. 5.1 A). 

Therefore, it was hypothesised that high expression of Galectin-3, 4F2hc and MMP2 would 

correlate with decreased patient survival. Each dataset was split by median expression of 

these three genes and Kaplan-Meier (KM) plots were generated to correlate changes in gene 

expression with patient survival (Fig. 5.3. D - F). However, similar to the gene alteration KM 

plots, significant reduction in overall survival was observed for patients who presented high 

expression of SLC3A2 (Fig. 5.3 E) and MMP2 (Fig. 5.3 F) genes compared to their low 

expression counterparts; but no significant difference in survival between high vs low was 

observed for LGALS3 gene (Fig. 5.3 D).  

To study effect of MMP2, 4F2hc and galectin-3 expression on melanoma patient survival, 

RNAseq dataset were obtained from TCGA (RNAseq TCGA-SKCM). Dataset was stratified 

based on high vs low expression of Galectin-3, MMP2 and 4F2hc, to give 8 strata of different 

combinations in expression of these three proteins (Fig. 5.3 G) (N=456 patients). Investigation 

of impact on patient survival each of these combinations had (Fig. 5.3 H), revealed that 
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Gal3low-MMP2low-4F2hclow combination (median OS = 14 years) yielded the most favourable, 

and Gal3low-MMP2high-4F2hchigh combination (median OS = 4.43 years) the least favourable 

outcome (significance; p-value = 0.0004). 

Next, the individual contribution each of these genes had on patient survival, genes were 

compared against the other two genes within the same cohort (Fig. 5.3 I-K). When all three 

genes were ‘ON’ (+), meaning that their expression level was above the median of the subset, 

the median OS of melanoma patients decreased by ~10 years compared to when all three 

genes were ‘OFF’ (-) (Fig. 5.3 K). When only MMP2 or 4F2hc genes were ‘ON’, the median OS 

decreased by ~7 years when compared to when only galectin-3 gene was ‘ON’ (Fig. 5.3 I). 

Interestingly, when considering the subsets with two genes being ‘ON’, it was clear that the 

reduction in median OS induced by MMP2 was offsetted by galectin-3 gene being ‘ON’. 

However, the reduction in median OS as induced by 4F2hc was not offsetted by galectin-3 

gene being ‘ON’ (Fig. 5.3 J).   
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Fig. 5.3 Concerted roles of galectin-3, 4F2hc and MMP2 define the survival of melanoma patients.  

(A-C) Altered vs unaltered data obtained from cbioportal.org from multiple melanoma RNA-sequencing, to outline risk 

associated with gene alteration of (A) LGALS3 gene (galectin-3), (B) SLC3A2 gene (4F2hc), and (C) MMP2 gene. (D-F) KM 

plot to show high vs low expression of (D) LGALS3 gene (galectin-3), (E) SLC3A2 gene (4F2hc), and (F) MMP2 gene 

compared to patient survival. Median expression of the three genes was used to split patients expressing high vs low levels 

of each gene. Survival data set were obtained from oncolnc.org; data used here (from melanoma TCGA-SKCM) were 

adjusted and normalised in OncoLnc. (G-I) Normalised TGCA-SKCM (melanoma) dataset stratified (G) by based on high 

vs low expression of galectin-3, 4F2hc and MMP2 to give 8 possible combinations, (N=456 patients). (H) KM plot to show 

patient survival data, and (I-K) graphical representation of median OS survival of these 8 combinations, where blue is 

control cohort, pink is poor outcome. KM plot: Kaplan-Meier Plot, OS: Overall survival, TCGA: The Cancer Genome Atlas. 
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5.3 Discussion 

5.3.1 FM3 cells reduce MMP2 expression to prevent untimely cellular 

disaggregation   

This chapter aimed to address the involvement of MMP2 in FM3 multicellular aggregation and 

disaggregation. Since MMP2-cleaved galectin-3 was thought to interact with 4F2hc and 

stabilise 4F2hc/integrin macro-complexes,220 it was hypothesised that MMP2 expression 

would be increased during FM3 multicellular aggregation. Gene expression analysis of MMP2 

gene, via RT-qPCR, showed that this was not the case; MMP2 gene expression was 

significantly decreased during aggregation and expression levels stayed the same between 

aggregation and disaggregation (Fig. 5.1 A).  

The gelatinases, MMP2 and MMP9 can both cleave galectin-3 at alanine62-Tyrosine63.288 This 

cleavage produces a truncated galectin-3 (tGal3) protein ~22 kDa. After cleavage, tGal3 

retains its carbohydrate recognition domain (CRD), which can now bind more tightly to 

glycoconjugates at the cost of reduced self-association and oligomerisation.289 Therefore, 

MMP2-cleavage of galectin-3 in FM3 cells, and subsequent conversion of oGal3 to tGal3, most 

likely will eliminate glycoprotein:galectin-3:glycoprotein bridges (GGG) between cells 

(discussed in chapter 4). Thus, it is conceivable that MMP2-cleavage of galectin-3 ultimately 

leads to disaggregation of FM3 cells. Perhaps, this is the reason behind the decrease in MMP2 

mRNA expression by FM3 cells observed during aggregation (Fig. 5.1 A) so as to prevent 

untimely multicellular disaggregation.  

In clinical melanoma, MMP2 expression almost doubles within the metastatic melanoma 

lesions compared to primary tumours;290 thus, it is conceivable that melanoma CTC clusters 

would disaggregate at metastatic sites where MMP2 levels and MMP2-cleavage of oGal3 

likely to be high. As MMP2 mRNA expression did not change between aggregation and 

disaggregation (Fig. 5.1 A), it is not clear whether MMP2 at metastatic sites are secreted from 

cancerous cells or MMP2-dependent disaggregation is caused by the secretion of MMP2 from 

stromal 291 or immune cells.292 Further research could address the source of MMP2 at 

metastatic sites. In any case, these findings suggest that increased extracellular MMP2 

activity would theoretically lead to more readily breaking of GGG bridges, separation of 

coterminous 4F2hc glycoproteins, and ultimately would lead to melanoma CTC 

disaggregation at metastatic sites and invasion through the stroma. 
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5.3.2 MMP2-mediated control of β-Catenin and 4F2hc levels in FM3 cells  

MMP2 could have an intracellular role during ADPM of FM3 cells in addition to its extracellular 

role of cleavage of oGal3. Intracellular MMP2 has been shown to bind and cleave many 

intracellular proteins, including GSK-3β.293 In cardiomyoblasts, this cleavage resulted in 

increased kinase activity of GSK-3β.294 Increased activity of GSK-3β could lead to the 

proteasomal degradation of β-Catenin.295 Inhibition of MMP2 by anti-MMP2 antibodies or 

CHX could lead to the reduction of intracellular MMP2-dependent cleavage of GSK-3β, leading 

to a decrease in activation of GSK-3β and GSK-3β-dependent proteasomal degradation of β-

Catenin. Thus, inhibition of intracellular MMP2 could lead to increased β-Catenin levels. In 

agreement, β-Catenin levels increased during inhibition of MMP2 in FM3 cells (Fig. 5.2 C).  

β-Catenin molecules freely translocate to the nucleus and regulate gene expression.296 One or 

more of the β-Catenin-target genes could be involved in aggregation, for example galectin-3 

or 4F2hc. Indeed, 4F2hc levels were increased during anti-MMP2 antibody or CHX treatment 

of FM3 cells (Fig. 5.2 A); galectin-3 levels stayed the same (Fig. 5.2 B). Further research is 

required to confirm that 4F2hc expression lies under the control of β-Catenin-mediated gene 

regulation in FM3 cells. In any case, inhibition of MMP2 leading to increased 4F2hc levels, 

meaning more likelihood of multicellular aggregation, could also explain why FM3 cells 

downregulated MMP2 mRNA expression during aggregation (Fig. 5.1 A).  

Additionally, GSK-3β was shown to be inactivated by 4F2hc/integrin/FAK signalling,220 leading 

to increased β-Catenin levels and β-Catenin-dependent gene regulation. This suggests that 

β-Catenin levels in FM3 cells could potentially be under the control of both MMP2 expression 

and 4F2hc-mediated signalling. For instance, ADPM could be controlled by 4F2hc-mediated 

signalling and intracellular MMP2 levels. Further research could address the degree of control 

4F2hc/integrin/FAK signalling and intracellular MMP2 have on β-Catenin and β-Catenin-

target genes in ADPM.  

Increase in extracellular MMP2 and subsequent MMP2-dependent cleavage of oGal3 could 

lead to increased multicellular disaggregation. Whereas an increase in intracellular MMP2 

activity could result in decreased β-Catenin and 4F2hc levels, which could promote 

multicellular disaggregation. This could explain the observation where aggregation was 

decreased with anti-MMP2 antibody and CHX treatment (Fig. 5.1 B & Supplementary Fig. 5.1). 

As anti-MMP2 antibody and CHX could inhibit extracellular MMP2; however, uptake of anti-

MMP2 antibody and CHX by cells could inhibit intracellular MMP2. This caveat confounds the 

effect of MMP2 on ADPM of FM3 cells. An improvement of this experiment could be to inhibit 

extracellular or intracellular MMP2 individually, for example via using an inhibitor that only 
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targets either one of these types of MMP2, in order to isolate effects of MMP2-inhibition on 

ADPM of FM3 cells.  

 

5.3.3 Concerted roles of Galectin-3, 4F2hc and MMP2 in melanoma ADPM  

Evidently, galectin-3, 4F2hc and MMP2 play major roles in ADPM of FM3 cells in vitro. To 

investigate whether they carry out similar roles in CTC clusters in clinical melanoma, patient 

survival and RNAseq dataset were analysed in silico. Patients who presented altered gene 

expression, as well as high RNA expression, of both SLC3A2 and MMP2 genes, had 

significantly reduced OS compared to the patients who presented unaltered genes or low RNA 

expression. However, no significant difference in OS were observed for LGALS3 gene, for both 

gene alteration as well as between high vs low expression.  

The poor prognosis of melanoma patients associated with increased 4F2hc expression could 

be explained in light of recent findings. A study showed that CD98 heterodimers levels were 

high in several cultured melanoma cell lines; notably, they highlighted, using tissue 

microarrays, increasingly higher expression of 4F2hc going from common dermal nevus to 

superficial spreading melanoma, to the highest expression in metastatic melanoma.297 

Another study highlighted that loss of 4F2hc induced regression of Ras oncogene-driven 

melanoma tumours in mice;298 this study has also showed that 4F2hc acted as a 

stiffness/matrix-rigidity sensor by increasing Rho kinase (ROCK) activity, and subsequently 

increased gene transcription by YAP/TAZ transcriptional co-activators. Indeed, YAP 

(specifically YAP1), and TAZ (WWTR1) co-activators has been shown to drive cancer cell 

survival and growth of many different cancers including melanoma, in response to competing 

upstream signals from integrin/SRC, E-cadherin, and growth factor-induced PI3K/AKT 

signalling.299 These findings confirm that 4F2hc likely to be involved in RCA-detection, 

mechanosensing as well as promoting adherence-independent growth, and thus regulate 

ADPM of clinical melanoma.   

Similar to 4F2hc, MMP2 expression also was shown to increase in metastatic melanoma (43%) 

compared to primary (25%) tumours as well as normal tissue (5%) and dysplastic nevi (10%).290 

In accordance with the present study, they further showed that patients with high MMP2 had 

significantly poorer survival outcome. The prominent role of MMP2 in metastatic melanoma 

could be degradation of matrix proteins during invasion.300 The present study highlights a 

novel role of MMP2 in aiding ADPM of melanoma cells. Therefore, MMP2 could serve a range 

of different roles in melanoma metastasis, including degradation of matrix proteins, 
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contribution to EMT,301 and as per the present contribution ADPM of melanoma, all 

contributing to the poorer survival of patients.  

Unlike SLC3A2 or MMP2 genes, LGALS3 gene showed no significant differences in OS between 

altered vs unaltered status, nor high vs low RNA expression. However, an overwhelming 

amount of research suggest that Galectin-3 does play a major role in melanoma. A study 

showed, using tissue microarray of melanocytic lesions, primary and metastatic melanoma 

expressed significantly higher level of Galectin-3 in both cytoplasm and nuclei compared to 

nevi tissue.302 The role of Galectin-3 in metastatic melanoma though seems to be ambiguous.  

Indeed, primary melanoma tumours seem to express increased levels of Galectin-3 compared 

to benign nevus; somewhat puzzlingly, levels of Galectin-3 decrease in metastatic 

melanoma.303,304 

In contrast, galectin-3-depleted melanoma cells presented reduced tumorigenicity, reduced 

metastatic potential and reduced expression of certain tumour markers;305 notably, levels of 

Interleukin-8, Fibronectin-1, and MMP2 were significantly reduced. Discrepancy in these 

findings, that is galectin-3 levels decrease in metastatic melanoma whilst simultaneously 

lowers metastatic potential when levels of which are depleted, indicate that galectin-3 could 

be involved in initiating metastasis, but less so once metastasis has taken place. This 

explanation would be in line with the findings of the present research, which indicate that 

galectin-3 is involved in ADPM; but levels drop during disaggregation, which in terms of 

clinical melanoma would occur at distal sites after metastasis has taken place.   

Melanoma cells have been shown to express extracellular galectin-3; subsequent activation 

of p38 mitogen-activated protein kinase pathway induced the secretion of MMP9.306 Evidently, 

galectin-3 regulate expression of MMP2 and MMP9 in melanoma. Reciprocally, MMP2 and 

MMP9 could regulate galectin-3 oligomerisation and binding by cleavage. Thus, to untangle 

this relationship between galectin-3, MMP2 and 4F2hc in clinical melanoma, expression 

patterns of these proteins were inquired within the same cohort. Unsurprisingly, the Gal3low-

MMP2low-4F2hclow combination yielded the most favourable prognosis, and expectedly, the 

combination Gal3low-MMP2high-4F2hchigh yielded the least favourable outcome; OS was 

significantly higher for the former combination, by about ~10 years (p-value = 0.0004). Even 

though this further substantiate the negative effect 4F2hc and MMP2 have on OS of melanoma 

patients, it remains to be uncovered the precise effects 4F2hc, MMP2 and galectin-3 have on 

each other during the progression of melanoma.    

It would seem that either SLC3A2 or MMP2 gene being ‘ON’, here meaning that their 

expression level was above the median of the subset, by themselves were sufficient to result 
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in poor prognosis, with a decrease in median OS by ~7 years, compared to when only LGALS3 

gene was ‘ON’. This suggests that the expression of 4F2hc or MMP2 alone is sufficient to make 

prognosis of melanoma worse; but this is not the case for galectin-3. As it stands, using 

galectin-3 inhibitors to target melanoma may be not as effective as targeting 4F2hc or MMP2.  

The reduction in median OS caused by MMP2 being ‘ON’ was counteracted when LGALS3 gene 

was also ‘ON’. This was surprising to find, as this indicates that galectin-3 provides protection 

against the negative effect MMP2 have on prognosis. As galectin-3 has been shown to 

attenuate survival of melanoma cells by negatively regulating autophagy,307 it is likely this role 

of galectin-3 offsets the pro-invasion role of MMP2. Galectin-3, however though, does not 

provide protection against the negative effect 4F2hc have on prognosis; the reduction in 

median OS induced by SLC3A2 ‘ON’ was not offsetted by LGALS3 being ‘ON’. One way to 

interpret this finding, in light of the present contribution, is that galectin-3 expression 

alongside 4F2hc expression likely to lead to more successful CTC cluster formation and more 

efficient metastasis. If this was the case, seemingly, this pro-metastatic role of galectin-3 

predominate the anti-autophagy role affecting prognosis. Following this, the protection 

against MMP2 expression exerted by galectin-3 expression, disappears when all three genes 

are expressed.  

When both SLCA3A2 and MMP2 were ‘ON’ together, similar to when both were ‘ON’ 

individually, there was an adverse effect on prognosis. It is not clear whether this is an additive 

effect or whether 4F2hc and MMP2 separately drive this adverse prognosis. As silencing 4F2hc 

in HeLa cells (cervical cancer cells) resulted in decreased expression and activity of MMP2,220 

it could be that, likewise, MMP2 expression lies downstream of 4F2hc signalling in melanoma 

as well. Further experiment is needed to confirm this; for example, by silencing 4F2hc in FM3 

cells and see if that also would reduce MMP2 expression.  

There is a lack of genetics studies or RNAseq studies carried on melanoma CTC clusters to 

isolate gene expression patterns during ADPM. As such, the present study attempted to gauge 

the gene expression pattern that are likely to take place during ADPM by looking at primary 

vs metastasis melanoma. However, the datasets were skewed largely towards primary 

tumours. To circumvent this, both primary and metastatic dataset were pooled together and 

investigated effect of each gene, together or alone, on prognosis of melanoma as a whole; 

this means that it would be illogical to draw any conclusion based on comparison between 

primary vs metastatic melanoma, but only logical statements would be pertaining to 

prognosis of melanoma as a whole. Furthermore, stratification of the RNAseq dataset meant 

each subset within the cohort had even fewer N number; as such, for when three genes were 

investigated for their concerted roles, statistical analyses were not feasible. Instead, the 
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median OS of each subset were used as general guide to gauge adverse prognosis of one, two 

or all three genes being ‘ON’. Despite these limitations, though, by looking at only the 

substantial differences (blue vs pink), and not any minor differences (pink vs pink; for example, 

if only MMP2 ‘ON’ vs 4F2hc ‘ON’ was to be compared), conclusion based on median OS 

exerted by low vs high expression of the three genes would still be valid.  

In any case, these findings suggest that 4F2hc and MMP2 expressions adversely affect 

melanoma prognosis in a concerted manner, whereas effect of galectin-3 expression on 

prognosis is more nuanced; that is, galectin-3 only provide adverse effect alongside 4F2hc, 

but disharmonious effect alongside expression of MMP2. Gaining insights into these effects is 

important for therapeutic intervention, as is genotyping of patients to discern expression 

patterns of these three genes; inappropriate inhibition of galectin-3 could impede the 

protective role it may play during later stages of melanoma and worsen prognosis. 

 

5.3.4 Conclusions 

This chapter revealed that FM3 cells could decrease MMP2 expression to prevent untimely 

multicellular disaggregation during ADPM, as MMP2-cleavage of galectin-3 oligomers and 

dissociation of GGG bridges would lead to disaggregation. In instances where MMP2 levels 

are high, for example in metastatic sites, GGG bridges could be readily broken by MMP2-

cleavage of galectin-3, and thus CTC clusters could disaggregate and infiltrate the nearby 

stroma. Inhibition of MMP2 in FM3 cells resulted in increased β-Catenin and 4F2hc levels, 

suggesting that there intracellular MMP2 could serve a different role in ADPM compared to 

the extracellular role. Further research could address the control of β-Catenin levels and β-

Catenin-dependent gene regulation by intracellular MMP2 activity or 4F2hc/FAK/integrin 

signalling. Lastly, bioinformatics analyses revealed that in clinical melanoma galectin-3 

present poor prognosis when expressed alongside 4F2hc, but a protective effect when 

expressed alongside MMP2. As such, galectin-3 inhibitors should only be used to treat 

melanoma when 4F2hc levels are also high, and never when MMP2 is expressed so as to not 

disrupt this protective effect galectin-3 brings to prognosis. Combinatory treatment of 

galectin-3 inhibitor and 4Fh2c inhibitors could reduce the risk of CTC cluster/ADPM-dependent 

metastasis of melanoma. 
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5.4 Supplementary Figures 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 5.1 Treatment of FM3 cellular aggregates with MMP2 inhibitor (CHX) decreases aggregation. Representative micrographs showing changes in 

multicellular aggregation of FM3 upon FS surface after 24 hours of treatment with increasing concentration of MMP2 inhibitor (CHX), (n=5). Scale = 200 µm. CHX: 

chlorhexidine, FS: fluoroalkylsilica. 
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Chapter 6.  Epithelial-Mesenchymal Transition 

and β-catenin in melanoma multicellular 

aggregation-disaggregation 
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6.1 Introduction 

This chapter interrogates effect of Epithelial-to-Mesenchymal Transition (EMT) status on 

ADPM and explores the impact β-catenin (discussed in Chapter 5) interactome have on 

ADPM. 

 

6.1.1 EMT and MET 

Epithelial-to-Mesenchymal Transition (EMT) and its reversal, Mesenchymal-to-Epithelial 

Transition (MET) are fundamental cellular reprogramming events underlying many important 

biological processes, such as embryonic development, tissue regeneration, and metastasis of 

cancer cells.308 During EMT, epithelial cells undergo molecular and cytoskeletal changes that 

assist their transition from a ‘compact and cuboidal’ morphology to a mesenchymal-like 

‘motile and spindle-shaped’ morphology.309 The opposite is true for MET. In carcinoma of 

epithelial origin, EMT drives metastasis and invasion; once dissemination from the primary 

tumour and invasion into secondary distal sites have taken place, MET promotes proliferation 

and growth of secondary neoplasms.310  

Epithelial cells present increased cell-cell contacts, whereas mesenchymal cells present 

minimal cell-cell contacts; in contrast, mesenchymal cells have comparatively enhanced 

locomotive capabilities.309 This is reflected in the molecular and cytoskeletal changes that 

accompany EMT. Indeed, proteins important for cell-cell contacts, such as E-cadherin and ZO-

1, are upregulated in epithelial cells and downregulated in mesenchymal cells.311 Proteins that 

are important for motility, such as fibronectin and integrins, are comparatively elevated in 

mesenchymal cells.311 

An important hallmark of EMT is the onset of the upregulation of several key transcription 

factors, for example snail (SNAI1), slug (SNAI2), twist1, and the zing finger E-box-binding 

homeobox (ZEB) family of transcription factors.312 The intricate interplay of the 

aforementioned, but not limited to, transcription factors govern the regulation of the vast and 

distinct proteomic changes and cellular processes that are involved in EMT. Unsurprisingly, 

these transcription factors are often highly employed in neoplastic transformation and 

metastasis of several cancers, including brain, breast, bladder, colorectal, gastric, and 

melanoma.312   
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6.1.2 EMT-like process in melanoma 

Several pieces of research highlight that an EMT-like process promotes melanoma metastasis. 

Two distinct subpopulations of melanoma were described as early as in 2006;313 one was more 

proliferative but less invasive, termed ‘melanocytic state’, and the other was highly invasive, 

called the ‘undifferentiated state’.314 Parallels, in terms of expression of EMT markers and 

morphology, can be drawn between the melanocytic state and epithelial cells, and between 

the undifferentiated state and mesenchymal cells 315 (Fig. 6.0). A notable parallel is that much 

like mesenchymal cells, undifferentiated melanoma showed loss of E-cadherin and gain of N-

cadherin expression.316 Moreover, transcription factors that regulate EMT, such as snail, twist1, 

and ZEB1, were expressed in the mesenchymal-like undifferentiated melanoma cells.317 

Similar to in mesenchymal cells, twist1 and ZEB1 suppressed E-cadherin expression and 

promoted dedifferentiation of melanocytic cells.318  

 

Melanocytes are differentiated, melanin-producing, subepidermal cells; neoplastic 

transformation into melanoma often elicits dedifferentiation.319 Development and 

differentiation of melanocytes are governed by the microphthalmia-associated transcription 

factor (MITF),320 and other lineage-specific markers such as DCT 321 and SOX10.322 Whereas 

undifferentiated melanoma cells show reduced MITF expression compared to melanocytic 

cells;323 high levels of MITF were associated with a proliferative phenotype. In contrast, cells 

containing low levels of MITF assume slow-cycling/low-proliferative but highly invasive 

Fig. 6.0 Parallel between EMT/MET and melanoma states. Epithelial markers are highlighted in green and 

mesenchymal markers are highlighted in brown. EMT: Epithelial-to-Mesenchymal transition, MET: 

Mesenchymal-to-Epithelial transition. With permission, figure adapted from Pedri D. et al. (2021) with 

permission acquired from Dennis Pedri.  
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phenotype bearing resemblance to mesenchymal cells. MITF was shown to be downregulated 

in melanoma by extracellular stimuli, such as inflammatory signals such as TNFα,324 

mitogenic/EMT signals such as TGFβ,325 hypoxia such as Wnt signalling,326,327 as well as various 

metabolic cues as glucose 328 and amino acids.329 This indicates that, through MITF, melanoma 

cells could shift between differentiated and dedifferentiated states depending upon the 

tumour microenvironment. 

Besides MITF, SOX10 also contributes to melanocyte development.322 It has been shown that 

SOX10 could promote expression of MITF,330 as well as cooperating with MITF in 

transcriptional regulation of target genes involved in melanogenesis, for example PMEL,331 or 

melanocyte proliferation such as CDK2.332 Like MITF, downregulation of SOX10 was also shown 

to induce a slow-proliferative and mesenchymal-like state.333 Interestingly, SOX10 expression 

is inversely proportional to SOX9 expression.334 Indeed, upregulation of SOX9, and subsequent 

loss of SOX10 expression, was shown to drive a mesenchymal-like undifferentiated state in 

melanoma.335 SOX9 is one of the key mediators of EMT during embryogenesis.336 SOX9 was 

also shown to promote EMT, via Wnt/β-catenin signalling pathway, in non-small-cell lung 

cancer.337 

EMT in epithelial cancers and an EMT-like process in non-epithelial cancers like melanoma, 

should not be thought of as a binary system; cancer cells may not exist solely as epithelial-

like or mesenchymal-like;338 and in melanoma, cells may not exist solely as melanocytic or in 

an undifferentiated state. But rather, cells could assume a phenotype somewhere within the 

spectrum of being mostly epithelial-like to being mostly mesenchymal-like, or in melanoma, 

being mostly proliferative/melanocytic to being mostly invasive/undifferentiated, depending 

on external factors such as metastasis state, inflammation, microenvironment, and metabolic 

cues.338 Recent advances in single cell RNA sequencing have highlighted that many metastatic 

cancer cells comprise subpopulations that exhibit expression signatures resembling both 

epithelial and mesenchymal cells (Fig. 6.0; hybrid).339 Likewise, melanoma cells may assume 

an intermediary state (Fig. 6.0; intermediate) in which they exhibit both proliferative and 

invasive phenotypes.340  

 

6.1.3 EMT-like process in CTC clusters 

As EMT appears to play an dominant role in augmenting cellular locomotion and 

invasiveness,341 it was proposed that circulating tumour cells (CTC) likely would possess a 

mesenchymal-like phenotype.342 However, another suggests that this may not be true as 

epithelial-like CTCs have been isolated from patients.343 Additionally, cells that had undergone 
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complete MET after transient induction of EMT were shown to have increased metastatic 

propensity.344 These studies question, to what extent EMT might be indispensable for 

metastasis,  as previously thought, at least with regards to CTCs.   

Moreover, CTC clusters are more metastatic, up to 100 times more, than a single CTC.345 This 

is especially true for melanoma.346 Here, the indispensability of EMT for metastasis seems to 

be even more implausible; clusters express many epithelial markers,347 especially those 

involved in cell-cell adhesion,348 and thus remain as clusters due to  increased cell-cell 

contacts. In contrast, some CTC clusters were shown to exclusively express mesenchymal 

markers;349 here, it is unclear how cells remain as clusters, and which non-epithelial markers 

are utilised for making cell-cell contacts. As many CTC clusters are polyclonal and 

heterogenous, some researchers have proposed a ‘Leader-Follower’ model; wherein 

mesenchymal-like ‘Leader’ cells take charge of the invasion,350 and partial-EMT/hybrid cells351 

connect these ‘leader’ cells to the ‘follower’ cells comprising  a mixture of hybrid and fully-

epithelial cells.  

This ‘Leader-Follower’ model seems to be true for melanoma as well. A recent study revealed 

that the metastasis of heterotypic melanoma CTC clusters was driven by the cooperation 

between a proliferative subpopulation (epithelial-like/melanocytic) and an invasive 

(mesenchymal-like/undifferentiated) subpopulation of cells.352 Here, the neural crest 

transcription factor TFAP2A was shown to act as a master regulator governing the transition 

between proliferative and invasive states, as well as regulating the formation of clusters. 

Individual cells within the melanoma CTC clusters derived from patients showed varying 

degree of invasion-to-proliferation phenotype, as denoted by expression of SOX9 

(representing invasive/undifferentiated phenotype), and expression of TFAP2A (representing 

proliferative/melanocytic phenotype). Given that TFAP2A is a component of the ZEB family 

transcription network that regulates gene transcription in response to TGFβ-induced EMT,353 

the involvement of TGFβ and EMT-like process in melanoma CTC clusters are highly likely.   

 

6.1.4 Crosstalk of TGFβ and Wnt/β-catenin signalling in EMT 

TGFβ plays a paradoxical role in tumour progression. During the early stages, TGFβ acts as a 

tumour growth suppressor;354 however, during advanced stages of cancer progression, tumour 

cells become resistant to TGFβ-mediated repression of growth.355 Additionally, during the later 

stages, TGFβ acts as a pro-metastatic cytokine, whereby, it regulates the expression of EMT 

transcription factors such as snail, twist1 and ZEB.356 In melanoma, though, decreased TGFβ 

signalling has been found to be associated with phenotypic plasticity, where cells exhibited 
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both highly proliferative and invasive phenotypes.357 These observations indicate that TGFβ 

plays a complex role in mediating EMT in melanoma.  

Using gene set enrichment analysis of BRAF-driven melanoma CTC, a study revealed that gene 

signatures of three key signalling pathways, TGFβ signalling, non-canonical Wnt signalling, 

and bone morphogenetic protein (BMP) signalling were highly associated with EMT and 

tumour invasiveness of melanoma CTC.358 The canonical Wnt/β-catenin pathway and TGFβ 

signalling pathway have also been previously shown to crosstalk via cAMP-response element-

(CREB)-binding protein (CBP) and mediate EMT.359 TGFβ treatment increased β-catenin levels 

in a dose-dependent manner;360 additionally, TGFβ repressed of GSK-3β, which signals for 

ubiquitin-mediated proteasomal degradation of β-catenin, thus further increasing β-catenin 

levels. Furthermore, a recent study revealed that, in patient-derived melanoma cells, 

TGFβ/SMAD, YAP/TAZ and Wnt/β-catenin, all were required, in that hierarchical order, for the 

transition from proliferative to invasive phenotype.361 Thus, it is conceivable that β-catenin 

could be an important downstream signalling modulator of the TGFβ signalling pathway that 

may fine-tune EMT-like processes during melanoma metastasis. 

 

6.1.5 β-catenin in melanoma CTC clusters 

β-catenin is involved in cell-cell adhesion protein alongside cadherins and other adherens 

junctional proteins,362 as an intracellular signal transducer,363 and as a regulator of gene 

transcription.364 β-catenin primarily relays signal of the canonical Wnt pathway.365 Wnt ligand 

binding to Frizzled family of receptors, with subsequent phosphorylation of AXIN and GSK-3β, 

leads to the disassembly of the destruction complex that would otherwise target β-catenin to 

ubiquitin-mediated proteasomal degradation.366 As cytosolic β-catenin levels increase, free 

β-catenin molecules translocate to the nucleus, where they are involved in regulation of gene 

transcription in a TCF/LEF-dependent/independent manner throughout metazoans.367 In the 

absence of Wnt, β-catenin levels are kept low through proteasomal degradation.  

Wnt/β-catenin signalling is likely to play an important role in melanoma metastasis. 

Canonical Wnt/β-catenin signalling has been shown to drive metastasis of BRAF-driven 

melanomas.368 β-catenin signalling was shown to be markedly increased during melanoma 

progression.369 In primary melanoma, β-catenin may induce MITF to regulate cellular 

proliferation.370 In metastatic melanoma, a recent study suggested that Wnt/β-catenin 

signalling inhibited SOX10 expression and thereby reduced melanoma proliferation.371 This is 

further supported by another study that highlighted that, in both primary and metastatic 

melanoma, activation of Wnt-3a/β-catenin signalling resulted in a less proliferative 
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phenotype and decreased tumour volume.372 Together, these studies suggest that β-catenin 

could be crucial for repressing the proliferative/melanocytic phenotype; the extent to which 

β-catenin may be involved in promoting the invasive/undifferentiated phenotype remains 

unclear.  

Wnt/β-catenin have been implicated in aggregation of both normal and cancer cells. In 

normal cardiac myocytes, Wnt/Frizzled-2 signalling was shown to induce aggregation via 

formation of cadherin/β-catenin complexes.373 Induction of Wnt/β-catenin signals as short 

pulses by a small molecule (CHIR99021) increased aggregation capability of induced 

pluripotent stem cells (iPSC).374  

In breast cancer, CTC clusters isolated from patients expressed high levels of plakoglobin and 

β-catenin.348 Here, the authors concluded that the poor prognosis due to high expression of 

plakoglobin and low E-cadherin expression was likely to be because of Wnt/β-catenin and 

EMT-related signalling events. Moreover, in breast cancer, desmoglein-2 may promote CTC 

clustering and distant colonisation.375 The authors highlighted that hypoxia and HIF1α may 

suppress gene expression of DSG2 (the gene that codes for desmoglein-2). Notably, when 

hypoxic stress was alleviated, gene expression of DSG2 was no longer suppressed, and CTCs 

reverted to clustering and distant colonisation. Interestingly, desmoglein-2 was shown to 

directly interact with β-catenin molecules and sequesters them to the peripheral membrane 

in order to supress EMT induction.376 Moreover, hepatocellular carcinoma CTC clusters 

exhibited high levels of activation of Wnt/β-catenin signalling.377 Single CTCs of hepatocellular 

carcinoma showed minimal Wnt/β-catenin activation. These findings are indicative of the 

larger role β-catenin plays in CTC clustering and metastasis.  

A recent study revealed that CTNNB1, the gene that codes for β-catenin, was highly 

overexpressed in single CTCs isolated from melanoma patients compared to non-disease 

donor blood cells.378 Involvement of β-catenin in melanoma CTC clusters, however, still 

remains largely unexplored. In this thesis, previous chapters highlighted that 4F2hc, Galectin-

3 and MMP2 play important roles in the multicellular aggregation-disaggregation process of 

metastasis (ADPM) of FM3 melanoma cells. β-catenin signalling was shown to lie 

downstream of 4F2hc/Galectin-3/integrin in HeLa cervical cancer cells.220 It is not clear 

whether β-catenin lies downstream of 4F2hc/Galectin-3/integrin signalling or is even involved 

in FS surface-induced ADPM of FM3 cells.  

Therefore, firstly, the present chapter will investigate whether β-catenin is involved in ADPM 

of FM3 cells. Secondly, as β-catenin may regulate EMT in melanoma, effect of EMT status on 

ADPM will be investigated using TGFβ-treated FM3 cells, and by employing an EMT model of 
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prostate cancer cells that was previously generated in our laboratory.379 Thirdly, since β-

catenin mediates a whole host of upstream signalling, including Wnt-dependent and 

independent signalling, and elicits a range of responses including transcriptional and cytosolic 

responses, changes in the  β-catenin interactome during ADPM of FM3 cells will be explored 

in order to isolate key β-catenin-mediated responses. These investigations could highlight the 

extent to which β-catenin is involved in ADPM, potentially revealing whether if it is through 

EMT-related processes or something else entirely and could identify any β-catenin/EMT-

related biomarkers that could be used to enrich and isolate melanoma CTC clusters. This 

chapter could shed light on how β-catenin and EMT-like processes could contribute to the 

grim prognosis associated with the presence of CTC clusters in melanoma patients. 380 

 

6.2 Results 

6.2.1 β-catenin expression during FM3 multicellular aggregation-disaggregation  

The Wnt/β-catenin signalling pathway has been shown to increase in metastatic melanoma 

cells compared to nevi, primary, or non-metastatic cells.369 Moreover, it was shown that β-

catenin plays an important role downstream of 4F2hc/galectin-3/integrin-mediated signalling 

in HeLa cervical cancer cells.220 Since 4F2hc and galectin-3 levels were increased during 

multicellular aggregation of FM3 melanoma cells (Chapter 4), it was hypothesised that β-

catenin levels would also increase during aggregation. RT-qPCR showed no significant change 

in the levels of β-catenin mRNA during aggregation (between 0 to 24h) (Fig. 6.1 A); however, 

there was a significant decrease during disaggregation (between 48 – 72h). Quantitative 

SWATH mass spectrometry showed no significant difference in β-catenin protein levels (Fig. 

6.1 B) during aggregation (FS-24h vs TCP-24h) or disaggregation (FS-72h vs FS-24h) of FM3 

cells.   

The TGFβ cytokine has been shown to enhance β-catenin signalling in tumoral and non-

tumoral fibroblasts;360 β-catenin protein levels increased in a dose-dependent manner 

following TGFβ treatment. Increase in production of TGFβ by melanoma has been associated 

with disease progression and malignancy.381,382 During malignant transformation, melanoma 

shows a transition from a proliferative melanocytic phenotype to an invasive mesenchymal-

like phenotype; this transition was shown to be regulated by the cross-talk of TGFβ/SMAD, 

YAP/TAZ, and β-catenin signalling pathways.361 Therefore, it was hypothesised that TGFβ 

treatment would promote FM3 multicellular aggregation by increasing β-catenin levels. In this 

study, treating FM3 multicellular aggregates with 10 ng/mL of TGFβ,  a concentration 

sufficient to induce expression of β-catenin,383 resulted in a significant increase in aggregate 
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to non-aggregate ratio (Fig. 6.1 C). Cells were treated with the cytokine for 24 h. Notably, at 

72h, where disaggregation was  expected to take place, there was a significant increase in 

aggregate to non-aggregate ratio.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1 Increased β-catenin levels promote FM3 multicellular aggregation. (A) Periodic expression of β-catenin 

mRNA during aggregation (5-24h) vs disaggregation (48-72h) as measured by RT-qPCR, n=3. Fold Change (2-

ΔΔCT) represents comparison of FS surfaces vs TCP surfaces. (B) Change in β-catenin levels during FM3 cellular 

aggregation (FS-24h vs TCP-24h) and disaggregation (FS-72h vs FS-24h) as measured by mass spectrometry, 

n=4. (C-D) Effect of TGFβ treatment (10 ng/mL) on FM3 multicellular aggregation-disaggregation, (C) 

quantification of the micrographs depicted as ratio of aggregates (% area) to non-aggregates (% area), N = 5. 

(D) representative micrographs (scale = 200 µm), A.U.: arbitrary units. Brown-Forsythe and Welch ANOVA tests 

(equal SDs not assumed) with Dunnett T3 post-hoc multiple comparison test for RT-qPCR and mass 

spectrometry (A – B), and Ordinary Two-way ANOVA with Tukey post-hoc multiple comparisons were carried 

out for C. FS: fluoroalkylsilica, TCP: tissue culture polystyrene.  
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6.2.2 EMT in FM3 multicellular aggregation-disaggregation   

TGFβ has been shown to induce EMT and EMT-like processes; treatment of epithelial cells 

with TGFβ induced a transformation from a cuboidal morphology to an elongated spindle 

morphology.384 This morphological change was accompanied by a decrease in epithelial 

markers and an increase in mesenchymal markers such as fibronectin and vimentin. As TGFβ 

treatment resulted in increased aggregation, it was hypothesised that mesenchymal markers 

would be upregulated, and epithelial markers would be downregulated in FM3 multicellular 

aggregates. To investigate this, western blot, RT-qPCR, and quantitative mass-spectrometry 

were used for observing changes in epithelial markers such as E-cadherin and ZO-1, and in 

mesenchymal markers such as fibronectin, N-cadherin, slug, snail, vimentin, and ZEB1,311 

during ADPM of FM3 cells. As SMAD family of proteins are signalled by TGFβ receptors,385 

these were also considered during this investigation.  

Western blot analyses showed that the mesenchymal markers, fibronectin, N-cadherin, 

vimentin, and ZEB1 were not upregulated during aggregation (FS-24h vs TCP-24h) 

(Supplementary Fig. 6.1 A - C). β-catenin and vimentin were downregulated during 

disaggregation (FS-72h vs FS-24h) (Supplementary Fig. 6.1 A - C). The mesenchymal markers, 

transcription factors slug and snail, were not detected Supplementary Fig. 6.1 A – B). RT-qPCR 

revealed that the mesenchymal marker fibronectin mRNA levels were significantly increased 

during disaggregation (Supplementary Fig. 6.1 D). Quantitative mass spectrometry showed 

no significant difference in cytosolic vimentin, SMAD2/4, however matrisomal vimentin levels 

significantly reduced during aggregation and increased during disaggregation 

(Supplementary Fig. 6.1 E - H). These results reject the hypothesis that mesenchymal markers 

would be upregulated during aggregation. The epithelial marker ZO-1 was downregulated 

during aggregation and upregulated during disaggregation (Supplementary Fig. 6.1 B). This 

result, however, is in line with the hypothesis.  

An important hallmark of EMT during the cancer metastatic cascade is the upregulation of N-

cadherin and downregulation of E-cadherin; this process is referred to as the ‘cadherin 

switch’.386 To investigate whether the cadherin switch occurs during ADPM of FM3 cells, 

immunofluorescence, quantitative mass spectrometry, and RT-qPCR observations were used 

for this analysis. E-cadherin and N-cadherin immunofluorescence revealed no significant 

change in expression of these two proteins during ADPM of FM3 cells (Supplementary Fig. 6.2 

A & B). Mass spectrometry confirmed no significant change in protein levels of N-cadherin 

(Supplementary Fig. 6.2 C); E-cadherin proteins were not detected. At the transcriptomic level, 

there was also no change in levels of E-cadherin mRNA and N-cadherin mRNA 

(Supplementary Fig. 6.2 D & E) during ADPM of FM3 cells.  
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Furthermore, hypoxia has been shown to stimulate TGFβ activity.387 Hypoxia also was shown 

to induce EMT in cancers via HIF-1α.388 Therefore, it was hypothesised that, under hypoxic 

conditions, FM3 multicellular aggregation would be enhanced. However, there was no 

difference in both aggregation and disaggregation of FM3 cells under hypoxic conditions 

compared to normoxic conditions (Supplementary Fig. 6.3).  

 

6.2.3 Effect of EMT status on ADPM response of prostate cancer cells 

Previously in our laboratory, stable epithelial (P5B3) and mesenchymal (P4B6B) subclonal 

populations were generated from the OPCT-1 prostate cancer cell line.379 P5B3 cells express 

high levels of E-cadherin and β-catenin compared to P4B6B cells;389 in contrast, P4B6B cells 

express high levels of fibronectin and vimentin compared to P5B3 cells.389 To investigate how 

EMT status (epithelial vs mesenchymal) and β-catenin levels (high in P5B3 vs low in P4B6B) 

affect ADPM, P5B3 and P4B6B cells were cultured upon FS and TCP surfaces. Upon TCP 

surfaces, P5B3 cells assumed a cuboidal morphology akin to cuboidal epithelial cells, and 

P4B6b cells assumed spindle-like morphology akin to that of mesenchymal cells (Fig. 6.2 A). 

Both cells adhered and grew as a monolayer upon TCP surfaces. Upon the FS surface, at 24h, 

both P5B3 and P4B6B cells formed aggregates; however, P5B3 cells underwent complete 

disaggregation by 72h, whereas P4B6B cells underwent minimal disaggregation. Since P5B3 

cells expressed high levels of β-catenin,389 and decreased β-catenin expression was 

associated with disaggregation in FM3 cells (Fig. 6.1 A), it was hypothesised that P5B3 cells 

would display enhanced multicellular aggregation. However, P5B3 cells showed a significantly 

reduced aggregate/non-aggregate ratio compared to P4B6B cells at both 24 and 72h time 

points (Fig. 6.2 B).  

FM3 melanoma cells showed no cadherin switching during ADPM (Supplementary Fig. 6.2 A 

& B). To test whether this was true also for P5B3/P4B6B cells, immunofluorescence staining 

was carried out. Upon both FS and TCP surfaces, P5B3 cells expressed high levels of E-

cadherin, whereas P4B6B cells expressed high levels of N-cadherin (Supplementary Fig. 6.4 A 

& B). There was no significant difference in E-cadherin expression (in P5B3) or N-cadherin 

expression (in P4B6B) during the course of ADPM of P5B3 or P4B6B cells (Supplementary Fig. 

6.4 B). 
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Fig. 6.2 Mesenchymal-like cells favour aggregation. (A-B) P4B6B mesenchymal-like subclones show increased aggregation compared to their P5B3 epithelial-like counterparts, 

(A) representative micrographs (scale = 200 µm), (B) quantification of the micrographs depicted as ratio of aggregates (% area) to non-aggregates (% area), N = 5. (C-E) Change 

in (C) Vimentin, (D) Vitronectin, (E) Shroom-3 levels during P5B3 and P4B6B cellular aggregation (at FS-24h) and disaggregation (at FS-72h) as measured by quantitative SWATH 

mass spectrometry, N = 6. Ordinary Two-way ANOVA with Tukey post-hoc multiple comparisons were carried out for B - E. A.U.: arbitrary units. FS: fluoroalkylsilica, TCP: tissue 

culture polystyrene.  
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ADPM of FM3 cells was associated with changes in levels of the matrisomal proteins 

fibronectin and vitronectin, as well as matrix remodelling. To outline changes in matrisomal 

proteins that could be associated with ADPM of EMT status or difference in β-catenin levels, 

quantitative mass spectrometry was carried out using matrix harvested from P4B6B or P5B3 

cells during ADPM. Multicellular disaggregation, rather than aggregation,  set these two cell 

lines apart in their ADPM (Fig. 6.2 A). Investigation of disaggregation (FS-72h vs FS-24h) 

revealed that matrisomal vimentin levels significantly increased during disaggregation of 

P4B6B cells compared to P5B3 (Fig. 6.2 C). Matrisomal vitronectin levels increased in P4B6B 

cells during disaggregation (P4B6B FS-72h vs FS-24h); however, no significant difference was 

observed when P4B6B cells were compared to P5B3 cells at FS-72h (Fig. 6.2 D). Lastly, 

matrisomal shroom-3 levels significantly increased in P4B6B cells compared to P5B3 cells at 

72h (Fig. 6.2 E).  

 

6.2.4 β-catenin interactome changes during ADPM of FM3 cells 

To investigate the role β-catenin plays in ADPM, other than as a mediator of TGFβ signalling 

or EMT, proteins likely to be part of the interactome of β-catenin in ADPM need to be 

considered. Comparison of significantly altered proteins from quantitative mass spectrometry 

of FM3 cells, with that of known β-catenin interactors (obtained from experimental evidence 

from BioGRID 390 Fig. 6.3 A), revealed 23 proteins in aggregation, 98 in disaggregation, and 12 

in both aggregation and disaggregation, as potential candidates of the  β-catenin 

interactome. To narrow down to a few important proteins, most differentially expressed (Log2 

fold-change) and most significantly altered (-Log10 p-value) proteins were considered (Fig. 

6.3 B & C). This revealed the following proteins (UniProt ID) as important in aggregation (Fig. 

6.3 B): SPF45, HS105, LEG3 (Galectin-3), LDHB, PML, PUR9, PABP1, ZO1, and DNMT1; and in 

disaggregation (Fig. 6.3 C): RLA2, TCP4, H12, MRP, RL11, SQSTM, and UACA. 

Differential expression of proteins due to ADPM needed to be separated out from differential 

expression due to other effects, for example confluency. To carry this out, quantified protein 

amount (normalised protein peak area) changes associated with aggregation (FS-24h vs TCP-

24h) and disaggregation (FS-72h vs FS-24h) were compared. This revealed that PML (Fig. 6.3 

D), PABP1 (Fig. 6.3 E), PUR9 (Fig. 6.3 G), SPF45 (Fig. 6.3 H), and LDHB (Fig. 6.3 I) as important 

for aggregation, RL11 (Fig. 6.3 F) for disaggregation, and HS105 (Fig. 6.3 J) as important for 

both aggregation and disaggregation. Other proteins from the Volcano plot analyses were 

also considered (Supplementary Fig. 6.5 A – H); however, they were not chosen for further 
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analyses as the differential expression was also seen to be due to confluency effects (TCP-72h 

vs TCP-24h). 
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Fig. 6.3. β-catenin interactome changes 

during FM3 multicellular aggregation-

disaggregation. (A) Comparison of β-

catenin interactome (obtained from 

BioGRID with proteome of FM3 

multicellular aggregation and 

disaggregation obtained from SWATH 

mass spectrometry, reveals changes in β-

catenin interactome during ADPM. (B-C) 

Volcano plots reveal important β-catenin 

interactors (dotted line along the y-axis 

denotes p-value of 0.05); (B) Interactors 

involved in FM3 aggregation (FS-24h vs 

TCP-24h), and (C) Interactors involved in 

FM3 disaggregation upon FS surfaces. (D-

J) Changes of β-catenin interactors 

observed during ADPM of FM3 cells, 

measured by SWATH mass spectrometry, 

N=4, Brown-Forsythe, and Welch ANOVA 

tests (equal SDs not assumed) with 

Dunnett T3 post-hoc multiple comparison 

test: (D) PML, (E) PABP1, (F) RL11, (G) 

PUR9, (H) SPF45, (I) LDHB, (J) HS10. 

Brown-Forsythe and Welch ANOVA tests 

(equal SDs not assumed) with Dunnett T3 

post-hoc multiple comparison test for D – 

J was carried out. A.U. Arbitrary units, 

ADPM: Aggregation-Disaggregation 

Process of Metastasis, FS: 

fluoroalkylsilica, SWATH: Sequential 

Window Acquisition of All Theoretical, 

TCP: tissue culture polystyrene 
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6.2.5 β-catenin interactome affects melanoma survival outcome 

To assess whether the important β-catenin interactors, expression of which altered during 

ADPM of FM3 cells, are also likely to play important roles in melanoma metastasis, in silico 

analyses were performed using TCGA melanoma datasets (SKCM) (TCGA research network. 

The following results shown are in part based on data generated by the TCGA Research 

Network (https://www.cancer.gov/tcga). Patient survival datasets were obtained from 

OncoLnc.287 Each patient survival datasets were divided into two subsets using the median 

expression of β-catenin interactors (high > median, low < median), and Kaplan-Meier (KM) 

plots were generated to correlate effect of high vs low expression with melanoma patient 

survival (Fig. 6.4 A – H). Significant difference in survival was observed for patients presented 

with low expression of PML (Fig. 6.4 B), and high expression of LDHB (Fig. 6.4 G). No significant 

difference in survival was observed for the other β-catenin interactome proteins: β-catenin 

(Fig. 6.4 A), PABP1 (Fig. 6.4 C), RL11 (Fig. 6.4 D), PUR9 (Fig. 6.4 E), SPF45 (Fig. 6.4 F), and 

HS105 (Fig. 6.4 H).  

RNAseq gene expression datasets from clinical studies of melanoma (N = 1939) and 

metastatic melanoma (N = 358) were obtained from cBioPortal.286 The studies normalised the 

RNAseq datasets in a different order; melanoma datasets were normalised to the read depth 

that was mapped first then to individual gene expression to give ‘reads per kilobase per 

millions mapped’ (RPKM), and metastatic melanoma datasets were normalised to individual 

gene expression first then to read depth to give ‘transcript per million’ (TPM). Due to this, a 

further normalisation to a reference gene (GAPDH) was carried out, to be able to compare the 

melanoma dataset with that of the metastatic dataset, to give a ratio of Gene of interest (GoI) 

mRNA expression to GAPDH mRNA expression (Fig. 6.5 A – H). The gene expression of the 

corresponding proteins, β-catenin (Fig. 6.5 A), PML (Fig. 6.5 B), PABP1 (Fig. 6.5 C), RL11 (Fig. 

6.5 D), PUR9 (Fig. 6.5 E), SPF45 (Fig. 6.5 F), and HS105 (Fig. 6.5 H), were significantly higher 

in metastatic melanoma compared to melanoma. No significant difference was observed for 

LDBH (Fig. 6.5 G).  

Risk score (meta Z-score) associated with melanoma (Z1) and metastatic melanoma (Z2) were 

obtained from PRECOG.391 PRECOG uses the following data sets: for melanoma, PMID 

20460471 128 and PMID 18505921;392 and for metastatic melanoma PMID 18505921392 and 

PMID 19915147.130 ‘Metastasis factor’ (Z2 – Z1) was generated to determine the risk associated 

with components of the β-catenin interactome in their contribution to metastasis of 

melanoma. This analysis revealed RL11 as the most adverse β-catenin interactor, and SPF45 

as the second most, that are likely to induce metastasis of melanoma (Fig. 6.6). 
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Fig. 6.4. β-catenin interactome expression on survival outcome of melanoma patients. (A – H) Data obtained from OncoLnc from multiple melanoma RNA-sequencing and 

patient survival studies, to outline survival outcome associated with high vs low expression of the following proteins: (A) β-catenin, (B) PML, (C) PABP1, (D) RL11, (E) PUR9, 

(F) SPF45, (G) LDHB, and (H) HS105. Median Overall Survival (OS) scores, high vs low expression statistics (χ2 and p-values) were determined using Log-Rank (Mantel-Cox).  
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Fig. 6.5. β-catenin interactome expression increased in metastatic melanoma patients. (A – H) Data obtained from cBioPortal from multiple melanoma and metastatic 

melanoma RNA-sequencing and patient survival studies, to identify difference in expression between melanoma and metastatic melanoma in the following proteins: (A) β-

catenin, (B) PML, (C) PABP1, (D) RL11, (E) PUR9, (F) SPF45, (G) LDHB, and (H) HS105. Student’s T-tests (two-tailed distribution, heteroscedastic) were carried out for A – H. GoI: 

Gene of interest 
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6.2.6 β-catenin-mediated transcriptional regulation of ADMP 

Wnt/β-catenin pathway depends upon many different transcription factors, the TCF/LEF 

family of proteins being the primary ones and FOXO4 in certain cases, to regulate transcription 

of target genes.393 Several bioinformatics tools were used in the present study for investigating 

which transcription factors and co-regulators could be relaying β-catenin-dependent and 

independent signalling to the transcriptional machineries involved in ADPM of FM3 cells.  

The PANTHER classification system 17.0 394 was used for the identification of transcription 

regulatory proteins within the significantly altered proteome during ADPM of FM3 cells as 

obtained from quantitative mass spectrometry, using the gene ontology terms ‘gene-specific 

transcriptional regulators’ (class ID PC00264). This analysis revealed 4 transcriptional 

regulators in aggregation (FS-24h vs TCP-24h; Fig. 6.7 A): FHL2, CEBPZ, MTA2, and STAT3; 8 

transcriptional regulators in disaggregation (FS-72h vs FS-24h; Fig. 6.7 B): AFF4, CEBPZ, FHL2, 

GATAD2B, MAFF, MTA3, NCOA5, and STAT1.  

Next, the hTFtarget tool 395 was used to identify the number of target genes within the 

significantly altered proteome during ADPM of FM3 cells as obtained from quantitative mass 

spectrometry that could be potential targets of the transcriptional regulators. The hTFtarget 

database consists of a comprehensive repertoire of human transcription factors, co-

regulators, and their target genes, obtained from several chromatin immunoprecipitation 

Fig. 6.6 Melanoma metastasis risk associated with β-catenin interactome. (A) Clinical melanoma and 

metastatic melanoma Z-score (meta) obtained from PRECOG tool for β-catenin interactome. Adjusted 

meta Z-score or ‘metastasis score’ (Z2-Z1) calculated from Z-score of melanoma (Z1) and metastatic 

melanoma (Z2).  
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sequencing (ChIP-Seq) studies.395 This analysis revealed STAT1 and STAT3, and to a lesser 

extent MAFF and MTA3, as important transcriptional regulatory proteins that could be 

involved in ADPM of FM3 cells (Fig. 6.7 C). 

Nuclear β-catenin can act as a transcriptional activator.396 Alongside the TCF/LEF family of 

proteins, such as TCF1 (encoded by TCF7), TCF1α (encoded by LEF1), TCF3 (encoded by 

TCF7L1), and TCF4 (encoded by TCFL2), β-catenin can stimulate the transcription of genes 

responsible for important cellular processes including differentiation, proliferation and many 

more.367 The hTFtarget tool was used to determine the number of target genes within the 

significantly altered proteome during ADPM of FM3 cells as obtained from quantitative mass 

spectrometry, that could be potential targets of β-catenin and/or TCF/LEF family members. 

Compared to potential targets of STAT1 and STAT3 within the proteins that were significantly 

altered during ADPM of FM3 cells, the targets of β-catenin and  two TCF/LEF members, TCF1α 

and TCF4 were much lower (Fig. 6.7 D). 

These results lead to the hypothesis that perhaps master transcriptional regulators other than 

the putative TCF/LEF members acting downstream of β-catenin  could be involved in ADPM 

of FM3 cells. To discover these master regulators, transcription factors that could regulate 

STAT1, STAT3, MAFF, MTA3, β-catenin, TCF1α, and TCF3, were obtained from hTFtarget tool 

and delimited by anatomical expression zones to skin. Frequency density diagram was plotted 

based on the number of literature evidence that were reported (Fig. 6.7 E). This revealed that 

SPI1, CTCF, and FOXA2 as potential master regulators of ADPM of FM3 cells (Fig. 6.7 E). 

Investigation of the number of targets within the significantly altered proteome during ADPM 

of FM3 cells as obtained from quantitative mass spectrometry, revealed that SPI1, CTCF, and 

FOXA2, had many more targets within the significantly altered proteome during ADPM of FM3 

cells compared to STAT1, STAT3, β-catenin, TCF1α, and TCF3.   
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Fig. 6.7 Analysis of transcriptional 

regulation during ADPM of FM3 cells 

highlights SPI1 as the most influential 

master regulator. (A-B) Gene ontology-

based classification of significantly altered 

proteome during ADPM of FM3 cells as 

obtained from quantitative mass 

spectrometry, classified using PANTHER 

classification system 17.0, during (A) 

aggregation (FS-24h vs TCP-24h), and 

during (B) disaggregation (FS-72h vs FS-

24h). (C) Number of possible target genes 

of the transcriptional regulators (from gene 

ontology analysis), significantly altered 

during ADPM of FM3 cells, as identified 

using hTFtarget tool. (D) Number of 

possible target genes of CTNBB1, LEF1, and 

TCFL2, significantly altered during ADPM of 

FM3 cells, as identified using hTFtarget 

tool. (E) Frequency density of master 

transcriptional regulators, based on 

frequency of ChIP-Seq evidence (from 

hTFtarget tool), that interact with STAT1, 

STAT3, MAFF, MTA3, β-catenin, TCF1α, and 

TCF3 in the skin. (F) Number of possible 

target genes of SPI1, CTCF, and FOXA2, 

significantly altered during ADPM of FM3 

cells, as identified using hTFtarget tool.   
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6.3 Discussion 

For many years, EMT was thought to spearhead the invasion-metastasis cascade of 

malignant tumour cells. When it comes to CTC clusters, though, the role of EMT does not seem 

as clear-cut. Single CTCs show mesenchymal-like characteristics;397 however, CTC clusters 

retain epithelial-like cell-cell connections as well as displaying mesenchymal-like invasive 

properties.398 This led to researchers concluding that CTC clusters could perhaps contain 

heterogenous phenotypes of epithelial and mesenchymal subpopulations,399 with some 

suggesting that the leading cells may be more mesenchymal-like in nature compared to the 

more epithelial-like tailing cells.350 Additionally, through single-cell sequencing, researchers 

have identified that single CTC and CTC clusters also show partial-EMT or hybrid phenotype, 

embellished with a high degree of EMT plasticity that allows phenotype switching, depending 

on spatiotemporal cues arising at various stages of the invasion-metastasis cascade.400 

Though, some fundamental questions still remain unanswered: Does EMT status influence the 

formation of CTC clusters? What initiates metastases, EMT or CTC cluster formation, or is it a 

collaborative effort of both? Which EMT markers are important for CTC cluster formation, 

maintenance, and haematological transit?  

β-catenin is a classical epithelial marker.401 Through CREBP, β-catenin adjoins TGFβ-signalling 

to Wnt signalling.359 Both TGFβ-signalling, Wnt signalling, and their cross-talks have been 

heavily associated with EMT.402 Interestingly, both TGFβ-signalling and Wnt signalling have 

also been implicated in CTC clusters. Platelet-derived TGFβ has been shown to induce EMT in 

CTC/platelet heterotypic clusters.403 Wnt/β-catenin signalling has been shown to aggregate 

cardiac myocytes,373 and also hepatocellular carcinoma cells.377 As such, β-catenin likely lies 

at the nexus of EMT and CTC clusters – the two key strands of the invasion-metastasis 

cascade. 

In melanoma metastasis, EMT-like processes regulate transition from a 

differentiated/melanocytic state to undifferentiated/mesenchymal state;404 this process is 

associated with the upregulation of key EMT-related markers.338 Similarly, Wnt/β-catenin was 

shown to be crucial for metastasis of melanoma,368 as well as increased β-catenin-signalling 

events during melanoma progression.369 In melanoma CTC clusters, however, to the extent to 

which EMT-like processes and Wnt/β-catenin signalling contribute to metastasis remains to 

be discovered. Therefore, the aim of this chapter was to investigate the role of EMT and β-

catenin in melanoma CTC clusters, by using an in vitro surface-induced ADPM model of 

melanoma CTC clusters.  
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6.3.1 β-catenin is involved in multicellular aggregation of FM3 cells 

β-catenin mRNA levels significantly decreased during FM3 multicellular disaggregation. This 

implies that β-catenin could play a larger role during aggregation, and levels were reduced 

during disaggregation as β-catenin was no longer needed to regulate this end of the process. 

This is further supported by the experiment in which FM3 cells were treated with TGFβ 

cytokine, which resulted in an increased aggregate to disaggregate ratio. An assumption here 

was that TGFβ treatment, similar to in fibroblasts,360 also increased the expression of β-

catenin in FM3 cells. Here, further experimentation is needed, either at the transcriptomic level 

via RT-qPCR or at the proteomic level via western blot, to show the change in β-catenin levels 

with TGFβ treatment in FM3 cells. In any case, the observation that β-catenin is associated 

with FM3 multicellular aggregation, is consistent with the earlier observations in breast cancer 

cells which showed high expression of β-catenin in plakoglobinhigh/E-cadherinlow clusters.348  

Similar to breast cancer clusters, FM3 cells also do not express E-cadherin. These observations 

imply that during multicellular aggregation, β-catenin may not be part of the E-

cadherin/catenin adherens junction complex that mediates cell-cell contacts. Instead, β-

catenin likely to be active within the cytoplasm or nucleus. As nuclear translocation of β-

catenin often is due to Wnt signalling,405 or TGFβ- signalling,406 or downstream of 

4F2hc/galectin-3/integrin signalling,220 it could be that β-catenin might be responding to any 

of these pathways during aggregation. Since FM3 cells aggregated, as well as showed 

increased β-catenin levels, even without the need for external TGFβ stimulation, TGFβ-

signalling might not be as important here; but TGFβ-signalling could nonetheless work to 

enhance β-catenin-mediated responses. Platelet-derived,407 or other haematological or 

immune cell-derived,408 TGFβ could sustain the clustered conformation during transit via 

lymph or blood circulation. Between 4F2hc/galectin-3/integrin signalling and Wnt signalling, 

though, only 4F2hc and galectin-3 levels, but not any of the Wnt ligands or Frizzled receptors, 

were increased during FM3 aggregation (see chapter 4). As such, it is more likely that β-

catenin lies downstream of 4F2hc/gsalectin-3/integrin signalling rather than Wnt signalling 

during ADPM of FM3 cells.  
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6.3.2 EMT does not occur during ADPM of FM3 cells 

TGFβ that could be secreted from various stromal cells, such as fibroblasts, may induce EMT-

like processes in cutaneous melanoma cells.409 Since TGFβ treatment led to increased 

aggregate to non-aggregate ratio in FM3 cells, it seemed that perhaps TGFβ is capable of 

driving EMT-like processes during ADPM. However, cell-cell signalling was upregulated during 

aggregation of FM3 cells, which invariably suggests that perhaps EMT, in its entirety, might 

not be as pertinent for multicellular aggregation. This led to the investigation of expression of 

epithelial and mesenchymal markers during ADPM of FM3 cells.  

Mesenchymal markers, fibronectin, N-cadherin, vimentin, and ZEB1, were not upregulated 

during aggregation. Notable EMT-associated transcription factors, slug and snail, were not 

detected in FM3 cells. TGFβ-driven mediators, SMAD2 and SMAD4, also showed no significant 

change in levels during ADPM. Additionally, FM3 cells showed no E-cadherin to N-cadherin 

switch during ADPM, which portents EMT-like events in epithelial cells.410 Together, these 

observations imply that EMT-like processes do not take place during multicellular aggregation 

of FM3 cells. However, β-catenin and vimentin levels decreased during disaggregation, and 

fibronectin levels increased during disaggregation; this suggests that some EMT markers may 

still play vital roles in ADPM of FM3 cells.  

 

6.3.3 P4B6B cells sustain aggregation via expression of vitronectin, vimentin and 

shroom-3 

To probe influences of EMT and β-catenin in ADPM further, experiments were conducted using 

stable epithelial (P5B3) and mesenchymal (P4B6B) progeny of OPCT-1 prostate cancer cells. 

Both P5B3 and P4B6B clones aggregated at 24h. At 72h, P4B6B cells exhibited significantly 

higher aggregate to non-aggregate ratio compared to P5B3 cells, implying that perhaps 

mesenchymal cells are more likely to retain the aggregation state. An explanation for this 

observation is that P4B6B cells have been shown to express high levels of vimentin compared 

to P5B3 cells;389 indeed, vimentin-incorporated cytoskeletal architectures have been shown to 

be empowered with elasticity, which ultimately protects cells against compressive stress.411 

Consistent with the present study, CTC clusters isolated from lung cancer patients exhibited 

strong expression of vimentin.412 Single CTC showed comparatively even higher expression of 

vimentin, suggesting that perhaps without the clustered conformation, more vimentin is 

required to withstand the sheer-stress of blood circulation.  
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P5B3 cells have been shown to express elevated levels of β-catenin compared to P4B6B 

cells.389 As an increase in β-catenin mRNA levels correlated with aggregation of FM3 cells, this 

led to the hypothesis that P5B3 cells would be more prone to aggregation than P4B6B cells. 

However, compared to P4B6B cells, P5B3 cells exhibited significantly reduced aggregate/non-

aggregate ratio. This implies that mesenchymal-like state could be more important for 

multicellular aggregation than β-catenin expression, as the mesenchymal state already 

equips cells with the appropriate tools, such as vimentin expression, to aid cluster formation. 

Further experiments are needed here to rule out β-catenin in ADPM of the mesenchymal 

P4B6B; for example, measuring β-catenin levels in P4B6B cells during ADPM via western blot.  

As P5B3 cells differed from P4B6B cells in their ability to disaggregate, and since extracellular 

matrix plays an important role in multicellular disaggregation,413 exploring changes in 

matrisomal proteins is likely to explain the difference in disaggregation behaviour between 

these two cell lines. Levels of vitronectin significantly increased in P4B6B cells between 24h 

and 72h, however levels stayed the same in P5B3 cells. Perhaps, vitronectin-based scaffolds 

could be better suited to retain a clustered conformation. Alternatively, high levels of 

vitronectin could induce integrin αVβ3-dependent signalling,414 that could promote and retain 

multicellular aggregation. Signalling via β3 integrins has been shown to induce platelet 

aggregation.415 Further investigation of scaffold proteins and their receptors is required to 

explore this ‘out-side-in’ integrin signalling that seemingly promotes differential multicellular 

aggregation-disaggregation responses depending on EMT status; indeed, different classes of 

integrins could be expressed on the cell surface based on EMT status or TGFβ-signalling.416  

Matrisomal vimentin levels were higher in P4B6B cells than in P5B3 cells at 72h. Vimentin 

usually is restricted to the cytoplasm, where they line and reinforce cytoskeletal 

architecture.417 However, vimentin can also be secreted into the extracellular space, which has 

been shown to bind to the cell surface of mesenchymal leader cells when they migrate during 

wound repair.418 It could be that during ADPM of CTC clusters, mesenchymal leader cells could 

secrete vimentin into the matrix, where they could help complement migration. The exact 

mechanism in which vimentin could perform this extracellular function remains unclear; 

however, vimentin does seem to interact with certain cell surface receptors such as the IGF-1 

receptor.419    

Matrisomal shroom-3 levels were significantly increased in P4B6B cells compared to P5B3 

cells at 72h. Shroom-3 expression was shown to be downstream of TGFβ/β-catenin/TCF7L2 

signalling, and in turn shroom-3 facilitated canonical TGFβ-signalling in renal tubular cells.420 

This implies that perhaps mesenchymal cells secrete shroom-3 to sustain TGFβ/β-catenin-
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signalling, whereas epithelial cells lacking shroom-3 expression may not maintain sustained 

TGFβ/β-catenin-signalling.  

A limitation associated with these observations is that the intracellular mechanisms that 

could be taking place, that might also shed light onto the difference in aggregation-

disaggregation behaviour of P5B3 and P4B6B cells, were not taken into consideration. During 

the matrisomal protein harvest, intracellular proteins were also isolated from P5B3 and P4B6B 

cells and were frozen in liquid nitrogen at -80 oC. Due to lack of time and resources, 

quantitative mass spectrometry of intracellular proteins was not carried out. However, this 

experiment could reveal cytoskeletal changes, signalling pathways, and cell-surface markers, 

that could be different between the epithelial and mesenchymal cells, potentially revealing 

the precise role epithelial and mesenchymal-like cells play in a mixed population within CTC 

clusters. For now, the conclusions that can be drawn is that mesenchymal-like cells may help 

CTC clusters retain the clustered conformation by increasing vitronectin, vimentin and 

shroom-3 levels, whereas epithelial-like cells within the CTC clusters could facilitate 

disaggregation; as of now, whether this is led by β-catenin expression in P5B3 cells remains 

unclear.  Co-culturing P4B6B cells with P5B3 cells was shown to facilitate disaggregation of 

P4B6B cells.389 Further proteomic studies of the secretome/cell-lysate could reveal the manner 

in which the epithelial-like cells promote cellular disaggregation in a mixed heterogenous CTC 

cluster.  

 

6.3.4 β-catenin interactors, LDHB, PML, PABP1, PUR9, SPF45, RL11, and HS105 

involvement during ADPM of FM3 cells 

In addition to mediating Wnt and TGFβ-signalling, β-catenin serve diverse and multifaceted 

functions in cellular biology, ranging from contributing to the maintenance of cell polarity 421 

to sustaining stemness.422 In order to reveal these Wnt/TGFβ-independent aspects of β-

catenin in ADPM of FM3 cells, differentially expressed proteome during ADPM was compared 

against experimentally-established and known β-catenin interactors (obtained from BioGRID 

390). This analysis highlighted the following proteins as belonging to the β-catenin interactome 

partaking in ADPM: during aggregation, LDHB, PML, PABP1, PUR9, and SPF45 levels 

increased; during disaggregation, RL11 levels decreased; and HS105 levels increased during 

aggregation and decreased during disaggregation.  

PML is a known tumour suppressor.423 It is required for the assembly of nuclear structures 

called the PML-nuclear bodies.424 PML has been shown to regulate p53/TP53.425 Cytoplasmic 
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PML affects TGFβ-signalling.426 The gene encoding for PML (PML) is a target gene of the β-

catenin and plakoglobin coactivated pathway 427 (Fig. 6.8). In colorectal cancers, β-catenin 

inhibits the tumour suppressor function of PML.428 A recent study showed that degradation of 

PML, induced by PCI Domain Containing 2 (PCID2) protein, induced Wnt/β-catenin signalling, 

and supressed the ARF-p53 pathway.429  

60S ribosomal protein L11 (RL11) is a component of the large ribonucleoprotein complex, 

involved in protein synthesis.430 RL11 links activation of p53/TP53 to ribosomal biogenesis.431 

RL11 has been shown to promote nucleolar translocation of PML 432  (Fig. 6.8). Knockdown of 

RL11 increased the level of c-myc mRNA.433 β-catenin signalling has been associated with 

stabilisation of c-myc mRNA via coding region instability determinant (CRD)-binding protein 

(CRD-BP).434 It remains unclear, however, whether RL11 binds to CRD-BP and acts 

downstream of β-catenin signalling.  C-myc oncoproteins have been shown to localise to PML-

nuclear bodies,435 implying that c-myc could be regulated at the post-transcriptional level via 

PML, and at the translational level via RL11. Since constitutive activation of c-myc is 

associated with proliferation of cancer cells 436 and regulation of MYC (encodes c-myc) gene 

expression by aberrant Wnt/β-catenin-signalling in cancers,437 it is likely that β-catenin could 

coordinate ADPM to cellular proliferation via this intricate multilevel RL11/PML-dependent 

regulation of c-myc (Fig. 6.8).   

Polyadenylate-binding protein 1 (PABP1) is involved in mRNA turnover, by regulating mRNA 

metabolism and stability.438 Through affinity capture mass spectrometry, PABP1 was shown 

to be one of the proteins affected in the β-catenin-dependent signalling networks active 

within cancers.439 In hepatocellular carcinoma, PABP1 functioned as an effector of the small 

nucleolar RNA host gene 14 (SNHG14) oncogene.440 Another study highlighted that SNHG14 

promotes hepatocellular carcinoma growth and metastasis via Wnt/β-catenin pathway.441 

Together, these findings give some hints towards PABP1/β-catenin interaction, be it direct or 

indirect via SNHG14. In any case, increased PABP1 levels during aggregation and decreased 

levels during disaggregation suggests that β-catenin interaction with PABP1 could prepare 

cells for mRNA processing and protein synthesis required for accommodating the vast 

proteomic changes accompanying ADPM of FM3 cells (Fig. 6.8). 

PUR9, also known as ‘bifunctional purine biosynthesis protein ATIC’ and ‘5-Aminoimidazole-

4-Carboxamide Ribonucleotide Formyltransferase/IMP cyclohydrolase (AICARFT/IMP Chase)’, 

enzymatic activity of which catalyses the penultimate and last step of the de novo purine 

biosynthesis.442 The link between PUR9 and β-catenin is not clear. However, evidence from 

affinity capture mass spectrometry lends some support towards this link.439 In addition, a 

study highlighting that methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) knockdown in 
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lung cancer cells reduced tumorigenesis and stem-like properties, as well as notable 

accumulation of PUR9 and significant reduction in the expression of β-catenin.443 This implies 

expression of β-catenin could be tied to purine biosynthesis and cell replication, possibly via 

MTHFD2 and PUR9 (Fig. 6.8); increased levels of PUR9 during aggregation could prepare the 

cells for coordination of ADPM with cellular replication and proliferation. 

Splicing factor 45 (SPF45) is an RNA binding protein, a component of the spliceosome 

complex, that is involved in alternate splicing by using cryptic splice sites.444 In addition to the 

support from SPF45-β-catenin interaction from affinity mass spectrometry,439 further evidence 

comes from experiments that suggests Jun N-terminal kinase 1 (JNK1) and p38α MAPK could 

phosphorylate SPF45.445 Notably, JNK1 was associated with negative regulation of Wnt/β-

catenin pathway via GSK3β,446 and p38 α MAPK was also shown to regulate Wnt/β-catenin 

pathway via inactivation of GSK3β.447 These findings indicate that SPF45 and β-catenin, at 

the very least, could be part of the same network that couples Wnt signalling to protein 

synthesis. Increased SPF45 levels during aggregation of FM3 cells was likely due to 

accommodate the increased protein proteomic changes accompanying ADPM.   

L-lactate dehydrogenase B chain (LDHB) is a component off lactate dehydrogenase, under 

normal conditions such as during oxidative phosphorylation, interconverts pyruvate and 

lactate with concomitant interconversion of NADH and NAD+.448 Cancer cells predominantly 

gain their energy from aerobic glycolysis (Warburg effect) as opposed to citric acid 

cycle/oxidative phosphorylation.449 As such, lactate dehydrogenases serve crucial role in 

cancers;450 in melanoma, a high level of glucose uptake and glycolysis lead to increased 

cytosolic pyruvate levels, and subsequent increased lactate dehydrogenases activity results in 

increased lactate fermentation.451 Lactate is beneficial to cancer cells in many ways, such as 

induction of angiogenesis through activation of the vascular endothelial growth factor 

(VEGF),452 and upregulation and activation of TGFβ.453 Mass spectrometry of co-

immunoprecipitated β-catenin complexes revealed that LDHB was associated with β-catenin 

within this complex.454 This indicate that β-catenin could couple cellular metabolism to ADPM 

via interaction with LDHB. In addition, increased LDHB levels during aggregation of FM3 cells 

points towards high lactate fermentation and subsequent incorporation into biomass. 

Heat shock protein 105 kDa (HS105) is a member of the HSP70 superfamily 455 and a 

nucleotide-exchange factor for certain chaperone proteins, such as HSPA1A and HSPA1B.456 

Under stress, HS105 was shown to inhibit aggregation of denatured proteins.457 HS105 is a 

component of the β-catenin-degradation complex.458 Additionally, HS105 could recruit protein 

phosphatase 2A (PP2A) to dephosphorylate β-catenin,458 subsequently preventing 

phosphorylation-dependent ubiquitination and degradation of cytosolic β-catenin, leading to 
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increased β-catenin-signalling. HS105 levels increased in multicellular aggregation of FM3 

cells and decreased during disaggregation. Aggregation/Stress-induced HS105 upregulation 

is likely to enhance β-catenin signalling. Decreased levels of HS105 during disaggregation of 

FM3 cells at 72h, points towards low levels of phosphorylation of β-catenin, which might or 

might not be via PP2A in FM3 cells; this is in line with the reduction in β-catenin mRNA levels 

observed during disaggregation. Collectively, these observations suggest that aggregation 

and stress-induced upregulation of HS105 upregulation are likely to enhance β-catenin 

signalling in FM3 cells. 

It is unclear whether the above-mentioned β-catenin interactors indeed bind directly to β-

catenin in FM3 cells. Co-immunoprecipitation experiments could highlight direct binding. β-

catenin knock-out and observing changes in the interactors could lend further support to co-

expression, and dual-stained immunofluorescence could reveal co-localisation. Regardless, 

the present study has highlighted co-expression of β-catenin and the above-mentioned 

interactors during ADPM of FM3 cells and gave a glimpse into the number of ways in which 

the β-catenin interactome could regulate cellular metabolism (via LDHB), protein synthesis 

(via SPF45 and PABP1), cellular replication (via PUR9), cellular proliferation (via PML and 

RL11), and stress-sensing/induced enhancement of β-catenin signalling (via HS105). Further 

research is needed to address how non-adherence/aggregation-induced stress is sensed by 

HS105 in CTC and CTC clusters. 

 

6.3.5 β-catenin interactors, LDHB, PML, PABP1, PUR9, SPF45, RL11, and HS105 

impact on prognosis of metastatic melanoma  

Co-expression of β-catenin and some of its most important interactors was observed during 

ADPM of FM3 cells in vitro. In order to corroborate the β-catenin interactome changes with 

clinical observations, and to address how changes in the β-catenin interactome throughout 

melanoma progression and metastasis affect prognosis, bioinformatics analyses were carried 

out in silico using TCGA melanoma datasets (SKCM).  

Although β-catenin expression levels had no significant impact on overall survival of 

melanoma patients, β-catenin levels were significantly higher in metastatic melanoma 

compared to melanoma. This highlights that β-catenin plays a vital role in metastasis. This is 

further substantiated by other studies which also showed that β-catenin signalling increased 

with progression of melanoma,369 and prominent involvement of β-catenin in metastasis of 

BRAF-activated melanoma.368 CTC clusters are more notorious than single CTCs in driving 
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metastasis of melanoma.345 Therefore, it is conceivable that β-catenin is likely to partake in 

either CTC cluster formation or maintenance of vital signalling cascades that promote the 

integrity and survival of these clusters during haematological transit. In breast cancer, 

however, there was no difference in the levels of β-catenin between CTC clusters and single 

CTCs.459 In contrast, β-catenin activation was associated with CTC clusters of hepatocellular 

carcinomas.377 Patient-derived colorectal cancer CTC clusters also exhibited heightened β-

catenin and E-cadherin expression;460 here the authors showed that partial EMT status, 

wherein both E-cadherin and ZEB1 expression, was necessary for in vivo metastasis of CTC 

clusters. Lack of studies characterising melanoma patient-derived CTC clusters hampers 

gaining insights into β-catenin-driven responses that could support ADPM of melanoma. 

Through studying β-catenin interactome in the in vitro model of melanoma ADPM and 

validating clinical datasets of melanoma metastasis, these β-catenin-driven responses could 

be uncovered. 

Melanoma patients who presented low PML expression had significantly worse overall 

survival. This is in line with the previous observations that suggest a tumour suppressive role 

of PML. Indeed, this was demonstrated first in increased incidence of tumour formation in 

PML-/- mice.461 The tumour suppressor activity of PML is primarily attributed to PML-

dependent stabilisation of p53 in a positive feedback loop, thus promoting cellular apoptosis 

or senescence.462 Most normal tissues expressed PML; in contrast, PML expression was 

markedly reduced or completely abolished in several cancers, including prostate 

adenocarcinomas, colon adenocarcinomas, breast carcinomas, lung carcinomas, lymphomas, 

CNS tumours, and germ cell tumours.463 Additionally, loss of PML expression was associated 

with lymph node metastasis during prostate and breast cancer progression.463  

PML expression was significantly higher in metastatic melanoma compared to melanoma. 

Similarly, a study reported that PML levels in malignant melanoma cell lines increased with 

IFNα cytokine treatment; the majority of the protein localising to the nucleus in PML-nuclear 

bodies and some localisation to the cytoplasm.464 This study highlighted the role of helicase 

antigen HAGE (DDX43) and JAK-STAT pathway in maintaining low PML mRNA levels in 

malignant melanoma initiating cells. Upon induction of TGFβ signalling, cytoplasmic PML 

promoted EMT-like phenotype in prostate cancer cells and increased their invasiveness by 

increasing phosphorylation of SMAD2/3 of the canonical TGFβ pathway.465 Collectively, these 

findings suggest that the loss of PML and subsequent loss of tumour suppressive effects could 

contribute to melanoma progression during the early stages; in contrast, during advanced 

stages, increase in PML via cytokine signalling (IFNα or TGFβ) could contribute to melanoma 

metastasis by promoting EMT-like processes. In light of the present contribution, it is 



 

123 | P a g e  
 

conceivable that increased PML in aggregates/CTC clusters would be advantageous to 

maintain EMT-like signalling during the metastatic cascade. 

Unlike PML, high levels of LDHB in melanoma patients contributed to poor overall survival. No 

significant difference in expression of PML between melanoma and metastatic melanoma was 

observed. A high level of lactate dehydrogenase was correlated with poor survival in advanced 

melanoma,466 and an elevated serum level of LDHB has been shown to be a predictor of 

metastasis of melanoma and poor survival.467 Given that LDHB levels increased in FM3 

aggregates, it is conjectured that the way in which LDHB contribute to metastasis is via the 

promotion of CTC clusters. Further research is needed to address how differences in 

environmental cues and respiration states, for example normoxic conditions during blood 

transit vs hypoxic conditions in tumour microenvironment, could affect LDHB-mediated 

regulation of lactate production, and in turn regulation of β-catenin-mediated EMT-like 

processes within CTC clusters based on these metabolic cues. 

When considering impact on overall survival of melanoma patients, although no difference in 

high vs low expression of PABP1, RL11, PUR9, SPF45 and HS105 were observed, comparison 

of melanoma to metastatic melanoma revealed the expression of these 5 proteins were 

significantly higher in metastatic melanoma. PABP1 was identified as one of the hotspots in 

melanoma whole-exome sequencing data.468 In melanoma, both RL15 and RL11 has been 

shown to play a fundamental role in stabilising p53 by directly binding to MDM2 and 

preventing MDM2-mediated degradation of p53.469 Though PUR9 has not been studied in 

melanoma in detail; however, purine metabolism, especially inosine levels strongly correlate 

with enhanced melanoma cellular proliferation,470 and alteration in the ratio of adenosine to 

inosine ratio leads to increased invasiveness and metastasis of melanoma.471  

SPF45 has not been studied in melanoma thus far. However, its role in invasiveness in ovarian 

cancers,472 and regulation of apoptosis, for example exon 6 skipping in FAS pre-mRNA 

(apoptosis death receptor) induced by SPF45,444 suggest that SPF45 could play similar roles in 

melanoma. On the other hand, HS105 has been extensively studied in melanoma. HS105 was 

overexpressed in melanoma compared to benign nevi.473 Notably, recurrent, and metastatic 

lesions were closely associated with elevated HS105 expression, suggesting an additional role 

in metastasis. Another study confirmed this and showed that compared to normal human skin 

and benign melanocytic nevi, malignant melanoma cells markedly overexpressed HS105.474  

Comparison of the risk associated with metastasis of the β-catenin interactome, highlighted 

that RL11 as the factor that contributed to the most adverse metastasis-related outcome. In 

breast cancers, a recent publication reported that the RL11 → c-myc → snail → N-cadherin 
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axis was important for invasion and metastasis.475 Another study highlighted that snail 

induces collective cellular migration by upregulation of claudin-11 and suppression of RhoA 

activity at the cell-cell junction.476 Therefore, in melanoma, perhaps RL11 could promote CTC-

cluster based metastasis, alone or via RL11/PML/c-myc network; though, whether c-myc is 

involved in ADPM of FM3 cells, or in melanoma CTC cluster metastasis, needs further 

investigation.  

An obvious limitation with the present analysis is that comparison of the β-catenin 

interactome in melanoma against metastatic melanoma alone is insufficient to give the full 

picture of the β-catenin interactome in CTC clusters. Once metastasis has taken place, most 

cells are likely to have undergone morphological changes similar to disaggregation of FM3 

cells. As such, β-catenin interactome changes associated with aggregation will be overlooked. 

Although, ideally genomic and proteomic datasets of enriched CTC clusters and single CTC, 

alongside corresponding patient survival dataset, would be much more suitable for this 

analysis. In lieu of these datasets, an in vitro model of ADPM and in silico analyses of 

expression of melanoma vs metastatic melanoma, and risk pertaining to metastasis, present 

glimpses of the influences of the β-catenin interactome in orchestrating cellular metabolism, 

protein synthesis, cellular proliferation, and EMT-like processes. 
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Fig. 6.8. Proposed cross-talk of TGFβ-signalling, Wnt/β-catenin-signalling and 4F2hc/galectin-3/integrin signalling 

regulating β-catenin interactome during ADPM of FM3 cells and melanoma CTC clusters. TGFβ-signalling (1) 

through SMADs has been shown to conjoin with Wnt/β-catenin-signalling (2) via CBP to upregulate gene regulation 

of EMT genes such as vimentin (encoded by VIM gene). Upon Wnt-ligand binding to frizzled receptors, dishevelled 

(DVL) becomes activated via phosphorylation and polymerises. This in turn recruits Axin and the destruction complex 

(made of Axin, APC, GSK3β and CK1) is dismantled, preventing CK1 from phosphorylating β-catenin and directing 

towards phosphorylation-driven ubiquitination and proteasomal destruction. 4F2hc/galectin-3/integrin (3) 

complexes have also been shown to rescue β-catenin from destruction by concomitant phosphorylation and 

inhibition of GSK3 by FAK/PI3K/Akt activation. Accumulation of β-catenin in the cytoplasm and eventual 

translocation to the nucleus, allows β-catenin-mediated gene transcriptional regulation alongside its canonical 

partners, such as TCF/LEF1 family of transcription factors, or non-canonical gene transcriptional regulation via 

transcription factors such as the SAMDS. During ADPM of FM3 cells, or in melanoma CTC clusters, signalling via β-

catenin interactome (HS105, LDHB, PABP1, PML, PUR9, SPF45, and PABP1) could regulate key cellular processes.     
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6.3.6 β-catenin and SPI1-mediated transcriptional regulation in ADPM of FM3 cells  

The TCF/LEF family are the transcription factors of choice for the canonical Wnt/β-catenin 

pathway.393 However, TCF/LEF family members were not detected in FM3 cells during ADPM. 

β-catenin interactome is extensive and may host a wide variety of transcription factors.477 To 

establish transcriptional activities that could be both TCF/LEF-dependent and independent 

during ADPM of FM3 cells, gene ontology classification (using PANTHER) and comparison of 

proteomics of FM3 cells ADPM with ChIP-Seq database (from hTFtarget tool) were carried 

out.  

Gene ontology analysis revealed that  of the 10 transcriptional regulators altered during ADPM 

of FM3 cells, only the target genes of the following transcriptional regulators STAT1, STAT3, 

MAFF and MTA3, were altered during ADPM. β-catenin/TCF/LEF transcriptional regulation 

was investigated next. Compared to the number of targets of STAT1 and STAT3 in ADPM of 

FM3 cells, the number of targets of β-catenin and two of the TCF/LEF family members TCF1α 

(LEF1) and TCF4 (TCFL2), were much lower. This indicates that perhaps β-catenin-mediated 

transcriptional response is non-canonical, and other undetected transcriptional regulators 

must be at work. Investigation of transcriptional regulators that have been shown, via ChIP-

Seq, to bind to STAT1, STAT3, MAFF, MTA3, β-catenin, TCF1α and TCF4, within skin, 

highlighted SPI1, CTCF, and FOXA2. Comparing the number of targets of SPI1, CTCF, and 

FOXA2 in proteome of FM3 cells during ADPM, revealed that SPI1 as the most likely master 

regulator of ADPM in FM3 cells.  

Cross-talk of Wnt/β-catenin signalling and SPI1-mediated responses have been reported by 

a number of studies thus far. Monocyte to macrophage differentiation can be blocked by 

antagonising SPI1-targeted gene transcription via activation of Wnt/β-catenin pathway.478 

This finding not only highlights the possibility of regulation of SPI1-responses by Wnt β-

catenin pathway, but also that SPI1 may be involved in regulation of morphological changes 

that accompany transition from monocytes containing minimal filopodial extrusions to 

macrophages containing extensive filopodium and lamellipodium.479 This could indicate that 

SPI1-targeted genes may be involved in amoeboid movement of cells. Additionally, Wnt8 

overexpression was shown to repress expression of SPI1 during development of myeloid 

precursors.480 Cell-type specific effects of TGFβ-signalling may be attributed to master 

transcriptional factors such as SPI1. Indeed, SPI1 may determine transcriptional activities of 

SMAD2/3 in pro-B cells, whereas Oct4 may determine SMAD3 activity in embryonic stem 

cells.481 Evidently, TGFβ or β-catenin-mediated transcription of target genes could rely on 

SPI1. More experiments are required to interrogate β-catenin and the SPI1 network in ADPM 

of FM3 cells, for example by observation of the β-catenin interactome in SPI1 -/- cells. 
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SPI1 was not detected in quantitative mass-spectrometry of FM3 cells during ADPM. Perhaps, 

levels of SPI1 were too low, or perhaps SPI1 might be more active during the initial pre-

aggregation (before 24h) period. Carrying out RT-qPCR from 0 – 24 hours could show changes 

in SPI1 during the early stages of ADPM. However, others have highlighted that SPI1 levels 

were higher in melanoma compared to normal tissue.482 Further research is required to confirm 

that SPI1 lies downstream of β-catenin-mediated signalling, or at the very least work 

alongside β-catenin interactome, and also confirm that the genes encoding the proteins 

responsible for producing the morphological and phenotypical changes during ADPM are 

indeed regulated by SPI1. 

 

6.3.7 Conclusions 

This research aimed to identify the roles of EMT status and β-catenin that could be key to 

unlocking the relationship between EMT-like processes and ADPM of melanoma CTC clusters. 

Though some of the classical EMT markers were not altered during ADPM, change in β-catenin 

and vimentin suggests that EMT-like processes do take place. TGFβ-treatment leading to 

increased aggregation of FM3 cells, and P4B6B mesenchymal cells retaining aggregation but 

not P5B3 epithelial cells that express high levels of β-catenin, suggest that mesenchymal-like 

state more than β-catenin levels is required for the clustered conformation. This could be 

perhaps via reinforcement of the cytoskeleton with vimentin to withstand the tumultuous 

haematological circulation. Mesenchymal cells could prolong their clustered confirmation by 

secreting vitronectin, vimentin and shroom-3; this highlights an important part that 

mesenchymal cells could play within a heterogenous and mixed-population CTC cluster, in 

preventing disaggregation until a suitable distal site is reached.   

β-catenin involvement in ADPM of FM3 cells and increased levels of β-catenin in metastatic 

melanoma cells, point towards the dominant role β-catenin plays in metastasis of melanoma 

CTC clusters. This research elucidated the diverse ways in which the β-catenin interactome 

orchestrates important cellular processes during ADPM of melanoma CTC clusters: cellular 

metabolism via LDHB, protein synthesis via SPF45 and PABP1, cellular replication via PUR9, 

cellular proliferation via PML and RL11, and stress-sensing via HS105. Metastasis risk analysis 

revealed RL11 as the most notorious and adverse factor contributing to poor metastasis-

related prognosis. The RL11/PML/c-myc network-mediated responses could be responsible 

for this, though this requires further detailed investigation. Analysis of transcriptional 

regulation revealed SPI1 as the potential master regulator of ADPM of melanoma cells; 

however, further research is needed to outline how SPI1-mediated transcription may be 
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regulated by EMT status, TGFβ & β-signalling. This could illuminate how platelet-derived, or 

immune or stromal cells-derived, cytokines that could alter transcriptional regulations in CTC 

clusters during ADPM to make them more adept at metastasis compared to their single CTC 

counterparts as observed in the clinics. 
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6.4 Supplementary Figures 

Supplementary Fig. 6.1 Expression of 

EMT markers during ADPM of FM3 

cells. (A - C) Western blot showing 

changes in epithelial (blue) and 

mesenchymal markers (green) during 

ADPM of FM3 cells. (D) Periodic 

expression of fibronectin-1 mRNA during 

aggregation (5-24h) vs disaggregation 

(48-72h) as measured by RT-qPCR, n=3. 

(E-H) Change in (E) cytosolic vimentin, 

(F) matrisomal vimentin, (G), SMAD2, 

and (H) SMAD4, during FM3 cellular 

aggregation (FS-24h vs TCP-24h) and 

disaggregation (FS-72h vs FS-24h) as 

measured by mass spectrometry, n=4. 

Brown-Forsythe and Welch ANOVA 

tests (equal SDs not assumed) with 

Dunnett T3 post-hoc multiple 

comparison test for D - H, FS: 

fluoroalkylsilica, TCP: tissue culture 

polystyrene. 
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Supplementary Fig. 6.2 No cadherin switch occurs during ADPM of FM3 cells. (A-B) Immunofluorescence staining 

of E-cadherin (red), N-cadherin (green), and nucleus (blue) of FM3 cells during ADPM, (A) representative images, 

(B) quantification of colour intensity in each colour channel using Image J normalised to background, n=3. (C) 

Change in N-cadherin (CDH2) levels during FM3 cellular aggregation (FS-24h vs TCP-24h) and disaggregation (FS-

72h vs FS-24h) as measured by mass spectrometry, N=4. (D – E) Periodic expression of (D) E-cadherin and (E) N-

cadherin mRNA during aggregation (5-24h) vs disaggregation (48-72h) as measured by RT-qPCR, n=3. Fold Change 

(2-ΔΔCT) represents comparison of FS surfaces vs TCP surfaces. Brown-Forsythe and Welch ANOVA tests (equal SDs 

not assumed) with Dunnett T3 post-hoc multiple comparison test for C -E, and Ordinary Two-way ANOVA with 

Tukey post-hoc multiple comparisons for B. FS: fluoroalkylsilica, TCP: tissue culture polystyrene. 
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Supplementary Fig. 6.3 Hypoxia does not affect ADPM of FM3 cells. FM3 cells were seeded onto FS or TCP surfaces, under normoxic or hypoxic conditions, n=6. FS: fluoroalkylsilica, TCP: 

tissue culture polystyrene. Scale = 200 µm. 
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Supplementary Fig. 6.4 No cadherin switch occurs during ADPM of epithelial 

(P5B3) cells and mesenchymal (P4B6B) cells. (A-B) Immunofluorescence 

staining of E-cadherin (red), N-cadherin (green), and nucleus (blue) of P4B6B 

and P5B3 cells during ADPM, (A) representative images, (B) quantification of 

colour intensity in each colour channel using Image J normalised to 

background, n=3. Ordinary Two-way ANOVA with Tukey post-hoc multiple 

comparisons for B. FS: fluoroalkylsilica, TCP: tissue culture polystyrene. Scale 

= 50 µm. 
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Supplementary Fig. 6.5 Proteomic changes of β-catenin 

interactors during ADPM of FM3 cells. Change in levels of (A) 

TCP4, (B) MRP, (C) RLA2, (D) UACA, (E) H12, (F) DNMT1, (G) 

SQSTM, and (H) ZO-1 during FM3 cellular aggregation (FS-24h 

vs TCP-24h) and disaggregation (FS-72h vs FS-24h) as 

measured by mass spectrometry, n=4. Brown-Forsythe and 

Welch ANOVA tests (equal SDs not assumed) with Dunnett T3 

post-hoc multiple comparison test for A – H. FS: 

fluoroalkylsilica, TCP: tissue culture polystyrene. 
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Chapter 7.  PU.1-mediated transcriptional 

regulation during melanoma multicellular 

aggregation-disaggregation 
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7.1 Introduction 

This chapter investigates whether the PU.1 

transcription factor is affected during ADPM of 

FM3 cells. PU.1 transcription factor was 

identified in Chapter 6 as a potential master 

regulator that could act alongside β-catenin-

dependent regulation of genes.  

 

7.1.1 PU.1 transcription factor 

PU.1 is a pioneer transcription factor that can 

directly bind to condensed chromatin, de-

compact heterochromatin, and recruit other 

transcription factors, co-regulators, and RNA 

polymerases to otherwise inaccessible genomic 

regions.483 In this manner, PU.1 promotes the 

transcription of several genes that are 

indispensable for self-renewal of 

haematopoietic stem cells or progenitor cells 484 and commitment and/or maturation of B-

lymphoid and myeloid lineages.485 In haematopoiesis, PU.1 acts as a euchromatin gatekeeper 

of pro- to pre-B cell transition.486 

As a member of the E26 transformation-specific (ETS) family of transcription factors, PU.1 

contains the ETS functional domain with a distinct winged helix-turn-helix pattern, which 

recognises DNA consensus sequences containing a core 5’-GGAA-3’ motif.487 PU.1 

preferentially binds to purine-rich DNA sequences, such as the 5’-GAGGAA-3’ 486 known as the 

‘PU-box’. In addition, PU.1 can regulate gene expression by interacting with a variety of other 

transcription factors, including the early haematopoietic factors GATA-2 and Runx-1, the 

erythroid factor GATA-1, and other general transcription factors such as TFIID, TBP, C/EBPα, 

C/EBPβ, IRF4/8 and c-Jun.488 PU.1 can also antagonise certain transcription factors, such as  

GATA-1, by preventing GATA-1 from binding to putative 5’-GATA-3’ consensus sequences.489 

Other transcriptional factors could alter the transcriptional activity of PU.1; as such, PU.1-

dependent gene regulation and its cell-specific activities are likely to be governed by the 

spatiotemporal expression of these co-regulators. Expression of SPI1 (gene encoding for PU.1) 

is mostly restricted to haematopoietic cell.490 Surprisingly, high expression of PU.1 has also 

Fig. 7.0 PU.1 protein expression in anatomical sites. 

High levels of PU.1 protein expression in organs 

involved in haematopoiesis (lymph nodes, spleen, 

and bone marrow), as well as lungs and skin. Figure 

adapted from the Human Protein Atlas. 
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been observed in certain lung and skin cells 491 (Fig. 7.0). However, the role of PU.1 in non-

haematopoietic cells remain elusive.  

 

7.1.2 PU.1 in cancer 

Aberrant PU.1 activity has been highlighted in both haematological malignancies and solid 

tumours. PU.1 was shown to be a potent tumour suppressor in classical Hodgkin lymphoma.492 

Similarly, PU.1 functions as a tumour suppressor in acute myeloid leukaemia (AML). AML, 

which is the malignancy of myeloid lineage cells, show supressed PU.1 expression; restoring 

endogenous PU.1 levels was shown to lead to differentiation of leukemic blasts to neutrophil-

like cells, and  subsequent suppression of PU.1 expression was shown to transform the cells 

back to a malignant state.493 This could be explained by earlier research that suggests that 

PU.1 could directly bind to, and impair the transcriptional activity of, the p53 family of tumour 

suppressors in B-cell precursor leukaemia cells.494  

In contrast, PU.1 serves as an oncogene in erythroleukemia, which is a much rarer subset of 

AML where the disease manifests from erythrocytic precursors as opposed to myeloid 

precursors.495  In erythroleukemia, overexpression of PU.1 leads to decreased phosphorylation 

of the S-phase checkpoint protein CHK1, due to the increased expression of CHK1-

phosphatase PP1α.496 Without the ATR/CHK1-mediated governance during the S-phase, cells 

bypass this S-phase checkpoint and undergo cellular replication due to accelerated DNA 

replication fork progression. In murine erythroleukemia, histone deacetylase 1 (HDAC1) 

cooperates with PU.1 to repress gene transcription, for example GATA-1-mediated 

transcription of genes responsible for erythroid differentiation, by deacetylating PU.1-bound 

enhancer regions.497 These studies clearly illustrate that, in haematological malignancies at 

least, PU.1 may play important roles in subverting transcriptional programs underlying normal 

cellular differentiation and cellular replication.  

In solid tumours, however, the actions of PU.1 seem to be much less obvious. In HER2-positive 

breast cancer, where the human epidermal growth factor receptor 2 (HER2) promotes 

cancerous growth, overexpression of PU.1 was correlated with shorter survival of patients;498 

however, the interplay of HER2-mediated signalling and PU.1-dependent transcriptional 

regulation remains to uncovered. A recent study highlighted that the SPI1 gene was expressed 

substantially in colon tumours and the surrounding stroma.499 Here, PU.1 and its homologous 

partner SPI-B, was shown to promote aerobic glycolysis via increasing the expression of 

certain glycolytic genes such as HK2 and PGK1. Interestingly, increased lactate resulted in the 
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polarisation of tumour-associated neutrophils, which in turn were shown to deliver SPI1 mRNA 

enclosed in extracellular vesicles to cancer cells.   

PU.1 expression was shown to be higher in lung adenocarcinoma compared to healthy lung 

tissue.500 As the transcription factor T-box-expressed in T cells (T-bet) levels were found to be 

decreased, the authors suggested that perhaps PU.1 could be antagonising T-bet activities in 

tumour sites, perhaps within anti-tumour Th1 cells as T-bet is involved in Th1 cell 

development. Furthermore, PU.1 expression was correlated with a favourable prognosis in 

adenocarcinoma, but poor prognosis in squamous cell lung carcinoma,501 indicating that PU.1 

may play a tumour suppressive role in the former and an oncogenic role in the latter. Another 

study revealed PU.1 as a master transcriptional activator of the tumour suppressor gene 

LIMD1,502 which is downregulated in ~80% of lung cancers.  

In melanoma, several ETS family members, including PU.1, were shown to be upregulated.482 

However, little is known of the contribution of PU.1 to melanoma progression and metastasis. 

In chapter 6, PU.1 was identified as the transcription factor with the highest number of target 

genes that were differentially expressed during ADPM of FM3 melanoma cells. The present 

chapter will further explore the involvement of PU.1 in melanoma metastasis and ADPM, by 

treating FM3 cells with a potent inhibitor of PU.1 (DB2313),503 and observing effects on ADPM, 

cellular proliferation, invasion, and migration. In order to identify target genes of PU.1 that 

could be involved in ADPM, quantitative mass spectrometry will be carried out on DB2313-

treated cells. The results of these experiments will reveal cell-specific transcriptional 

regulation by PU.1 during ADPM and melanoma metastasis.  

 

7.2 Results 

7.2.1 PU.1 on FM3 cellular responses during ADPM  

To outline changes in PU.1 expression during ADPM, RT-qPCR was carried out. This experiment 

revealed that SPI1 mRNA levels did not significantly change throughout the course of ADPM 

of FM3 cells on FS surface (Fig. 7.1 A). A recent study developed a small-molecule inhibitor of 

PU.1 (called DB2313) that allosterically interferes with the binding of PU.1 to chromatin.503 To 

discern effect of DB2313 on the cell viability of FM3 cells, cells were treated with concentration 

of DB2313 ranging from 1 nM to 500 µM,  and cell viability was plotted as dose-response (Fig. 

7.1 B). Non-linear fitting suggested that the most profound inhibition of PU.1 in FM3 cells 

occur between 10 to 50 µM of the added chemical. Using this range of concentration, effect 

of inhibition of PU.1 on FM3 cell viability was tested, on both FS and TCP surfaces after 72 h 
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(during disaggregation on FS surface). The IC50 (best-fit value) for FS was 10.82 µM and TCP 

19.81 µM (Fig. 7.1 C). Cell viability was significantly reduced on FS surfaces compared to TCP 

surfaces when treated with 20 and 50 µM of DB2313, but not 10 µM. 

It was hypothesised that inhibition of PU.1 via treatment of FM3 cells with DB2313 would 

reduce ADPM responses. No significant change in aggregation (FS-24h) was observed with 

increasing concentration of DB2313 (Fig. 7.1 E). Though treatment of 50 µM seemed to have 

caused increased aggregation, a closer look at the representative images of the aggregates 

clearly shows that these were dead clumps of cells rather than living multicellular aggregates 

(Supplementary Fig. 7.1). There was a significant decrease in disaggregation indicated by 

reduction in percentage of non-aggregates at both 48 and 72 h when treated with 10 µM of 

DB2313; but no non-aggregates were observed when treated with 20 and 50 µM. 

To test effect of inhibition of PU.1 via treatment with DB2313 on FM3 cellular invasiveness and 

motility, invasion and migration assay was carried out using a Boyden chamber (for both 

assays), basement membrane extract (for invasion assay only), and a chemotactic gradient 

(for both assays) of foetal calf serum (FCS) ranging from 0% (v/v) inside the Boyden chamber 

to 20% (v/v) in the bottom chamber. These experiments revealed that inhibition of PU.1 

significantly increased invasiveness (Fig. 7.1 D) and migration (Fig. 7.1 F) of FM3 cells on both 

TCP and FS surfaces at 24 h. However, this increase in invasiveness (Fig. 7.1 D) and migration 

(Fig. 7.1 F) is significantly reduced in cells from aggregates (FS-24h) compared to single cells 

(TCP-24h).   
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Fig. 7.1 PU.1 influences viability, 

invasiveness, and migration of FM3 

cells during ADPM. (A) Periodic 

expression of SPI1 mRNA during 

aggregation (FS surface; 5-24h) vs 

disaggregation (FS surface; 48-72h) as 

measured by RT-qPCR, n=3. Fold 

Change (2-ΔΔCT) represents comparison 

of FS surfaces vs TCP surfaces. (B) 

Effect of increasing concentration of 

PU.1 inhibitor (DB2313) on cellular 

viability after 24 h of culture on TCP 

surfaces, n=6. (C) Effect of increasing 

concentration of DB2313 on FM3 

cellular viability after 72 h of culture on 

TCP and FS surfaces, n=6. (D) Invasion 

assay revealed increase in invasiveness 

of FM3 cells with DB2313 treatment (10 

µM), n=6. (E) Effect of increasing 

concentration of DB2313 on percentage 

area occupied by aggregates and non-

aggregates of FM3 cells on FS surfaces, 

n=6. (F) Migration assay showed 

increase in migratory properties of FM3 

cells with DB2313 treatment (10 µM) on 

FS and TCP surfaces, n=6. Brown-

Forsythe and Welch ANOVA tests (equal 

SDs not assumed) with Dunnett T3 

post-hoc multiple comparison test was 

carried out for A, and Ordinary Two-

way ANOVA with Tukey post-hoc 

multiple comparisons for C – F. FS: 

fluoroalkylsilica, TCP: tissue culture 

polystyrene.  
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7.2.2 PU.1-target genes in FM3 cells    

To characterise target genes of PU.1 in FM3 cells, cells were treated with 10 µM of DB2313 for 

24 h on TCP surfaces, cell lysate proteins were harvested, and quantitative SWATH mass 

spectrometry was carried out. Out of the 6485 total proteins detected, 755 proteins were 

significantly altered (p<0.05) in DB2313-treated FM3 cells. Gene ontology (GO) analysis 

highlighted some of the key proteins involved in notable melanoma cellular functions. With 

DB2313 treatment, proteins were upregulated (Fig. 7.2 A) that are involved in the tricarboxylic 

acid cycle (GO:0006099), actin cytoskeleton organisation (GO:0030036), regulation of cell 

shape (GO:0008360); and proteins were downregulated (Fig. 7.2 A) that are involved in purine 

nucleotide biosynthesis (GO:0006164), actin filament bundle assembly (GO:0051017), 

substrate-dependent cell migration (GO:0006929), and melanocyte differentiation 

(GO:0030318). PUR9, a protein involved in purine nucleotide biosynthesis, that was highlighted 

in chapter 6 as a member of the β-catenin interactome during ADPM of FM3 cells, significantly 

decreased in DB2313-treated FM3 cells (Fig. 7.2 A). MITF, an important melanocyte 

differentiation transcription factor was significantly decreased in DB2313-treated FM3 cells 

(Fig. 7.2 A). 

In chapter 4, both 4F2hc and Galectin-3 were highlighted as important players of ADPM in 

FM3 cells. As PU.1 is conjectured to be the principal transcription factor of ADPM, it was 

hypothesised that 4F2hc and Galectin-3 could be the target genes of PU.1, and protein levels 

of 4F2hc and Galectin-3 would decrease in DB2313-treated cells. In line with the hypothesis, 

when cells were treated with DB2313, 4F2hc levels were significantly decreased (Fig. 7.2 B), 

however no significant difference was observed for Galectin-3 (Supplementary Fig. 7.2 A). 

Though, there was a significant increase in Galectin-3 binding protein (Galectin-3-BP) with 

DB2313 treatment (Fig. 7.2 E). Focal adhesion kinase-1 (FAK1) (Fig. 7.2 C) levels significantly 

decreased, whereas integrin-α2 (Supplementary Fig. 7.2 D), and integrin-α3 (Supplementary 

Fig. 7.2 E), and integrin-β1 (Supplementary Fig. 7.2 F) levels significantly increased with 

DB2313 treatment. Similar to MITF, the melanocyte differentiation factor dopachrome 

tautomerase (DCT) (Fig. 7.2 D) also significantly decreased with DB2313 treatment. In 

contrast, levels of proteins involved in Wnt/β-signalling, proteins LEF1 (Fig. 7.2 F) and Wnt-5a 

(Supplementary Fig. 7.2 C) significantly increased with DB2313 treatment. The levels of 

Histone deacetylase-1 (HADC1) (Fig. 7.2 G), involved in eukaryotic gene expression, 

significantly increased with DB2313 treatment. Lastly, the small GTPase RhoC (Supplementary 

Fig. 7.2 B), involved in cell motility and cytoskeletal remodelling, levels significantly decreased 

in DB2313-treated cells. 
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Fig. 7.2 Inhibition of PU.1 in FM3 cells 

affects proteins involved in 

metabolism, regulation of cell shape 

and melanocyte differentiation. (A) 

Heat map depicting some of the 

significant proteomic changes (p<0.05) 

during DB2313 treatment (10 µM) of 

FM3 cells after 24 hours of culture on 

TCP surfaces, as obtained using 

quantitative SWATH-MS and 

categorised by gene ontology (GO) 

obtained from DAVID, n=6. (B-G) Levels 

of 4F2hc (B), FAK1 (C), and DCT (D) 

decreased with inhibition of SPI1, 

whereas levels of galectin-3-BP (E), 

LEF1 (F), and HDAC1 (G), increased 

with inhibition of SPI1 in FM3 cells, n=3. 

Student’s T-tests (two-tailed 

distribution, heteroscedastic) were 

carried out for B – G. FS: 

fluoroalkylsilica, SWATH-MS: Sciex 

TripleTOF 6600 data-independent 

acquisition mass spectrometry, TCP: 

tissue culture polystyrene.  
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7.2.3 PU.1-target genes in ADPM of FM3 cells    

In order to confirm that the inhibition of PU.1 by DB2313 treatment leads to perturbed 

transcription of PU.1-target genes in FM3 cells, target genes of PU.1 and PU.1/β-catenin-

associated transcription factors that were obtained from an online curated database of 

chromatin immunoprecipitation sequencing (ChIP-seq) (hTFtarget tool database,132 were 

compared to the significantly altered (p<0.05) proteome of DB2313-treated FM3 cells. This 

analysis confirmed that over 90% of proteins that were significantly altered during DB2313-

treatment were indeed targets of PU.1 (Fig. 7.3 A), followed by CTCF and FOXA2 (both over 

70%). Targets of β-catenin-associated transcription factors (encoded by genes TCF7L2 and 

LEF1) constituted  less than 5% (Fig. 7.3 A).   

The proteome (~90%) that was confirmed as target of PU.1 (via ChIP-seq) in DB2313-treated 

cells was subsequently compared to: (1) significantly altered cell-lysate proteome of 

aggregating FM3 cells (CL-agg; FS-24h vs TCP-24h), (2) significantly altered cell-lysate 

proteome of disaggregating FM3 cells (CL-disagg; FS-72h vs FS-24h), (3) significantly altered 

ECM proteome of aggregating FM3 cells (ECM-agg; FS-24h vs TCP-24h), and (4) significantly 

altered ECM proteome of disaggregating FM3 cells (ECM-disagg; FS-72h vs FS-24h). These 

comparisons (Fig. 7.3 B) revealed that PU.1-targets constitute  22.3% of CL-agg, 18.1% of CL-

disagg, 12.8% of ECM-agg, and 13.8% of ECM-disagg. These shared proteins were used for the 

following analyses. Fold change values (Log2(FC)) of ‘DB2313-treated vs untreated’ proteome, 

were plotted against: (1) fold change values of CL-agg (Fig 7.3 C), (2) fold change values of 

CL-disagg (Fig. 7.3 D), (3) fold change values of ECM-agg (Fig. 7.3 E), and (4) fold change 

values of ECM-disagg (Fig. 7.3 F). Proteins that were upregulated during PU.1-inhibition, 

assumed to be transcriptionally repressed by PU.1 in FM3 cells, that were downregulated 

during ADPM were highlighted in blue (Fig. 7.3 C-F). Proteins that were downregulated during 

PU.1-inhibition, assumed to be transcriptionally activated by PU.1 in FM3 cells, that were 

upregulated during ADPM were highlighted in orange (Fig. 7.3 C-F). Proteins not following 

these expression patterns assumed to be not transcriptionally regulated by PU.1 during ADPM 

(Fig. 7.3 C-F; are highlighted in grey). 
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Fig. 7.3 Comparison of proteomic changes during inhibition of PU.1 and ADPM of FM3 cells. (A) Targets of PU.1 

transcription factor and PU.1/β-catenin-associated transcription factors (as obtained from hTFtarget tool ChIP-seq 

database found in the significantly altered (p<0.05) proteome (measured via quantitative SWATH-MS) of DB2313-

treated (10 µM) FM3 cells. (B) Significantly altered (p<0.05) proteome of DB2313-treated FM3 cells compared to cell-

lysate proteome of aggregating FM3 cells (CL-agg; FS-24h vs TCP-24h), cell-lysate proteome of disaggregating FM3 

cells (CL-disagg; FS-72h vs FS-24h), ECM proteome of aggregating FM3 cells (ECM-agg; FS-24h vs TCP-24h), and ECM 

proteome of disaggregating FM3 cells (ECM-disagg; FS-72h vs FS-24h). (C-F) Fold change (Log2
 (FC)) of DB2313-

treated vs untreated proteome, compared to fold change of CL-agg proteome (C), CL-disagg proteome (D), ECM-agg 

proteome (E), and ECM-disagg proteome (F), to highlight candidate target proteins that could be transcriptionally 

regulated by PU.1; transcriptional activation highlighted in orange, transcriptional repression highlighted in blue, and 

proteins in grey denote whose transcription not regulated by PU.1 in ADPM. FS: fluoroalkylsilica, TCP: tissue culture 

polystyrene.  
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These gene-sets that could be transcriptionally activated or repressed by PU.1 during ADPM 

were next analysed for hypothetical PU.1 binding sites. These binding sites include ETS motif 

(5’-GGAA-3’) and PU-box (5’-GAGGAA-3’) upon which PU.1 could bind and activate gene 

transcription (Fig. 7.4 C). PU.1 could repress gene transcription by binding to an ETS motif, 

preventing other transcriptional activators from binding, or by interacting with the GATA-1 

transcription factor that binds to GATA motifs (Fig. 7.4 C). Sequences of the transcriptionally 

activated or repressed gene-sets were obtained from Ensembl 504 and analysed for the number 

of putative ETS motifs and PU-boxes present proximal to the promoter/Exon-1 region. 

Graphical depiction of these target genes is as follows: in the cell-lysate proteome during 

aggregation (Fig. 7.4 A; CL-agg) and disaggregation (Fig. 7.4 B; CL-disagg), and in the ECM 

proteome during aggregation (Supplementary Fig. 7.3 A; ECM-agg) and disaggregation 

(Supplementary Fig. 7.3 B; ECM-disagg). Notable genes that have been identified to be 

important for ADPM of FM3 cells in the previous chapters were highlighted with red arrows 

(Fig. 7.4): SLCA3A2 gene that encodes the 4F2hc protein (identified in chapter 3-4), ATIC gene 

that encodes the PUR9 protein (identified in chapter 6), and PABPC1 gene that encodes the 

PABP1 protein (identified in chapter 6).  
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Fig. 7.4 PU.1-binding sites in 

candidate PU.1-target genes 

activated or repressed during ADPM 

of FM3 cells. (A-B) Sequences of PU.1-

target genes were obtained from 

Ensembl. Number of ETS-motif and 

PU-box found in genes likely to be 

transcriptionally activated 

(highlighted in orange), or 

transcriptionally repressed 

(highlighted in purple), by PU.1 within 

the cell-lysate proteome of aggregates 

(CL-agg) (A), or cell-lysate proteome 

of disaggregating cells (CL-disagg) (B) 

of FM3 cells. (C) Scheme depicts ETS-

motif and PU-box recognition by PU.1 

proteins to regulate transcriptional 

activation or transcriptional 

repression, as well as transcriptional 

repression via PU.1-GATA-1 

interaction.  
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7.2.4 PU.1 in clinical melanoma metastasis 

To assess the impact of PU.1 expression on melanoma metastasis and prognosis, in silico 

analyses were performed using TCGA melanoma datasets (SKCM) (TCGA research network). 

The following results shown are in part based on data generated by the TCGA Research 

Network (https://www.cancer.gov/tcga). Patient survival datasets were obtained from 

OncoLnc.287 Each patient survival datasets were divided into two subsets using the median 

expression of PU.1 (high > median, low < median), and a Kaplan-Meier plot was generated to 

correlate effect of high vs low expression with melanoma patient survival (Fig. 7.5 A). Patients 

expressing low SPI1 gene presented significantly poorer outcome (Fig. 7.5 A; median OS = 

5.279y, compared to those presenting with high expression of the SPI1 gene (Fig. 7.5 A; median 

= OS = 8.929y).  

RNAseq gene expression datasets from clinical studies of melanoma (N = 1939) and 

metastatic melanoma (N = 358) were obtained from cBioPortal,286 and further normalised to 

a reference gene (GAPDH), to be able to compare the melanoma dataset with that of the 

metastatic dataset, to give a ratio of Gene of interest (GoI) mRNA expression to GAPDH mRNA 

expression (Fig. 7.5 B). No significant difference was observed in SPI1 to GAPDH mRNA ratio 

between melanoma and metastatic melanoma (Fig. 7.5 B). 

Risk score (meta Z-score) associated with melanoma (Z1) and metastatic melanoma (Z2) were 

obtained from PRECOG.391 PRECOG uses the following data sets: for melanoma, PMID 

20460471 128 and PMID 18505921;392 and for metastatic melanoma PMID 18505921 392 and 

PMID 19915147.130 ‘Metastasis factor’ (Z2 – Z1) was generated to determine the risk associated 

with PU.1 in contributing to metastasis of melanoma. The meta z-score associated with PU.1 

in melanoma was -0.77 (Fig. 7.5 C), whereas the meta z-score  associated with PU.1 in 

metastatic melanoma was -3.13 (Fig. 7.5 C), and the metastasis factor was -2.36 (Fig. 7.5 C). 

These observations suggest that prognostic risk associated with PU.1 expression was 

favourable for both metastatic melanoma and the process of metastasis.     
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Fig. 7.5 Melanoma metastasis risk associated with PU.1. (A) Data obtained from OncoLnc from multiple melanoma 

RNA-sequencing and patient survival studies, highlight low SPI1 expression is associated with poor patient survival, 

N=458. (B) Data obtained from cBioPortal from multiple melanoma and metastatic melanoma RNA-sequencing 

and patient survival studies, revealed no difference in SPI1 mRNA levels between melanoma and metastatic 

melanoma, N=161. (C)  Clinical melanoma and metastatic melanoma Z-score (meta) obtained from PRECOG tool 

associated with SPI1 gene. Adjusted meta Z-score or ‘metastasis score’ (Z2-Z1) calculated from Z-score of 

melanoma (Z1) and metastatic melanoma (Z2), indicates decreased SPI1 expression during metastasis of 

melanoma associated with favourable outcome. 



 

148 | P a g e  
 

7.3 Discussion 

PU.1 predominantly functions as the lineage-specific transcription factor for B-lymphoid and 

myeloid lineages;485 however, high expression of PU.1 in certain skin cells 491 raises the question 

of its function in the skin. Skin cells such as melanocytes originate from the neural crest during 

embryonic development; MITF and SOX10 transcription factors are responsible for the 

melanocytic lineage differentiation.320 Both MITF and PU.1 have been shown to cooperatively 

regulate over 1000 genes in osteoclast differentiation.505 Whether similar cooperativity 

between MITF and PU.1 occurs when driving early melanocytic differentiation or maintenance 

of the differentiated state remains to be elucidated. Melanoma cells often aberrantly 

reacquire early developmental transcription factors, such as MITF, to enhance their survival.506 

Similarly, repurposing of PU.1 transcription factor could also occur during melanoma 

progression; this remains to be investigated.   

PU.1 protein levels increased in fibroblasts isolated from fibrotic skin, compared to resting 

fibroblasts isolated from normal skin.507 Here, the authors revealed two notable functions of 

PU.1. Firstly, PU.1 expression was dependent upon TGFβ/SMAD3-signalling. Secondly, 

expression of PU.1 induced a phenotypic switch similar to a mesenchymal-like/fibrotic-state, 

which involved the upregulation of many genes encoding pro-fibrotic extracellular matrix 

proteins, such as COL1A1 (encodes collagen type I alpha 1 chain), COL1A2 (encodes collagen 

type I alpha 2 chain), ITGAV (integrin subunit alpha V), and THBS1 (encodes thrombospondin 

1), as well as TGFB1 (encodes TGFβ1) gene. In chapter 6, involvement of TGFβ1/β-catenin-

signalling and mesenchymal-like state in ADPM of melanoma FM3 cells were highlighted; 

bioinformatics analyses revealed PU.1 as candidate master transcription factor of ADPM. 

Though, PU.1 was shown to be upregulated in melanoma,482 its role in progression or 

metastasis remains unclear. Therefore, this chapter aimed to reveal transcriptional regulation 

by PU.1 during ADPM of FM3 cells, in order to determine possible functional roles of PU.1 in 

the metastasis of melanoma.  

 

7.3.1 PU.1 is involved invasion and migration during ADPM of FM3 cells 

PU.1 expression during ADPM of FM3 cells was analysed via RT-qPCR, which revealed that 

SPI1 mRNA (encodes for PU.1 protein) levels did not significantly change between aggregation 

(5h-24h) and disaggregation (48h-72h) (Fig. 7.1 A). Inhibition of PU.1 via DB2313-treatment 

did not affect FM3 multicellular aggregation (Fig. 7.1 E); though, there was a significant 

decrease in percentage of non-aggregates at 48 h and 72 h with 10 µM of DB2313. However, 
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it is not clear whether the decrease in percentage of non-aggregates was due to  PU.1-

inhibition on multicellular disaggregation, or if it was due to the effect of PU.1-inhibition on 

cell-viability, as cell viability was significantly reduced DB2313-treatment at 10 µM (Fig. 7.1 

C). No non-aggregates were observed at 48 and 72 h when cells were treated with 20 and 50 

µM of DB2313, suggesting that at these concentrations DB2313-mediated cell-death 

responses highly eclipsed cellular disaggregation responses. Therefore, 10 µM of DB2313 was 

chosen as the concentration for subsequent experiments to investigate PU.1-mediated 

responses on ADPM without confounding the observations with PU.1-mediated responses on 

cell-death. An ideal experimental model for investigation of PU.1 on ADPM responses would 

be to use a cell-line which is not susceptible to PU.1-mediated cell-death responses, where 

effects on ADPM could be clearly observed. Alternatively, downstream targets of PU.1 

responsible for these cell-death effects could be genetically knocked out in FM3 cells and 

study effects pertaining only to ADPM explored. For now, the conclusion that can be drawn 

from these experiments is that ADPM responses are not regulated by change in expression of 

PU.1. 

Cellular viability assay revealed that treatment with 20 & 50 µM of the PU.1 inhibitor (DB2313) 

significantly decreased cellular viability of FM3 cells on both FS surfaces (IC50 = 10.82 µM) and 

TCP surfaces (IC50 = 19.81 µM) (Fig. 7.1 C); cellular viability was decreased even further on FS 

surfaces compared to TCP surfaces at 72h during disaggregation. DB2313-treatment inhibited 

cellular growth of AML cells at similar IC50 value (~7.1 µM) as demonstrated by the study that 

developed DB2313.503 The reduced cellular-viability effect of inhibition of PU.1 could be 

attributed to one of its direct downstream targets CDK6 gene,508 which encodes the cyclin 

dependent kinase 6 (CDK6) protein that associates with D-cyclins during the G1 phase and 

promotes progression through the cell cycle. As this was shown in erythroid cells, it remains 

to be seen whether PU.1 affects proliferation via CDK6 in melanoma and AML cells as well. 

It is important to distinguish whether DB2313 had more of an inhibitory effect on FS surfaces 

compared to TCP surfaces, as even without DB2313-treatment FS surfaces exhibited reduced 

cellular-viability at 24 h (Chapter 3: Fig. 3.1 G), but not at the 72 h time point. An improvement 

of the cellular viability experiment in the present chapter could be to add two more controls, 

FM3 cells without any DB2313 on TCP and on FS surfaces, that would aid isolating reduction 

in cellular viability due to FS-surfaces from reduction in cellular viability due to DB2313-

treatment. However, at 72 h, no difference in cellular viability was observed between FS 

surfaces and TCP surfaces (Chapter 3: Fig. 3.1 G), which suggests that the observed reduction 

in cell-viability on FS surfaces compared to TCP surfaces (Fig. 7.1 C) was likely due to DB2313-

treatment. This suggests that PU.1 governs cellular proliferation more vigorously when cells 

disaggregated compared to when cells grew as a monolayer. This could be explained by the 
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following studies. When PU.1 was ectopically expressed in fibroblast cells, drastic 

macrophage-like cellular morphological changes was observed.509 PU.1 has been shown to 

connect cellular proliferation and differentiation programs in erythroid cells;508 erythroid 

differentiation accompanies major morphological changes. Moreover, PU.1 expression was 

shown to depend upon TGFβ-signalling in fibrotic fibroblast cells;507 TGFβ-signalling is highly 

involved in mesenchymal-like morphological changes.510 These studies highlight PU.1 

expression and its transcriptional regulation, including the genes involved in cellular 

proliferation, that may depend upon morphological cues. The morphological changes 

associated with ADPM of FM3 cells could reprogram PU.1-dependent regulation of cellular 

proliferation. This could be the mechanism in which metastasising CTC clusters reprogram 

their proliferation rates to be in line with ADPM state. A possible manner in which aggregated 

melanoma cells fine-tune PU.1-dependent gene regulation based on changes in morphology, 

could be via TGFβ, β-catenin (highlighted in Chapter 6), or 4F2hc/Galectin-3 (highlighted in 

chapter 4). Future experiments could be carried out to determine which out of these signalling 

pathways convey morphological cues and influence PU.1-dependent gene regulation the 

most; the approach could be to inhibit these molecules via antibody and observe expression 

of the target genes of PU.1. 

Invasiveness (Fig. 7.1 D) and migration (Fig. 7.1 F) of FM3 cells significantly increased when 

PU.1 was inhibited, on both TCP and FS surfaces. This implies that PU.1 could serve anti-

invasive and anti-migratory functions in FM3 cells. In agreement with the present study, 

knockdown of PU.1 in hepatocellular carcinoma was also shown to promote invasion;511 the 

authors attributed the invasion-suppressive role of PU.1 to its transcriptional target gene 

MIR615 that encodes the miR-615-5p microRNA. Previously, circulating cell-free miR-615-3p 

microRNA was detected in metastatic melanoma;512 though, in melanoma, its function 

remains unclear. Further experiments are needed to investigate miR-615-5p microRNA 

expression in FM3 cells during ADPM and during PU.1-inhibition. In contrast, in pancreatic 

ductal adenocarcinoma (PDAC), overexpression of miR-615-5p microRNA inhibited migration, 

and invasion;513 however, as of now, studies have not investigated PU.1 function in PDAC. It is 

possible that target mRNAs that miR-615-5p microRNA could translationally repress differ 

between PDAC and melanoma cell;, which could explain  similar cellular responses caused by 

different treatments, i.e., inhibition of PU.1 in FM3 cells and overexpression of miR-615-5p 

microRNA in PDAC cells. However, both melanoma and PDAC cells exhibited dependency 

upon, PU.1 expression in the former (Fig. 7.1 C), and miR-615-5p microRNA in the latter,513 for 

regulation of cellular proliferation. This is indicative of the primary function of PU.1 in cancer 

cells being the governance of cellular proliferation, and secondary cancer-type/cell-specific 

function being invasion/metastasis-suppression.  
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The increase in invasiveness (Fig. 7.1 D) and migration (Fig. 7.1 F) due to PU.1-inhibition was 

reduced in FM3 cells isolated from multicellular aggregates (FS-24h) compared to single cells 

(TCP-24h). This suggests that PU.1 exerted less of an inhibitory effect on invasiveness and 

migration on aggregated cells compared to single cells.  Target genes of PU.1 that were 

responsible for PU.1-mediated suppression of invasiveness and migration, expression of which 

were likely reduced in aggregated cells compared to single cells are currently unknown. 

Characterising these target genes could provide further insights into metastasis-suppression 

by PU.1. 

 

7.3.2 PU.1 mediates key pathways involved in cellular proliferation, migration, and 

invasion in FM3 cells  

In haematological cells, PU.1 regulates certain cellular communication pathways, such as 

antibody receptor-signalling, cytokine receptor-mediated signalling to regulate growth, and 

cytokine receptor-mediated regulation of inflammation.514 In FM3 cells, inhibition of PU.1 

upregulated proteins involved in the tricarboxylic acid cycle pathway (Fig. 7.2 A). Similarly, 

other studies have also highlighted involvement of PU.1 in regulation of metabolic genes, such 

as genes involved in pyruvate metabolism,515 as well as lipid metabolism.516  

Furthermore, during PU.1-inhibiton in FM3 cells, proteins involved in actin cytoskeleton 

organisation and regulation of cell shape pathways were upregulated (Fig. 7.2 A). Notably, 

the small GTPase RhoC, which regulates cellular morphology and migration,517 was 

upregulated during PU.1-inhibition (Supplementary Fig. 7.2 B). A previous study showed that 

exogenous induction of RhoC expression in cutaneous melanoma cells increased invasion and 

metastasis, and inhibition of RhoC reversed this phenotype both in vitro and in vivo.518 

Similarly, RhoC was upregulated in a highly metastatic melanoma cell line (DX3aza).519 These 

findings provide an explanation for the increased invasion and metastasis during PU.1-

inhibition in FM3 cells (Fig 7.1 D & F) where RhoC levels were likely elevated. As integrins act 

as the predominant upstream inducer of the Rho Family of GTPases,520 integrin-α2 

(Supplementary Fig. 7.2 D), Integrin-α3 (Supplementary Fig. 7.2 E), and integrin-β1 

(Supplementary Fig. 7.2 F) were also upregulated during PU.1 inhibition. Members of the Wnt-

signalling pathway, LEF1 (Fig. 7.2 F) and Wnt-5a (Supplementary Fig. 7.2 C), were also 

upregulated during PU.1-inhibition. Indeed, Wnt-signalling plays a major role in cellular 

motility and invasion both during development and in metastasis.521 Through non-canonical 

signalling via dishevelled (Dvl), an effector protein that acts as the branchpoint for Wnt-

signalling and Rho-signalling,522 complexes of Dvl and Dvl-associated activator of 
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morphogenesis 1 (DAAM1) protein 523 may activate Rho GTPase and Rho-associated kinase 

(ROCK), which subsequently modifies cytoskeletal architecture during cellular motility.  

Certain proteins involved in the assembly of actin filament bundles and substrate-dependent 

cellular migration pathways were downregulated during PU.1-inhibition (Fig. 7.2 A). Notably, 

focal adhesion kinase 1 (FAK1) levels were decreased (Fig. 7.2 C). This was surprising as FAK 

relays signals from integrins at sites of focal adhesions in order to regulate cell migration.524 

FAK was highlighted as a major player in melanoma progression, as phosphorylated/activated 

FAK was correlated with increased invasion and migration in aggressive uveal and cutaneous 

melanoma cells.525 A possible explanation for the decrease in FAK1 levels during PU.1-

inhibition, where cellular motility/invasion was enhanced, could be that PU.1 may increase 

FAK1 turnover to sensitise cells to signals from integrins and growth factors. Indeed, several 

transcriptional regulatory elements and binding sites were shown to be upstream of the FAK 

promoter, including those associated with PU.1, NF-κB, AP-1, AP-2, and TCF-1.526 This 

indicates that a variety of stimuli, including integrins and growth factors, could act to enhance 

FAK turnover to enhance cell motility. This highlights that PU.1, predominantly an anti-

migratory/anti-invasive transcription regulator, depending on environmental/mitogenic cues, 

could work alongside other factors to fine-tune FAK-dependent cellular migratory signalling 

pathways.   

Proteins involved in melanocyte differentiation (Fig. 7.2 A), most notably MITF (Fig. 7.2 A) and 

DCT (Fig. 7.2 D), were downregulated during PU.1-inhibition. Both MITF and DCT drives several 

key genetic transcriptional programs required for melanocyte differentiation.527 This suggests 

that downregulation of PU.1 could lead to an undifferentiated state, similar to that of a 

mesenchymal state (explored in more detail in Chapter 6), for example during metastasis, 

where such a state is more suitable for invasion and migration.528 Another protein involved in 

cellular differentiation and gene expression, histone deacetylase 1 (HDAC1) was upregulated 

during PU.1-inhibition (Fig. 7.2 G), suggesting that HDAC1-depdent gene transcription may 

continue in spite of depletion of PU.1, MITF and DCT activities. However, contradicting this 

observation, another study showed that treating melanoma cells with histone deacetylase 

inhibitors repressed MTIF expression,529 clearly highlighting the collaboration between MITF 

and HDAC in maintaining a differentiated state. This must mean that HDAC1 likely works 

alongside MITF, DCT and PU.1 to keep a ‘melanocyte-like’ quasi-differentiated state in 

melanoma cells; where downregulation of PU.1 during metastasis could trigger a 

MITFlow/DCTlow ‘undifferentiated state’, in which HDAC1 could still maintain some elements of 

the differentiated state programs which could be beneficial for metastasis. Further research 

is required to isolate these gene regulatory programs carried out by MITF/DCT/HDAC1 in 
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driving differentiation that could be detrimental for metastasis, from that of HDAC1-

dependent gene regulation involved in maintaining certain melanocyte-like traits that could 

be beneficial for metastasis. 

Moreover, proteins involved in purine nucleotide biosynthesis were downregulated during 

PU.1-inhibition (Fig. 7.2 A). Notably, PUR9 levels were decreased when cells were treated with 

PU.1-inhibitor; PUR9 was highlighted as a member of the β-catenin-interactome involved in 

ADPM of FM3 cells in chapter 6. Purines are the most abundant and readily available 

substrates for the synthesis of DNA and RNA.530 Purines could also be metabolised to provide 

energy, and intermediates such as adenylate and guanylate that could be incorporated into 

many cofactors, for example coenzyme A.531 As such, de novo purine nucleotide biosynthesis 

is intrinsically coupled to cellular proliferation. Therefore, the decrease in the levels of the 

members of the purine nucleotide biosynthesis pathway during PU.1-inhibition, could be one 

of the reasons for the decrease in cellular proliferation that was observed when FM3 cells were 

treated with DB2313 (Fig. 7.1 C). Interestingly, a recent study showed that depletion of purine 

nucleotides stimulated the serine synthesis pathway and promoted cellular migration, by 

triggering EMT-like processes, and metastatic colonisation in cancer models.532 Together, 

these findings highlight that de novo purine synthesis could be altered by cancer cells by 

affecting PU.1 levels to both simultaneously increase invasive capabilities and reduce cellular 

proliferation during metastasis.   

A limitation with the present analysis was that the DB2313-treated FM3 cells MS dataset was 

not corrected for multiple comparisons, as a vast number of proteins were detected (6485 

total proteins) and statistical testing was carried out on all of these proteins to outline the 

755 (11% of the total) significantly changed proteins. This meant that any correction for 

multiple comparisons to reduce false positive rates, for example via Bonferroni correction, 

would be too stringent and would lead to no significant discoveries. However, without 

correction for multiple comparisons, there could be false positive observations, at least 5% 

with a selection criterion of p-value < 0.05, that could weaken the validity of the dataset. One 

method by which the present study overcame this limitation was to carry out ontology-based 

discoveries, based on molecular function and biological processes, in which rather than 

observing expression changes of a single protein (that could potentially be a false positive), 

the ontology-based analyses take into consideration clusters of proteins. The chances of all 

proteins within a cluster being false positives are comparatively low. In cases where certain 

proteins were considered by themselves, to reduce the risk of the discovery being false positive 

and to lend further support, the comparison was carried out alongside their molecular 

function/biological processes related ontology-based protein clusters. Further experiments, 
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such as western blot, could be carried out to validate the changes in levels of these individual 

proteins associated with DB2313-treatment. At the very least, this dataset highlighted the 

involvement of PU.1 in FM3 cells in regulating key biological processes, including actin 

cytoskeletal organisation and melanocyte differentiation, that could be altered by melanoma 

cells via reduction in PU.1 levels during metastasis. 

 

7.3.3 PU.1 regulates expression of key proteins involved in ADPM of FM3 cells 

Both 4F2hc and Galectin-3 were revealed as important proteins for aggregation of FM3 cells 

(in chapter 4). Inhibition of PU.1 in FM3 cells leading to a significant reduction in 4F2hc levels 

(Fig. 7.2 B) but not Galectin-3 levels (Supplementary Fig. 7.2 A), implies that transcription of 

SLC3A2 gene (that encodes for 4F2hc) could be regulated by PU.1, however transcription of 

LGALS3 gene (that encodes for Galectin-3) might not be regulated by PU.1 in FM3 cells. The 

intron 1 SLC3A2 gene contains several enhancer elements, including a consensus binding site 

for the inducible AP-1 transcription factor,533 which regulates gene expression in response to 

a plethora of stimuli, such as cytokines, growth factors, and stress.534 Thus, it is conceivable 

that PU.1, in conjunction with AP-1 as part of the ensemble of cis-acting elements, could 

regulate the transcription of the SLC3A2 gene, in response to these stimuli. One stimulus could 

be stress/reduced adherence-induced response that could trigger the enhancement of 4F2hc 

expression via PU.1/AP-1 cis-acting enhancers, that could ultimately lead to multicellular 

aggregation during ADPM. However, no previous studies implicate PU.1 in the regulation of 

4F2hc expression or reported consensus binding sites of PU.1, such as the PU-box or ETS 

motifs, in the promoter of the SLC3A2 gene.  

Moreover, an ideal experiment that could have been carried out to highlight PU.1-dependent 

regulation of 4F2hc expression during ADPM of FM3 cells, could be to treat FS-surface-

induced aggregates with DB2313 and measure 4F2hc levels via western blot; however, this 

experiment was not carried out due to lack of time and resources. As such, PU.1-dependent 

regulation of 4F2hc during ADPM can only be indirectly inferred from observing change in 

4F2hc levels in the MS dataset during inhibition of PU.1 in single FM3 cells (TCP-24h). 

Therefore, to corroborate PU.1-target genes, including the SLC3A2 gene, within the proteomic 

changes associated with ADPM (FS-24h to FS-72h), DB2313-treated FM3 cell (TCP-24h) MS 

dataset was compared with both cell-lysate and ECM proteome of aggregating (FS-24h vs 

TCP-24h) and disaggregating (FS-72h vs FS-24h) FM3 cells (Fig. 7.3 B).  

To narrow the discoveries strictly to PU.1-targets, the DB2313-treated FM3 cells proteome 

was first compared to PU.1-bound genes (Fig. 7.3 A) obtained from an online database of 
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ChIP-seq, called hTFtarget tool.395 This provided further support that the proteomic changes 

observed during DB2313-treatment were indeed due to depletion of PU.1 binding to the 

promoters of its target genes. At least 90% of the altered proteome of DB2313-treated FM3 

cells were targets of the SPI1 gene (that encodes PU.1) (Fig. 7.3 A), with CTCF and FOXA2 

genes that encodes the CCCTC-binding factor and Forkhead Box A2 transcription factors, 

respectively, possibly co-regulating the transcription of approximately 75% of these PU.1-

target genes (Fig. 7.3 A). It is beyond the scope of the present study to address the co-

regulation of PU.1-target genes by these two transcription factors. Further experiments, such 

as electrophoretic mobility shift assays or chromatin immunoprecipitation,535 could be carried 

out to test simultaneous binding of these transcription factors to nucleosomes.   

Comparing the significantly altered proteome of DB2313-treated cells with significantly 

altered proteome CL-agg, CL-disagg, ECM-agg, and ECM-disagg, revealed that only ~12-22% 

(Fig. 7.3 B) of the altered proteome was likely regulated by PU.1 during ADPM of FM3 cells. 

This implies that the majority of the proteomic changes could be under the control of other 

transcription factors. Future research could address other important transcription factors 

involved in progression of melanoma, such as MITF, SOX10, p53, MYC, c-Jun, CREB and 

FOXO3a,536 that could also drive these proteomic changes associated with ADPM.  

Next, considering only those proteins that could be altered by PU.1 (12-22%), transcriptional 

activation (Fig. 7.4 C), and transcriptional repression (Fig. 7.4 C) by PU.1, were deduced by 

plotting fold change values of DB2313-treated vs untreated proteome against fold change 

values of CL-agg (Fig. 7.3 C), CL-disagg (Fig. 7.3 D), ECM-agg (Fig. 7.3 E), ECM-disagg (Fig. 

7.3 F). Proteins that were upregulated during ADPM but downregulated during DB2313-

treatment were considered as transcriptionally activated by PU.1 during ADPM (Fig. 7.3 C-F; 

highlighted in orange). In contrast, proteins that were downregulated during ADPM but 

upregulated during DB2313-treatment were considered as transcriptionally repressed by PU.1 

during ADPM (Fig. 7.3 C-F; highlighted in blue). Another assumption was that those proteins 

not following this pattern were not transcriptionally regulated by PU.1 during ADPM (Fig. 7.3 

C-F; highlighted in grey). However, ChIP-sequencing revealed that all of these genes were 

bound to PU.1;395 this implies that PU.1 has the capability to regulate the expression of these 

proteins (highlighted in grey), but during ADPM, their expression could be regulated by other 

cis-acting regulatory elements that overwhelms PU.1-mediated responses. One such 

transcription factor could be GATA-1, which has been shown to negatively regulate cis-acting 

responses of PU.1.488   

DNA sequence analyses of these PU.1-mediated transcriptionally regulated proteins, revealed 

that the genes of all of these proteins had several ETS motifs, 5’-GGAA-3’ motif that PU.1 
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could bind,487 proximal to the promoter/Exon-1 (Fig. 7.4 A-B, Supplementary Fig. 7.3 A-B). 

However, only a select few of these genes had any PU-box, 5’-GAGGAA-3’ sequences that 

PU.1 has been shown to preferentially bind to,486 proximal to the promoter/Exon-1 (Fig. 7.4 A-

B, Supplementary Fig. 7.3 A-B). The SLC3A2 gene that encodes for 4F2hc (in chapters 3-4), 

the ATIC gene that encodes for PUR9 (in chapter 6), the PABPC1 gene that encodes for PABP1 

(in chapter 6), highlighted as important for ADPM of FM3 cells, all contained several ETS 

motifs but no PU-box (Fig. 7.4 A: red arrows). The consequence of a gene possessing ETS 

motifs vs PU-box in the strength of PU.1-mediated transcriptional regulation requires further 

investigation. In any case, these analyses provided further insights into PU.1-binding to ETS 

motifs proximal to the promoter/Exon-1 region of 4F2hc, PUR9, and PABP1 that could 

potentially enhance the expression of these proteins during ADPM of FM3 cells. Carrying out 

future experiments such as ChIP sequencing to investigate the regional occupation of PU.1 

near the transcription start site of these genes could lend further support. There still remain 

some unanswered questions. How is the transcriptional repression mediated by PU.1? Is it by 

PU.1 binding near to regions that are normally occupied by other transcriptional factors, such 

as GATA-1,488 thus preventing GATA-1-mediated transcriptional activation? Moreover, since 

PU.1 levels did not change during ADPM, how is PU.1-mediated transcriptional regulation 

controlled to fine-tune the differential expression of proteins observed during ADPM, for 

example elevated levels of 4F2hc in aggregates? Is it by changes in levels of co-regulators, 

such as AP-1, that could modulate PU.1-activity? Future research addressing these questions 

could provide further insights into the complex transcriptional regulation of important genes 

involved in ADPM of melanoma cells.    

 

 

7.3.4 PU.1 expression dictates clinical melanoma metastasis and survival outcome   

Bioinformatics analyses of RNAseq and melanoma patient survival data obtained from online 

repositories (TCGA, cBioPortal and PRECOG), revealed that patients expressing low levels of 

the SPI1 gene presented significantly poorer overall survival compared to those expressing 

high levels (Fig. 7.5 A), and SPI1 expression was associated with favourable outcome of both 

metastatic melanoma and the process of metastasis itself (Fig. 7.5 C). This implies that 

expression of PU.1 is somehow detrimental for melanoma metastasis, but good for survival 

outcome of patients. Melanoma could manifest as two distinct phenotypes, SPI1low and 

SPI1high, with vastly different patient survival outcome. The SPI1high phenotype could be less 

migratory and less invasive, wherein PU.1 transcriptionally repress expression of RhoC and 
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integrins, which leads to favourable survival outcome. In contrast, SPI1low phenotype might be 

less proliferative, but highly invasive, as RhoC and integrins expression could be elevated.  

There was no significant difference in SPI1 mRNA levels between melanoma and metastatic 

melanoma lesions (Fig. 7.5 B). Therefore, any influences of PU.1 on risk associated with 

melanoma metastasis must originate during haematological transit. Furthermore, it is 

paradoxical that in SPI1high phenotype, 4F2hc levels would be elevated, and thus these cells 

would be more prone to multicellular aggregation and ultimately lead to increased metastasis 

risk due to the formation of melanoma CTC clusters;346 however, the overall risk associated 

with SPI1high phenotype is favourable. An explanation for this could be that SPI1low phenotype 

represent a population of melanoma cells that is undifferentiated, due to reduced MITF and 

DCT expression, which could readily disaggregate and readily invade through the stroma at 

distal metastatic sites. The SPI1low phenotype could still undergo multicellular aggregation via 

4F2hc, as PU.1 expression could be exogenously induced, for example via TGFβ/SMAD3-

signalling.507 An important source of TGFβ for CTC clusters during haematologic transit could 

be platelets.537 Sustained TGFβ/SMAD3-signalling could lead to upregulated PU.1 expression 

in SPI1low phenotype, which could lead to 4F2hc expression and multicellular aggregation. 

Interestingly, inhibition of PU.1 leading to increase in invasiveness (Fig. 7.1 D) and migration 

(Fig. 7.1 F) was more pronounced when cells were single (TCP-24h) compared to when they 

were aggregated (FS-24h), which indicates that perhaps CTC clusters could possess molecular 

machinery that can override the anti-invasive effects of PU.1 whilst still maintaining the pro-

aggregation effects. Further research is required to address precisely which molecules or 

pathways allows this in melanoma CTC clusters. 

A limitation with the present analysis is that an ideal dataset here would be RNA-seq of CTC 

clusters and cognate patient survival outcomes. As this was not available, the meta z-score 

risk associated with the metastasis factor was used to gain some insights into the risk changes 

in PU.1 levels in CTC clusters could pose. A future experiment could be to transplant genetically 

modified melanoma cells representing SPI1low/SPI1-/- and SPI1high phenotypes, into mice and 

observe frequency of CTC cluster formation, frequency of secondary metastasis, and 

associated survival outcome. This could provide further insights into ADPM of these distinct 

melanoma phenotypes. All things considered, the present study provided insights into the 

molecular signatures of the different melanoma phenotypes, and what these signatures entail 

for their propensity to form CTC clusters and metastasis.  
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7.3.5 Conclusions 

This chapter aimed to explore the involvement of the transcription factor PU.1 in ADPM of FM3 

cells. Though SPI1 mRNA levels did not change during ADPM, inhibition of PU.1 resulted in 

increased invasiveness and migration, and reduced viability. This anti-invasive effect of PU.1 

was less pronounced when cells were aggregated compared to single cells. This could be the 

way in which CTC clusters may override the anti-invasive effects of PU.1, whilst maintaining 

pro-aggregation responses, such as increased 4F2hc levels; though, further research is 

required to address the specific molecules that allows this complex transcriptional regulation 

by PU.1. In FM3 cells, inhibition of PU.1 resulted in changes in proteins associated with actin 

cytoskeleton organisation, notably RhoC and integrins were upregulated, which explains the 

anti-invasive effects of PU.1. Proteins important for melanocyte differentiation, namely MITF 

and DCT, were downregulated when PU.1 was inhibited; this explains the undifferentiated 

state observed in metastatic melanoma. Around 12-22% of the altered proteome during ADPM 

of FM3 cells were likely transcriptionally regulated by PU.1; this raises the question as to which 

master transcription factors could regulate the transcription of the majority of  proteins. PU.1, 

however, does seem to transcriptionally activate important proteins for ADPM of FM3 cells, 

namely 4F2hc, PUR9 and PABP1, likely by binding to ETS motifs proximal to the promoters of 

their genes. This research clearly illustrates the transcriptional regulation by PU.1 in 

melanoma, the differential molecular signatures that could be brought upon by the two SPI1low 

and SPI1high phenotypes, that could ultimately dictate the propensity of CTC cluster formation 

and metastasis, and prognosis of disease for patients.  
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7.4 Supplementary Figures 

 

 

Supplementary Fig. 7.1 DB2313 treatment of FM3 cells. Representative micrographs of FM3 cells treated with increasing concentration of DB2313 on FS 

surfaces, n=6. Scale = 200 µM. FS: fluoroalkylsilica,  
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Supplementary Fig. 7.2 Effect of DB2313 treatment on key proteins important for ADPM of FM3 cells. (A - F) Quantitative SWATH-MS (n=3) reveals changes associated with 

DB2313 treatment (10 µM) in levels of (A) Galectin-3, (B) RhoC, (C) Wnt-5a, (D) Integrin-α2, (E) Integrin-α3, and (F) Integrin-β1. Student’s T-tests (two-tailed distribution, 

heteroscedastic) were carried out for A – F. FS: fluoroalkylsilica, SWATH-MS: Sciex TripleTOF 6600 data-independent acquisition mass spectrometry, TCP: tissue culture 

polystyrene.  



 

161 | P a g e  
 

 

 

 

  

Supplementary Fig. 7.3. PU.1-binding sites in candidate PU.1-target genes activated or repressed during 

ADPM of FM3 cells. (A-C) Sequences of PU.1-target genes were obtained from Ensembl. Number of ETS-motif 

and PU-box found in genes likely to be transcriptionally activated (highlighted in orange), or transcriptionally 

repressed (highlighted in purple), by PU.1 within the ECM proteome of aggregating cells (ECM-agg) (A) or ECM 

proteome of disaggregating cells (ECM-disagg) (B) of FM3 cells.  



 

162 | P a g e  
 

Chapter 8.  Conformational changes of fibronectin 

and vitronectin during adsorption onto hydrophobic 

FS and TCP surfaces 
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8.1 Introduction 

Two important matrisomal proteins, fibronectin and vitronectin, were identified to be involved in 

FM3 multicellular aggregation-disaggregation on FS surfaces (Chapter 3: Fig. 3.3 D & E). 

Fibronectin is a glycoprotein (~230 to 270 kDa), commonly exists as a dimer covalently linked by 

a pair of disulphide bonds proximal to the C-terminus 538 (Fig. 8.0 C). The fibronectin sequence 

consists of repeating units of three different types of domains (type I, II, and III) (Fig. 8.0 A).  All 

three domains consist of two antiparallel β-sheets, forming a β-sandwich, with type III differing 

from the other two types by not possessing any intra-chain disulphide bonds.539  

 

 

On the other hand, vitronectin is a much smaller glycoprotein (54 kDa), consisting of three distinct 

domains (Fig. 8.0 B): N-terminal somatomedin B (SMB) domain, central hemopexin homology 

Fig. 8.0 Schematic of human fibronectin and vitronectin structures. (A) Unfolded structure of fibronectin; highlighted 

are domain types, glycosylation sites and sites for association with other matrisomal proteins. (B) Unfolded 

structure of vitronectin; highlighted are domain types, glycosylation sites and sites for association with other 

matrisomal proteins. (C) Structure of fibronectin dimer. (D) Folded structure of vitronectin monomer. Fn: fibronectin, 

HBD: heparin binding domain, Vn: vitronectin. 
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domains (HX 1-3) and C-terminal hemopexin homology domain (HX4), and heparin binding 

domain (HBD).540 SMB and HX1 domains often are linked by a connecting region (CR). NMR 

spectroscopic studies revealed that SMB domain is comprised of a single-turn α-helix, loosely 

defined 310 helix, and flexible loops.541 Structure of hemopexin has also been resolved; contains 

four-bladed β-propeller fold, with each blade consisting of four stranded antiparallel β-sheets.542  

Both fibronectin and vitronectin interact and activate integrin family of cell surface receptors.543 

As such, these glycoproteins play important roles in various biological phenomena, cellular 

adhesion to basement membrane, cell migration and wound healing.544,545 Expectedly, these two 

proteins have been heavily implicated in tumorigenesis 546,547 and tumour metastasis.548,549 In 

melanoma, fibronectin has been shown to promote cellular proliferation and metastasis.100 

Likewise, intact vitronectin molecules have been shown to enhance invasion of melanoma cells 

by induction of matrix metalloproteinase-2.550   

FM3 melanoma cells were shown to aggregate on FS surfaces at 24 h, however they grew as a 

monolayer on TCP surfaces (Chapter 3: Fig. 3.1 A). At 72 h, these multicellular aggregates 

achieved near-complete disaggregation on the FS surfaces (Chapter 3: Fig. 3.1 A). Mass 

spectrometry analyses of the underlying matrisomal proteins during this aggregation-

disaggregation cascade revealed both fibronectin and vitronectin levels were reduced during 

aggregation (at 24 h) (Fig. Chapter 3: Fig. 3.3 D & E), and levels of both proteins notably increased 

during disaggregation (at 72 h), reaching levels comparable to those deposited on TCP surfaces 

(at 72 h). These results clearly highlighted the importance of these proteins in driving multicellular 

disaggregation. However, the extent to which these proteins contribute to multicellular 

aggregation remains elusive. 

Therefore, this chapter aims to study conformational changes of fibronectin and vitronectin 

accompanying adsorption onto TCP and FS surfaces, using FTIR-ATR spectroscopy, conformer 

fitting, and two-dimensional (2D) correlation spectroscopy analyses. These analyses could 

provide insights into changes in secondary structures of fibronectin and vitronectin, and 

subsequent effect on cellular adhesion, during the early stages of adsorption onto the 

hydrophobic TCP and FS surfaces. 
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8.2 Results 

8.2.1 Differential adsorption and fibril formation of fibronectin and vitronectin on FS 

and TCP surfaces  

To determine adsorption kinetics of fibronectin and vitronectin on FS and TCP surfaces, 

recombinant human fibronectin and vitronectin molecules were incubated on the surfaces for 24 

hours. Subsequently, amido black assay was carried out as outlined previously,551 followed by 

Langmuir curve fitting. Amido black assay showed that after 24 h of incubation, the amount of 

fibronectin adsorbed onto FS surface was higher compared to TCP surface (Fig. 8.1 A). In contrast, 

vitronectin adsorption was higher on TCP surface compared to FS surface (Fig. 8.1 B).  

Immunofluorescence was carried out to visualise the micro-architecture of fibronectin or 

vitronectin-based matrices deposited by FM3 cells. FM3 cells were grown on FS or TCP surfaces. 

After 24 h or 72 h, cells were removed to expose the deposited matrices. Fibronectin or vitronectin 

molecules were detected using protein-specific primary antibodies and illuminated using 

fluorescence-tagged secondary antibodies. Immunofluorescence images confirmed that similar 

to the amido black assay of recombinant human protein incubation (Fig. 8.1 B), higher amount of 

vitronectin was deposited onto TCP surface compared to FS surface (Fig. 8.1 D). In contrast to 

amido black assay using recombinant fibronectin, cell-based deposited fibronectin and 

subsequent adsorption was higher on TCP surface compared to FS surface (Fig. 8.1 C).  

Interestingly, both fibronectin (Fig. 8.1 C) and vitronectin (Fig. 8.1 D) formed extensive fibrillar 

network on FS surface at 72 h. Whereas on TCP surface, the matrisomal architecture of fibronectin 

was less extensive and disjointed (Fig. 8.1 C), and vitronectin matrices were restricted to the 

boundaries marked by the cells (Fig. 8.1 D; visible cell-sized circular structures).  
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Fig. 8.1 Adsorption and fibril formation dynamics of fibronectin and vitronectin on FS and TCP surfaces. (A - B) 

Saturation Langmuir-fit curves of fibronectin (A) and vitronectin (B) adsorption on FS and TCP surfaces (n=1). (C 

- D) Representative immunofluorescence micrographs depicting fibronectin (C) and vitronectin (D) extracellular 

matrix network after cells have been removed (n=3). Scale bar = 100 µm. FS: fluoroalkylsilica, TCP: tissue culture 

polystyrene.  
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8.2.2 Conformational changes of fibronectin and vitronectin during adsorption onto FS 

and TCP surfaces    

Surface chemistry has been widely shown to affect protein adsorption kinetics, denaturation, and 

conformational changes.552 Fibrillogenesis of fibronectin has also shown to involve conformational 

changes.538 Therefore, it was hypothesised that fibronectin and vitronectin adsorption likely to 

result in conformational changes. In order to study these conformational and secondary structural 

changes in detail FTIR was carried out. FTIR of lyophilised bovine serum albumin (BSA) (Fig. 8.2 

A) and fibronectin (Fig. 8.2 B) revealed amide A (highlighted in purple) between 3280 – 3225 cm-

1, amide I (highlighted in red) between 1700 - 1600 cm-1, Amide II (highlighted in blue) between 

1580 – 1510 cm-1, and the complex amide III band (highlighted in green) between 1350 – 1250 

cm-1. Amongst the amide vibrations due to peptide backbone, Amide I band (between 1700 - 

1600 cm-1) in particular, which is mainly associated with peptide backbone C=O stretching 

vibrations, holds important secondary structural information.553 Examples of amide I peak-fitting 

of lyophilised BSA and fibronectin highlighted in Fig. 8.2 C & D, respectively. Examples of amide I 

peak-fitting of BSA (0.2 mM) and fibronectin (4.55 µM) adsorbed onto TCP surfaces after 24 hours 

of incubation highlighted in Fig. 8.2 E & F, respectively. Composition of conformers were expressed 

as % Conformers denoting percentage area under the curve of each conformer when compared to 

the total amide I peak area.  

Protein concentration of 1-50 µM yielded signals where both amide I band and simultaneously 

the strong signals of C-H vibrations (~1500 and 1450 cm-1) for TCP surface, or C-F vibrations 

(1200 and 1150 cm-1) for FS surface were visible. Protein concentration of over 50 µM dampened 

the aforementioned surface-related signals. As such, 10 µM of protein was deemed to be suitable 

to detect the adsorbed proteins that were likely to be at the protein-surface interface (assumed 

as monolayer), as opposed to detecting those that could be adsorbing on top of other already 

adsorbed proteins that likely to occur at > 50 µM concentrations.  

In order to investigate the conformational changes of fibronectin and vitronectin during the early 

stages of adsorption onto FS and TCP surfaces, 10 µM of fibronectin or vitronectin were incubated 

as a 5 µL droplet onto each surface for 5 h. FTIR spectra and % conformer analyses revealed that 

there was a significant reduction in % conformer of intermolecular β-sheet (highlighted in orange, 

1693 cm-1) and random coil of fibronectin adsorbed onto FS surface compared to TCP surface 

(Fig. 8.3 A). In contrast, there was a significant increase in % conformer of α-helix of fibronectin 

adsorbed onto FS surface compared to TCP surface (Fig. 8.3 A). No significant differences in % 
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conformer of β-turn, intramolecular β-sheet, or intermolecular β-sheet (highlighted in purple, 1615 

cm-1) of fibronectin adsorbed onto FS surface compared to TCP surface (Fig. 8.3 A). 

Similar to fibronectin, there was a significant increase in % conformer of intermolecular β-sheet 

(highlighted in orange, 1693 cm-1) and random coil of vitronectin adsorbed onto FS surface 

compared to TCP surface (Fig. 8.3 B). Unlike fibronectin, there was no significant increase in % 

conformer of α-helix of vitronectin adsorbed onto FS surface compared to TCP surface (Fig. 8.3 

B). Moreover, there was a significant increase in % conformer of intermolecular β-sheet 

(highlighted in purple, 1615 cm-1) of vitronectin adsorbed onto FS surface compared to TCP 

surface (Fig. 8.3 B). No significant differences in % conformer of β-turn or intramolecular β-sheet 

of fibronectin adsorbed onto FS surface compared to TCP surface (Fig. 8.3 B). 
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Fig. 8.2 FTIR-ATR spectra of BSA and fibronectin fitted with conformer peaks. (A - B) Amide A, amide I, amide 

II and amide III bands highlighted on FTIR spectra of BSA (A) and fibronectin (B). (C - F) Normalised and zero-

base-line adjusted FTIR spectra fitted with peaks representing conformers composing the amide I and II bands. 

(C) Peak fitted amide I and II bands of lyophilised BSA. (D) Peak fitted amide I and II bands of lyophilised 

fibronectin. (D) Peak fitted amide I and II bands of lyophilised fibronectin. (E) Peak fitted amide I and II bands of 

0.2 mM BSA adsorbed onto TCP surfaces after 24 h of incubation.  fibronectin. (F) Peak fitted amide I and II bands 

of 4.55 µM fibronectin adsorbed onto TCP surfaces after 24 h of incubation. BSA: Bovine serum albumin, FS: 

fluoroalkylsilica, TCP: tissue culture polystyrene.  
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Fig. 8.3 Conformer composition of fibronectin and vitronectin after adsorption onto TCP and FS surfaces. (A - 

B) % conformer represented as integral area of peak-fitted curves as a percentage of total integral area of amide 

I band, (N = 5). (A) Conformer composition of fibronectin. (B) conformer composition of vitronectin. Student’s T-

tests (two-tailed distribution, heteroscedastic) were carried out for A – B. FS: fluoroalkylsilica, TCP: tissue culture 

polystyrene.  
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8.2.3 Sequential perturbation of secondary structures of fibronectin and vitronectin 

during adsorption onto FS and TCP surfaces 

In order to investigate sequential conformational changes of fibronectin and vitronectin during 

adsorption onto FS and TCP surfaces, two-dimensional (2D) correlation spectroscopic analyses 

were carried out. In essence, 2D correlation spectroscopy highlights systemic variations in the 

spectral intensities induced by an external perturbation, by carrying out 2D-mapped cross 

correlation analysis of dynamic spectra.554,555 Usually studied perturbations include changes in 

temperature or pH, addition of a catalyst, or a time-dependent phenomenon. The presence study 

considered adsorption of proteins onto the surface as the perturbation. 2D correlation 

spectroscopy were useful for when spectral regions consist of many overlapped peaks, such as in 

the amide I region.555  

Table 8.1. Conformers within the Amide I region 

 

 

 

 

 

 

Simultaneous and sequential changes in secondary structures of fibronectin and vitronectin 

during adsorption onto TCP and FS surfaces were determined using the sequential order rules 

(Noda’s rules).556  Noda’s rule states that: 

1. Synchronous 2D plot will yield in positive cross peaks at (x,y) if the spectral intensities of 

the bands at x and y are changing in the same direction during perturbation.  

2. Synchronous 2D plot will yield in negative cross peak at (x,y) if the spectral intensities of 

the bands at x and y are changing in the opposite direction during perturbation. 

3. Asynchronous 2D cross peak at (x,y) will be positive if the change at x precedes change 

in y during perturbation.  

4. Asynchronous 2D cross peak at (x,y) will be negative if the change at x follows change in 

y during perturbation. 

Conformer Wavenumber (cm
-1

) 
Intermolecular β-sheet 1615 
Intramolecular β-sheet 1628 
α-helix 1644 
Random coil 1656 
β-turn 1680 
Intermolecular β-sheet 1693 
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5. Lastly, if the synchronous 2D cross peak at (x,y) is negative, then rule 3 and 4 will be 

reversed.  

All synchronous peaks show positive sign (Fig. 8.4 A – D), indicating that amide I spectral intensity 

increases from 5 h to 72 h caused by the increase in adsorbed protein amount on both TCP and 

FS surfaces for both proteins. 

Highest synchronous auto-peak spectral intensity observed for fibronectin adsorption onto TCP 

(Fig. 8.4 A) and FS surfaces (Fig. 8.4 B) was for intermolecular β-sheet (1615 cm-1) suggesting 

increase in β-sheet content during adsorption of fibronectin regardless of surface type. Whereas 

highest synchronous auto-peak spectral intensity observed for vitronectin adsorption onto both 

TCP (Fig. 8.4 C) and FS surfaces (Fig. 8.4 D) was for α-helix (1644 cm-1), suggesting increase in 

α-helix content during adsorption of vitronectin regardless of surface type.  

Large positive off-diagonal asynchronous cross-peak (1680, 1615) was observed during 

fibronectin adsorption onto TCP surfaces (Fig. 8.4 A), indicating that β-turn preceded 

intermolecular β-sheet (1615 cm-1). Four positive asynchronous cross-peak (1628, 1615), (1656, 

1615), (1680, 1615), and (1680, 1644) were observed during fibronectin adsorption onto FS 

surfaces (Fig. 8.4 B), indicating that intramolecular β-sheet (1628 cm-1), random coil (1656 cm-1), 

and β-turn (1680 cm-1) all preceded intermolecular β-sheet (1615 cm-1), and β-turn (1680 cm-1) 

preceded α-helix (1644 cm-1).  

Positive off-diagonal asynchronous cross-peak (1628, 1615) was observed during vitronectin 

adsorption onto TCP surfaces (Fig. 8.4 C), indicating intramolecular β-sheet (1628 cm-1) preceded 

intermolecular β-sheet (1615 cm-1). Negative asynchronous cross-peak from (1680, 1615 to 1660) 

observed during vitronectin adsorption onto TCP surfaces (Fig. 8.4 C) indicate that β-turn (1680 

cm-1) mostly follows the other conformations within amide I region except intermolecular β-sheet 

(1693 cm-1). Additionally, negative asynchronous cross-peak (1656, 1628) observed during 

vitronectin adsorption onto TCP surfaces (Fig. 8.4 C), suggests that random coil (1656 cm-1) 

followed intramolecular β-sheet (1628 cm-1).  

Lastly, positive off-diagonal asynchronous cross-peaks (1615 to 1660, 1680) observed during 

vitronectin adsorption onto FS surfaces (Fig. 8.4 D) suggests that β-turn follows other 

conformations within amide I region except region except intermolecular β-sheet (1693 cm-1) 

similar to vitronectin adsorption onto TCP surfaces. Negative cross peak at (1628, 1615) observed 

during vitronectin adsorption onto FS surfaces (Fig. 8.4 D) suggests that intermolecular β-sheet 

(1615 cm-1) preceded intramolecular β-sheet (1628 cm-1).
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Fig. 8.4 Two-dimensional (2D) correlation spectroscopy of FTIR spectra of fibronectin and vitronectin reveal adsorption dynamics onto TCP and FS surfaces at 

5 h, 24 h and 72 h period. (A - D) Fibronectin or vitronectin in aqueous phase at concentration of 10 µM were incubated on TCP or FS surfaces. After 5 h, 24 h, 

and 72 h of incubation at room temperature, unbound proteins washed off, and FTIR spectra were collected on the adsorbed protein layer. FTIR spectra were 

smoothed (Savitsky-Golay method), normalized to the consistent area of C-H peak at 1200 cm-1, before carrying out 2D correlation spectroscopic analyses using 

2Dshige software computation (Shigeaki Morita et al. 2005) to generate synchronous and asynchronous contour plots of the amide I region (1600 – 1700 cm-1). 

(A) Synchronous and asynchronous plots of fibronectin adsorption on TCP surfaces. (B) Synchronous and asynchronous plots of fibronectin adsorption on FS 

surfaces. (C) Synchronous and asynchronous plots of vitronectin adsorption on TCP surfaces. (D) Synchronous and asynchronous plots of vitronectin adsorption 

on FS surfaces. Colours of contour indicate gradient from positive (red), neutral (white), to negative spectral (blue) in spectral intensity variations at cross-peaks.  
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8.3 Discussion 

FM3 cells aggregated at 24 h on FS surfaces but not on TCP surfaces (Chapter 3; Fig. 3.1 A). 

Two notable matrisomal proteins, fibronectin and vitronectin involved in cellular adhesion,557 

levels of both decreased during FM3 cellular aggregation (at 24h) and increased during 

disaggregation (at 72h) (Chapter 3; Fig. 3.3 D & E). Therefore, it was theorised that the 

increase in levels of fibronectin and vitronectin secreted onto FS surface at 72 h compared to 

24 h, likely to lead to increased cellular disaggregation at 72 h compared to 24 h. The latent 

adsorption of fibronectin onto the FS surfaces could be explained by Vroman effect,413 which 

explains how abundant, high-motile but low-affinity proteins may initially adsorb and 

saturate a surface, where low-motile proteins with higher-affinity to the surface begin to 

slowly replace the former adsorbates. Although, it remains unclear how adsorption of 

fibronectin and vitronectin onto hydrophobic FS and TCP surfaces may lead to the observed 

multicellular aggregation-disaggregation events. Thus, in order to gain answers for this 

question, this chapter aimed to explore the adsorption of fibronectin and vitronectin on TCP 

and FS surfaces, during the initial period of aggregation (5 h 24 h), and to probe whether 

conformational changes of these proteins during adsorption could hold any further insights 

into surface-induced cancer cellular behaviour.  

Amido black protein adsorption assay revealed that fibronectin more readily adsorbed onto 

FS surface (Fig. 8.1 A) at 24 h, whereas vitronectin more readily adsorbed onto TCP surface at 

24 h (Fig. 8.1 B). Immunofluorescence staining revealed that both fibronectin and vitronectin 

were deposited more on TCP surfaces than FS surfaces (Fig. 8.1 C-D). However, both 

fibronectin and vitronectin established extensive fibrillar network on FS surfaces at 72 h, 

whereas the matrisomal structures were disjointed and non-fibrillar upon TCP surfaces at 72 

h. These results indicated that even though fibronectin and vitronectin may not readily adsorb 

onto FS surfaces at 24 h, the way in which they do adsorb could prime them to produce fibrillar 

structures during disaggregation. This could explain the increase in invasiveness of FM3 cells 

that had undergone aggregation-disaggregation (Chapter 3: Fig. 3.1 E) at 72 h on FS surfaces 

compared to their 72 h TCP counterparts. Indeed, several studies highlighted the importance 

of fibrillar matrix for cancer cellular invasion.558–560 Due to the cost of recombinant human 

proteins, only one repeat of the amido black assay was carried out. Having more repeats 

could lend further support for the Langmuir isotherm fit, especially for vitronectin adsorption 

on TCP, where the curve fit was poor (adjusted R2 = 0.59). Langmuir adsorption isotherm model 

assumes that the proteins adsorb onto the surface as a monolayer. However, it could be that 

the amido black assay detected proteins that were adsorbed onto other proteins, and not the 

proteins at the protein-surface interface. A future improvement could be to supplement this 
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experiment with measurements of the cross-section of the adsorbate layer via atomic force 

microscopy (AFM) to ensure only the monolayer adsorption at the protein-surface interface is 

detected via the amido black assay.   

FTIR spectroscopic analyses and % conformer analyses revealed that at 5 h, there was a 

significant reduction in intermolecular β-sheet (1693 cm-1) and random coils (1656 cm-1) when 

fibronectin and vitronectin molecules adsorbed onto FS surface compared to TCP surface (Fig. 

8.3 A & B).  As protein denaturation has been associated with formation of random coil 

secondary structures,561 the decrease in random coils in fibronectin and vitronectin upon FS 

surfaces compared to TCP surfaces indicated reduced denaturation of proteins (maintenance 

of native-like state) when they adsorbed onto FS surfaces. Similarly, during denaturation, 

induced via increase in temperature above 60 oC, bands associated with intermolecular β-

sheet aggregates (at 1626 and 1693 cm-1) were observed.562 This further confirms that 

fibronectin and vitronectin reduced denaturation (maintenance of native-like state) during 

adsorption upon FS surfaces by 5 h, whereas both proteins began undergoing denaturation 

during adsorption upon TCP surfaces by 5 h. Denaturation of extracellular proteins likely 

expose cryptic cell-binding RGD motifs to cells,563 thereby increasing cellular adhesion. As 

such, during the initial period of adsorption, decreased fibronectin and vitronectin denatured 

proteins upon FS surfaces, likely lead to decreased exposure of RGD-motifs from cryptic sites, 

subsequently creating a reduced-adhesion environment. This theory could be further 

supported by measuring the presence of RGD motifs exposed on adsorbed fibronectin and 

vitronectin molecules, accessible by cells. A future experiment could be to take spatial 

mapping of adsorbed proteins on surfaces using 2D Raman spectroscopic imaging and 

compare the intensity signatures to those of RGD peptides. Alternatively, antibody that 

recognises RGD motifs could be used in an Enzyme-linked immunosorbent (ELISA) assay to 

quantify the exposure of RGD motifs during the course of protein adsorption on FS and TCP 

surfaces.  

Evidence against the theory of reduced denaturation during adsorption on FS surfaces arose 

with the observation that there was a significant increase in α-helix (1644 cm-1) of adsorbed 

fibronectin on FS surface compared to TCP surface (Fig. 8.3 A). Denaturation of native proteins 

has been shown to disrupt α-helical secondary structures.564 An explanation for the increase 

in α-helix structures within FS-surface adsorbed proteins could be that non-native α-helical 

structures could form during adsorption. Further experiments, such as X-ray crystallography, 

are required to investigate the increase in α-helical structures in fibronectin but not in 

vitronectin, during adsorption on FS surface.  
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Moreover, there was a significant increase in intermolecular β-sheets (1615 cm-1), commonly 

associated with intermolecular β-sheets amyloid aggregates,565 in vitronectin during 

adsorption on FS compared to TCP surface (Fig. 8.3 B). A study has shown that a C-terminal 

protease-resistant fragment of vitronectin fibrils could form the core regions required for 

amyloid formation.566 Together these results points towards an increase in the propensity of 

amyloidal fibrillogenesis of vitronectin on during adsorption on FS surface; this might not be 

the case on TCP surfaces. This explains the extensive fibrillar structures of vitronectin observed 

upon FS surfaces, but not TCP surfaces (Fig. 8.1 D). Since, there was no significant increase in 

intermolecular β-sheets (1615 cm-1) of fibronectin (Fig. 8.3 A) adsorbed onto FS compared to 

TCP, fibronectin fibrillogenesis may not occur through amyloidal fibril formation. Further 

experiments, such as thioflavin T fluorescence assay,567 required to investigate amyloid fibril 

formation, which could lend further support to the vitronectin amyloid fibril formation theory.  

A drawback of the present study was that the band wavenumber assignment of different 

conformers was carried out using a previously established method, which focused on silk 

fibroin protein.568 An improvement could be to develop a similar approach in which conformer 

band-fitting could be carried out using the band wavenumber peak maxima of conformers of 

fibronectin and vitronectin reported in previous studies. Since the peak maxima of amide I 

band and conformers silk proteins and extracellular matrix proteins are virtually the same, 

the conclusions drawn from the present study are still valid.569  

Lastly, 2D correlation spectroscopy was carried out to outline the simultaneous and sequences 

of events surrounding conformational changes during adsorption of fibronectin and vitronectin 

upon TCP and FS surfaces, from 5 h to 72 h of adsorption. These analyses revealed sequential 

order of conformation changes during protein adsorption of fibronectin and vitronectin on TCP 

and FS surfaces. These results could be used to aid future experiments, for example in 

computational modelling and Molecular dynamics (MD) simulation, to support sequential 

structural changes of fibronectin and vitronectin as they adsorb onto TCP and FS hydrophobic 

surfaces. A recent study, using computation methods, has described vitronectin adsorption on 

negatively charged, positively charged, neutral hydrophobic and neutral hydrophilic 

surfaces,570 highlighting RGD accessibility to cells in response to differential surface-induced 

protein adsorption. Future investigations could expand on these findings by investigating 

fibronectin and vitronectin self-assembly via exposure of self-assembly motifs 571 in addition 

to RGD motifs and investigate surface-chemistry-dependent matrisomal fibrillogenesis 

together with cellular-surface adhesion.  
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A limitation associated with these analyses was that the amide I band drastically changed in 

during 72 h of incubation where adsorption of both proteins reached saturation point, 

compared to 5 h and 24 h of incubation where amide I band was weak. Ideally, for accurate 

2D correlation spectroscopy, one need amide I band normalised and stacked neatly on top, so 

that any small changes due to conformation can be isolated via this approach. An 

improvement of the current study could be to obtain saturation point of at 5 and 24 h to 

improve amide I band signal, with careful choice of protein concentration to measure proteins 

that are in immediate contact with the surfaces as opposed to sedimented on top of the 

initially adsorbed layer of proteins.  

 

8.3.1 Conclusions 

This chapter aimed to investigate adsorption dynamics and secondary structural changes 

associated with adsorption of fibronectin and vitronectin proteins onto TCP and FS 

hydrophobic surfaces.  Conformational changes, such as decrease in intermolecular β-sheet 

and random coils of both fibronectin and vitronectin during adsorption on FS surfaces 

compared to TCP surfaces, highlighted that these proteins readily denature on TCP but not FS 

surfaces during initial stages of adsorption. Reduction in denaturation and maintenance of 

native-like states of fibronectin and vitronectin hints towards prevention of exposure of RGD 

cell-binding motifs from cryptic sites on FS surfaces, which in turn explains the reduced-

cellular adhesion and multicellular aggregation properties of FS surfaces. Further research, 

such as computational modelling, could elaborate on surface-induced exposure of RGD 

motifs, which could lend further support to this theory. Increased intermolecular β-sheets 

(1615 cm-1) of vitronectin, associated with intermolecular β-sheets amyloid aggregates, were 

observed as vitronectin adsorbed on FS surfaces compared to TCP surfaces, which explains 

the extensive fibrillar structures observed on FS but not TCP surfaces. This research illustrates 

the importance of surface-chemistry approaches in studying matrisomal protein 

conformational changes, and how these changes could dictate cell-adhesion via exposure of 

RGD motifs or exposure of self-assembly motifs to induce fibrillogenesis. Gaining insights into 

these cellular and matrisomal aspects are fundamental to understanding cancer metastasis. 
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8.4 Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 8.1 FTIR spectra of fibronectin adsorption onto TCP surfaces. Fibronectin 

in aqueous phase at concentration of 10 µM were incubated on TCP surfaces. After 5 h, 24 h, 

and 72 h of incubation at room temperature, unbound proteins washed off, and FTIR spectra 

were collected on the adsorbed protein layer. FTIR spectra were smoothed (Savitsky-Golay 

method), normalized to the consistent area of C-H peak at 1200 cm-1. Representative spectra 

from five technical repeats shown here.  

 

Supplementary Fig. 8.2 FTIR spectra of fibronectin adsorption onto FS surfaces. Fibronectin in 

aqueous phase at concentration of 10 µM were incubated on FS surfaces. After 5 h, 24 h, and 72 

h of incubation at room temperature, unbound proteins washed off, and FTIR spectra were 

collected on the adsorbed protein layer. FTIR spectra were smoothed (Savitsky-Golay method), 

normalized to the consistent area of C-H peak at 1200 cm-1. Representative spectra from five 

technical repeats shown here.  
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Supplementary Fig. 8.3 FTIR spectra of vitronectin adsorption onto TCP surfaces. Fibronectin in 

aqueous phase at concentration of 10 µM were incubated on TCP surfaces. After 5 h, 24 h, and 

72 h of incubation at room temperature, unbound proteins washed off, and FTIR spectra were 

collected on the adsorbed protein layer. FTIR spectra were smoothed (Savitsky-Golay method), 

normalized to the consistent area of C-H peak at 1200 cm-1. Representative spectra from five 

technical repeats shown here.  

 

Supplementary Fig. 8.4 FTIR spectra of vitronectin adsorption onto FS surfaces. Fibronectin in 

aqueous phase at concentration of 10 µM were incubated on FS surfaces. After 5 h, 24 h, and 72 

h of incubation at room temperature, unbound proteins washed off, and FTIR spectra were 

collected on the adsorbed protein layer. FTIR spectra were smoothed (Savitsky-Golay method), 

normalized to the consistent area of C-H peak at 1200 cm-1. Representative spectra from five 

technical repeats shown here.  
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Chapter 9.  Discussion 
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9.1 Project overview 

CTC clusters are 50 to 100-fold more metastatic compared to their single CTC 

counterpart.44,572,573 Though melanoma is one of the cancer types that present elevated levels 

of CTC clusters enriched in liquid biopsies,574 characteristics of melanoma CTC clusters has 

remained elusive thus far. This is partly due to the lack of an appropriate in vitro model of 

melanoma CTC clusters. This research project addressed this issue by establishing FS surface 

as a suitable in vitro model to investigate melanoma CTC clusters. These surfaces were used 

successfully to discover important aspects of melanoma CTC cells that undergo aggregation-

disaggregation events, for instance during intravascular collision-dependent aggregation and 

subsequent disaggregation at metastatic sites. This research project discovered novel 

signalling molecules and pathways important for melanoma CTC clusters, as well as 

establishing methodology to study surface-driven protein adsorption.   

 

9.2 4F2hc-containing Glycoprotein:Galectin-3:Glycoprotein 

(GGG) bridges promote homotypic aggregation of FM3 cells. 

A novel mechanism underlying the formation of melanoma CTC clusters was discovered in this 

research project. FM3 cells formed multicellular aggregates by increasing cell-cell signalling 

and decreasing cell-matrix signalling (Chapter 3). Protein levels of galectin-3 and the cell-

surface glycoprotein 4F2hc was increased during aggregation and decreased during 

disaggregation (Chapter 4). Galectin-3 and 4F2hc proteins colocalised at the cell-cell 

interface (Chapter 4). Co-expression and colocalisation indicated towards the interaction of 

these two proteins. Others have highlighted the direct binding of galectin-3 and 4F2hc through 

co-immunoprecipitation assays.220 Therefore, galectin-3 and 4F2hc interaction at the cell-cell 

interface was considered to be important for multicellular aggregation of FM3 cells. Indeed, 

inhibition of galectin-3 via anti-galectin-3 antibody and the galectin-3 inhibitor GB1107, as 

well as inhibition of 4F2hc via anti-4F2hc antibody, decreased multicellular aggregation 

(Chapter 4).  

A recent study revealed that multicellular aggregation of breast cancer CTC occurs through 

the homophilic interaction of CD44 molecules on adjacent cells.44 Likewise, the multicellular 

aggregation of FM3 melanoma cells could also occur through the homophilic interaction of 

4F2hc. In contrast, galectin-3 molecules have been shown to promote aggregation of 

monocytic cells by cross-linking coterminous cell-surface CD13 glycoproteins expressed on 
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adjacent cells.575 Therefore, it was theorised that galectin-3 could also cross-link coterminous 

4F2hc molecules on adjacent FM3 cells to promote multicellular aggregation (Fig. 9.0 A). 

Comparison of 4F2hc:4F2hc homophilic interactions and 4F2hc:galectin-3 interactions using  

protein docking computation revealed that 4F2hc:galectin-3 interaction is more likely to occur 

(Chapter 4).  

 

Melanoma CTC expresses a plethora of cell-surface glycoproteins in addition to 4F2hc, such 

as CD147, frizzled-3 & 9, C4.4A, Gp90, and CD44, that could also be cross-linked via the 

formation of GGG bridges (Chapter 4). Further research is required to identify which of these 

cell surface proteins are important for melanoma CTC cluster aggregation, and whether if 

there is any heterogeneity in cell-surface glycoproteins expression by melanoma CTC that 

could influence ADPM of melanoma CTC. 

Breast cancer CTCs were reported to cluster using cell-surface glycoproteins such as CD44,44 

heparanase,576 ICAM-1,577 and galectin-3BP.249 Whereas colon cancer CTCs were shown to 

cluster using the glycoprotein TMIGD2.578 These studies suggested that CTC cluster formation 

occur through the homophilic interaction of glycoproteins expressed on adjacent cells. 

However, these glycoproteins contain numerous N-glycosylation sites that could become 

glycosylated with β-Galactosides (Table 9.1), which could be recognised by galectin-3.579 This 

implies that GGG bridges could mediate cluster formation of breast and colon CTC as opposed 

to homophilic interaction of these glycoproteins. Future research could expand on these 

findings by investigating GGG bridges that could be driving cluster formation of CTC of breast 

and colon cancers.  

 

 

Fig. 9.0 Scheme of aggregation-disaggregation process of metastasis of melanoma CTC. Metastatic melanoma 

CTC could undergo homotypic multicellular aggregation via the formation of GGG bridges between adjacent cells 

during intravascular transit; for example, cross-linkage of coterminous 4F2hc by galectin-3. At metastatic sites, 

these aggregates could undergo disaggregation via MMP2-dependent cleavage of oGal3 and subsequent 

dissociation of GGG bridges. CTC: circulating tumour cells, GGG bridge: glycoprotein:galectin-3:glycoprotein 

bridge, oGal3: oligomeric galectin-3 
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Table 9.1. Number of N-glycosylation 

sites in cell-surface glycoproteins that 

are important for CTC cluster formation. 

Glycosylation site information was 

observed using GlyGen.580 

 

Furthermore, MMP2 mRNA expression was decreased during aggregation of FM3 cells 

(Chapter 5). Since MMP2 has been shown to cleave oligomeric galectin-3,288  extracellular 

MMP2 could break GGG bridges. As such, MMP2 expression was decreased during 

aggregation to prevent untimely disaggregation. Metastatic lesions of melanoma expressed 

considerably more MMP2 compared to primary tumours.290 This implies that, at metastatic 

sites, GGG bridges could be more readily broken, and CTC clusters could be forced to 

disaggregate and invade through the distal metastatic site (Fig. 9.0 B). MMP2 has been widely 

shown to cleave extracellular matrix protein and facilitate invasion of metastatic cells.581 The 

present contribution highlighted a novel role of MMP2 in melanoma metastasis.  

Bioinformatics analyses of metastatic melanoma revealed that MMP2 and 4F2hc expression 

adversely affect prognosis. Whereas galectin-3 expression provides a protective effect when 

expressed alongside MMP2, but adversely affect prognosis when expressed alongside 4F2hc. 

This suggests that galectin-3 and 4F2hc in melanoma CTC clusters could form GGG bridges 

and promote cluster formation much like in FM3 multicellular aggregates. It is worth noting 

that inappropriate therapeutic inhibition of galectin-3, that is when 4F2hc is not expressed, 

could hinder the protective role galectin-3 plays when MMP2 is expressed, and could worsen 

prognosis. Therefore, genotyping to gauge 4F2hc, MMP2, and galectin-3 expression levels in 

patients is recommended before considering galectin-3 inhibition as a therapeutic option.  

Lastly, phytohemagglutinin has been shown to increase CD98 mRNA levels.582 Thus, it is 

prudent for patients suffering from primary melanoma to avoid food containing high levels of 

phytohemagglutinin, such as fresh red kidney beans,583 in order to reduce risk of homotypic 

aggregation and CTC clusters-associated metastasis. 

 

 N-GLYCOSYLATION SITES 

CD44 2 

HEPARANASE 7 

ICAM-1 1 

GALECTIN-3BP 6 

TMIGD2 3 
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9.3 Role of Epithelial-to-Mesenchymal (EMT) and β-

interactome in ADPM of FM3 cells 

Epithelial-to-Mesenchymal (EMT)-like processes have been reported in melanoma 

metastasis.313,314 It is not clear whether EMT-like processes contribute to ADPM of CTC clusters. 

Some studies highlighted that CTC clusters were exclusively made of mesenchymal-like cells 

584 and some CTC clusters have been shown to contain a mixed population of epithelial-like 

and mesenchymal-like cells.399 The ‘Leader-Follower’ model was proposed to describe this 

heterogenous CTC clusters, in which mesenchymal-like leader cells are responsible for 

invasion through the stroma;350 partial-EMT/hybrid cells link leader and follower cells.351 A 

recent study highlighted subpopulation of cells within melanoma CTC clusters were invasive 

(mesenchymal-like), and another subpopulation of cells that were more proliferative 

(epithelial-like).352 

TGFβ is a cytokine that has been shown to promote EMT-like processes in cutaneous 

melanoma cells.409 TGFβ treatment of FM3 cells increased aggregation compared to untreated 

cells (Chapter 6). Additionally, culturing epithelial (P5B3) and mesenchymal (P4B6B) progeny 

of OPCT-1 prostate cancer cells on FS surface highlighted that mesenchymal cells retain 

clustered conformation longer than epithelial cells (Chapter 6). Together, these findings 

suggest that CTC clusters could be more mesenchymal in nature, though EMT-like processes 

do not occur during ADPM of FM3 cells (Chapter 6). 

A decrease in β-catenin mRNA levels was associated with disaggregation of FM3 cells 

(Chapter 6). Comparison of β-catenin interactors with differentially expressed proteome of 

FM3 cells during ADPM, highlighted key proteins that could be involved in regulating various 

cellular processes as a response to β-catenin signalling. LDHB, PML, PABP1, PUR9, RL11 and 

SPF45 levels were increased during aggregation of FM3 cells (Chapter 6), RL11 levels were 

decreased during disaggregation (Chapter 6). HS105 levels increased during aggregation and 

decreased during disaggregation (Chapter 6). In FM3 cells,  β-catenin signalling could control 

the following cellular processes: cellular metabolism via LDHB, protein synthesis via PABP1 

and SPF45, cellular replication via PUR9, cellular proliferation via PML and RL11, and stress-

dependent responses via HS105. Bioinformatics analyses highlighted that PML and LDHB in 

particular worsened survival outcome of melanoma patients (Chapter 6). RL11 was 

highlighted as the β-catenin interactor with the most adverse metastasis-related outcome 

compared to the other β-catenin interactor considered in this study (Chapter 6). Since β-

catenin has been implicated in breast cancer 585 and colon cancer 586 future research could 
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examine the involvement of β-catenin interactors in ADPM of breast and colon cancer using 

FS surfaces. 

Lastly, since β-catenin signalling has been shown to lie downstream of 42hc/integrin 

signalling,220 it could be that certain extracellular cues such as reduced cellular adhesion (RCA) 

conditions, could be detected by 4F2h/integrin/β-catenin signalling, and in turn, cells can 

respond by multicellular aggregation to increase their chances of survival (Chapter 3). Future 

work can interrogate this signalling cascade further to determine other components of this 

cascade; for example, GSK-3β-dependent proteasomal degradation of β-catenin 366 and 

influences of MMP2-cleaved GSK-3β (Chapter 5). 

  

9.4 PU.1-mediated transcriptional regulation during ADPM of 

FM3 cells 

PU.1 transcription factor, a member of the ETS family, was upregulated in melanoma.482 

Bioinformatics analyses of β-catenin-dependent transcriptional regulation of differentially 

expressed proteome, during ADPM of FM3 cells, highlighted PU.1 as a transcription factor of 

interest (Chapter 6). However, expression of SPI1 mRNA (that encodes for PU.1 protein) did 

not change during ADPM of FM3 cells (Chapter 7). Inhibition of PU.1 using DB2313 (PU.1 

inhibitor) also did not affect ADPM (Chapter 7). These results suggest that PU.1 is not involved 

in the regulation of ADPM in FM3 cells.  

During inhibition of PU.1 via DB2313-treatment, invasiveness and migration capabilities were 

reduced in FM3 cells isolated from aggregates compared to single cells (Chapter 7). This 

suggests that the anti-invasion role of PU.1 was abated in aggregated cells. In FM3 cells, 

inhibition of PU.1 resulted in upregulation of the small GTPase RhoC (Chapter 7), which is 

involved in cellular motility.517 Exogenous induction of RhoC in cutaneous melanoma has been 

shown to increase invasion and metastasis.518 This suggests that PU.1 inhibits RhoC in FM3 

cells and reduce invasion and migration; inhibition of PU.1 reversed this anti-invasion effect. 

Further research is required to isolate these anti-invasion effects by PU.1 and explore why this 

is less prominent in aggregated cells compared to single cells. 

Moreover, inhibition of PU.1 resulted in a reduction in 4F2hc levels, but not galectin-3 levels 

(Chapter 7), indicating that transcription of SLC3A2 gene (that encodes for 4F2hc) could be 

regulated by PU.1. Investigation of the number of ETS motif (5’-GGAA-3’) and PU-box (5’-

GAGGAA-3’), upon which PU.1 likely to bind, present in genes associated with ADPM of FM3 
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cells, revealed that SLC3A2 gene (that encodes for 4F2hc), ATIC gene (that encodes for PUR9) 

and PABPC1 gene (that encodes for PABP1) all had several PU.1 binding sites proximal to their 

transcription start site (Chapter 7). Future research could address PU.1-dependent 

transcription of these genes in ADPM of CTC clusters of various cancers, especially breast 498 

and lung cancer 500 where high PU.1 expression has been reported.  

 

9.5 Conformation changes of fibronectin and vitronectin during 

adsorption on FS and TCP surfaces 

Matrisomal proteins fibronectin and vitronectin levels were decreased during aggregation and 

increased during disaggregation of FM3 cells (Chapter 3). These two proteins are pertinent for 

cellular adhesion as they contain arginine-glycine-aspartic acid (RGD) motifs, recognised by 

integrins during cellular adhesion.557 To probe how the FS surface induced aggregation-

disaggregation events of FM3 cells, conformational changes of fibronectin and vitronectin that 

may arise during protein adsorption onto the surface were investigated. This revealed that 

levels of intermolecular β-sheet (1693 cm-1) and random coils (1656 cm-1) of both fibronectin 

and vitronectin were decreased during the initial stages of adsorption onto FS surfaces as 

compared to TCP surfaces (Chapter 8). As random coil formation,561 as well as increase in 

intermolecular β-sheet aggregates (at 1626 and 1693 cm-1),562 are associated with 

denaturation of proteins, it was concluded that fibronectin and vitronectin likely to undergo 

denaturation on TCP surfaces, whereas there was a maintenance of native-like state on FS 

surfaces. Denaturation of extracellular matrix proteins is predicted to expose cryptic cell-

binding motifs, such as arginine-glycine-aspartic acid (RGD) motifs.563 As such, on TCP 

surfaces, denaturation of fibronectin and vitronectin leads to cellular adhesion at 24 h 

(Chapter 3), whereas the maintenance of native-like state of fibronectin and vitronectin leads 

to reduced cellular adhesion (subsequent multicellular aggregation) on FS surfaces (Chapter 

3).  

Furthermore, intermolecular β-sheets (1615 cm-1) content was increased in vitronectin during 

adsorption onto FS surfaces as compared to TCP surfaces (Chapter 8). This is indicative of the 

formation of cross-β-sheets 565 and fibril formation.587 These findings explain the fibril 

formation at 72 h on FS surfaces, but not TCP surfaces, observed via immunofluorescence 

(Chapter 8).  

Lastly, two-dimensional (2D) correlation spectroscopy was carried out to examine the 

sequences of the conformation changes associated with protein adsorption of fibronectin. 
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These sequences of events could be used to guide computational modelling, for example via 

Molecular Dynamics (MD), which could provide further insights into exposure of RGD motifs 

or self-binding motifs. Future research could explore how exposure of these motifs could result 

in fibrillogenesis and RGD-dependent cell-adhesion. This would, in essence, give greater 

insights into surface-induced ADPM, as well as extracellular remodelling by melanoma cells 

at metastatic sites.  

 

9.6 Conclusion 

This research project identified novel signalling molecules, 4F2hc, MMP2 and galectin-3, 

involved in multicellular aggregation of FM3 cells. GGG bridges could cross-link coterminous 

4F2hc and promote multicellular aggregation of melanoma CTC clusters; MMP2-dependent 

cleavage of galectin-3 at metastatic site could promote disaggregation. Further research is 

needed to examine whether GGG bridges drive breast and colon cancer CTC cluster formation 

as well. 

Homotypic melanoma CTC clusters are likely to be mesenchymal like in nature, as this would 

help them retain their clustered-conformation the longest. Heterotypic CTC clusters could 

involve heterogenous subpopulation consisting of epithelial-like, mesenchymal-like and 

hybrid cells.  In FM3 cells, β-catenin expression was decreased during disaggregation, 

suggesting its role during aggregation. 4F2hc/integrin/β-catenin signalling likely to sense RCA 

conditions and mediate multicellular aggregation by altering β-catenin interactor responses.  

Expression of PU.1 did not change during ADPM of FM3 cells and inhibition of PU.1 did not 

affect ADPM of FM3 cells; this suggests that PU.1 is not involved in the regulation of ADPM of 

FM3 cells. However, inhibition of PU.1 resulted in decreased 4F2hc levels and region proximal 

to transcription start site of the SLC3A2 gene contained many PU.1-binding sequences; these 

findings suggest that PU.1 could transcriptionally control 4F2hc levels amongst many other 

transcription factors. An open question here is what conditions, for example EMT status, β-

catenin-signalling, that could promote PU.1-mediated transcription of 4F2hc levels. Further, 

PU.1 serves an anti-invasion role in FM3 cells, by regulating RhoC levels; however, this anti-

invasion role was abated in aggregated cells, which also requires further detailed 

investigation. 

Lastly, this research project revealed that fibronectin and vitronectin undergo denaturation 

during adsorption on TCP surfaces, where RGD motifs could be exposed from cryptic sites 

leading to cell-adhesion; whereas native-like state of fibronectin and vitronectin is 
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maintained on FS surfaces, where RGD motifs are buried in cryptic sides, leading to reduced 

cellular adhesion and multicellular aggregation.  

 

9.7 Future prospects 

9.7.1 Novel silica-modified surfaces 

On August 3rd, 2020, European Commission restricted the use of perfluorocarboxylic acids 

containing 9 to 14 carbon atoms in the chain, as well as their salt variants and related 

substances. Restriction is outlined in the ‘amending Annex XVII to Regulation (EC) N0 

1907/2006 of European Parliament and of the Council’, concerning Registration, Evaluation, 

Authorisation and Restrictions of Chemicals (REACH)(REACH Annex XVII Entry 68). The 

restriction will come in force 18 months after publication (2021). Our laboratory ceased to 

fabricate FS surface fabrication using 1H,1H,2H,2H–perfluorodecyltriethoxysilane (FDTES) 

and committed to being perfluorocarbon-free. Therefore, a suitable substitute silane is 

needed for the fabrication of hydrophobic surfaces that induce ADPM, comparable to FS 

surface in physicochemical characteristics.  

Preliminary experiments were carried out in collaboration with Kuda P. A. Kasuri S. Kulasinghe 

to find a suitable substitute. A range of different silanes were used for functionalisation, 

containing chemical group of amines, bicyclic, halides, methacrylate, alkene, or hydrocarbon 

chains. Trimethoxy(octadecyl)silane (ODT) (CAS 3069-42-9) and (3-

Iodopropyl)trimethoxysilane (IDP) (CAS 14867-28-8) yielded surfaces that elicited FS surface-

like ADPM of FM3 cells. ODT surfaces exhibited water contact angle of ~ 115o, which was 

closer to the water contact angle of FS surface (~115o); whereas IDP functionalisation 

produced surfaces with water contact angle of ~80o. Surface free energy of ODT and IDP 

surfaces however were not comparable to FS surfaces. These findings suggest that ODT and 

IDP could be used as an alternative to FS surfaces; however, differences in surface free energy 

and water contact angle may affect protein adsorption of matrisomal proteins different to FS 

surface, leading to altered ADPM responses.  

Further experiments are needed to tailor surfaces whose physicochemical characteristics are 

as close to FS surfaces as possible, for example via co-functionalisation with multiple silanes. 

Suitability for replacement for FS surface requires examination of biomarkers, such as 4F2hc, 

galectin-3, and MMP2 expression during ADPM of FM3 cells. Nonetheless, these preliminary 

experiments represent a new avenue for research of surface-induced ADPM and surface-
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induced protein adsorption using silica-modified surfaces. Data discussed here are from thesis 

of Kuda P. A. Kasuri S. Kulasinghe submitted for master’s degree.  

 

9.7.2 Advances in melanoma therapeutics 

Targeting melanoma CTC clusters during intravascular transit may prove to be difficult. A 

possible approach could be to design nanoparticles conjugated with glycans similar to those 

found on 4F2hc molecules. Galectin-3 molecules could bind to these nanoparticles instead of 

4F2hc molecules on CTC clusters. Silver, gold, and Fe2O3 magnetic nanoparticles could be 

conjugated to glycans.588 Longer glycan chains could also be conjugated to graphene or 

carbon nanotubes.588 Self-assembled glycodendrimers or metal containing 

metalloglycodendrimers with branched chain glycans 588 could also be used here to target 

complex and hybrid glycans that might be present on 4F2hc molecules. As 4F2hc-galectin-3 

interaction could be important for various normal biological functions, nanoparticle design 

must consider CTC cluster specific glycans. 
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10.1 Appendix 

 

FM3 cell lysate mass spectrometry data: FS-

24h vs TCP-24h (n=4) 

UniProtKB Protein ID p-value Log2FC 

O15382 BCAT2 0.002264 1.863044 

P42694 HELZ 0.045164 1.76627 

Q9Y385 UB2J1 0.002855 1.526191 

Q9Y3B9 RRP15 0.012607 1.456734 

P29353 SHC1 0.03214 1.456076 

O14545 TRAD1 0.014132 1.426357 

P07355 ANXA2 0.017454 1.196856 

P69905 HBA 0.015189 1.129354 

Q15007 FL2D 0.039221 1.106202 

Q15363 TMED2 0.041864 1.091522 

P09601 HMOX1 0.007794 1.089179 

Q6DKI1 RL7L 0.017006 1.074189 

P08133 ANXA6 0.00289 0.994736 

Q9NR19 ACSA 0.007227 0.955134 

P09525 ANXA4 0.044073 0.918742 

Q9Y5Z4 HEBP2 0.005047 0.897616 

Q9Y221 NIP7 0.009803 0.868458 

Q8TCT8 SPP2A 0.047156 0.82271 

Q13445 TMED1 0.014818 0.797063 

Q15057 ACAP2 0.023307 0.786831 

A4D1P6 WDR91 0.044801 0.763077 

Primers for RT-qPCR used in this project:  

Gene Protein Forward sequence Reverse sequence 

CTNNB1 β-Catenin 5’-TGGATGGGCTGCCTCCAGGTGAC-3’ 5’-ACCAGCCCACCCCTCGAGCCC-3’ 

GUBS Glucuronidase β  5’-CTCATTTGGAATTTTGCCGATT-3’ 5’-CCGAGTGAAGATCCCCTTTTTA-3’ 

LGALS3 Galectin-3 5′-GGCCACTGATTGTGCCTTAT-3′  5′-TCTTTCTTCCCTTCCCCAGT-3′ 

MMP2 MMP2 5’-CTCAGATCCGTGGTGAGATCT-3’ 5’-CTTTGGTTCTCCAGCTTCAGG-3’ 

SLC3A2 4F2hc 5'-ACCCCTGTTTTCAGCTACGG-3' 5'-GGTCTTCACTCTGGCCCTTC-3' 

SPI1 PU.1 5’-AAGTCCCAGTAATGGTCGCT-3’ 5’-AAGACCTGGTGCCCTATGAC-3’ 

YWHAZ KCIP-1 5’-ACCGTTACTTGGCTGAGGTTGC-3’ 5’-CCCAGTCTGATAGGATGTGTTGG-3’ 
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Q8TD55 PKHO2 0.030229 0.73948 

P10599 THIO 0.044454 0.697641 

P15374 UCHL3 0.045295 0.697176 

Q96I25 SPF45 0.001441 0.644705 

P08195 4F2 0.002138 0.629641 

Q9Y2X7 GIT1 0.049178 0.613484 

Q5TDH0 DDI2 0.004452 0.607239 

P05067 A4 0.038014 0.604539 

P61201 CSN2 0.015226 0.597856 

Q01650 LAT1 0.008492 0.57428 

P08243 ASNS 0.018514 0.562705 

P24941 CDK2 0.03157 0.55075 

Q9UMX0 UBQL1 0.006614 0.531836 

Q9UBT2 SAE2 0.001733 0.51973 

O00566 MPP10 0.012114 0.501738 

Q9Y3C1 NOP16 0.004543 0.495991 

Q9Y617 SERC 0.045174 0.487961 

Q9UJY1 HSPB8 0.019491 0.487927 

P01111 RASN 0.04322 0.479137 

Q96S97 MYADM 0.017904 0.477709 

P04350 TBB4A 0.002212 0.440086 

Q9UNX4 WDR3 0.003296 0.43947 

O14530 TXND9 0.019058 0.424163 

P04183 KITH 0.026744 0.422737 

Q8NBU5 ATAD1 0.007016 0.421714 

Q8WTV0 SCRB1 0.030988 0.412756 

Q9NY27 PP4R2 0.046928 0.411841 

Q06830 PRDX1 0.01471 0.402371 

P30041 PRDX6 0.002325 0.397451 

P04406 G3P 0.037359 0.39744 

O00560 SDCB1 0.008305 0.395496 

Q9UBF2 COPG2 0.042261 0.385831 

P00558 PGK1 0.044461 0.352851 

Q16543 CDC37 0.04248 0.34251 

P14550 AK1A1 0.016156 0.339789 
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Q9NX62 IMPA3 0.035421 0.33345 

O95630 STABP 0.021355 0.331923 

P30740 ILEU 0.028982 0.320074 

Q9HC38 GLOD4 0.034769 0.31977 

Q00535 CDK5 0.035292 0.319304 

O60343 TBCD4 0.045861 0.310805 

P17931 LEG3 0.003143 0.306648 

P98082 DAB2 0.028445 0.301949 

P40763 STAT3 0.01376 0.301679 

P06744 G6PI 0.037576 0.29846 

Q03701 CEBPZ 0.008203 0.278179 

P38606 VATA 0.023014 0.268305 

P35232 PHB 0.033082 0.26802 

P04075 ALDOA 0.035268 0.2667 

Q9H4M9 EHD1 0.009663 0.266407 

P07195 LDHB 0.003811 0.266314 

P29590 PML 0.005295 0.265187 

Q92734 TFG 0.009065 0.25628 

Q96IU4 ABHEB 0.041866 0.251352 

P16152 CBR1 0.045862 0.24683 

Q92598 HS105 0.002319 0.24192 

P31153 METK2 0.04399 0.241782 

Q9BQE5 APOL2 0.03451 0.241446 

P41250 GARS 0.00106 0.241141 

Q9Y6C9 MTCH2 0.022312 0.239096 

P36871 PGM1 0.023076 0.235155 

P54577 SYYC 0.031141 0.234958 

P31939 PUR9 0.004942 0.231547 

P18085 ARF4 0.027847 0.227511 

P55010 IF5 0.029146 0.225219 

P51149 RAB7A 0.022931 0.224369 

P11940 PABP1 0.007867 0.222547 

P62495 ERF1 0.005511 0.222071 

P45974 UBP5 0.012626 0.220668 

O60271 JIP4 0.013346 0.219984 
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P41240 CSK 0.033065 0.217581 

P54652 HSP72 0.024675 0.217256 

Q14258 TRI25 0.032796 0.217083 

P27105 STOM 0.04383 0.215163 

Q8IZP0 ABI1 0.009245 0.208184 

Q96P70 IPO9 0.035954 0.208174 

P11766 ADHX 0.011955 0.207268 

P68104 EF1A1 0.045031 0.205607 

Q06124 PTN11 0.048124 0.204078 

O75489 NDUS3 0.01921 0.203689 

P23381 SYWC 0.030421 0.202282 

O15397 IPO8 0.040703 0.199768 

P55786 PSA 0.008463 0.19828 

Q9UKK9 NUDT5 0.015238 0.198112 

Q8NHQ9 DDX55 0.009283 0.189732 

P53004 BIEA 0.03008 0.187675 

P53990 IST1 0.010658 0.187323 

Q9UBQ7 GRHPR 0.046106 0.186687 

Q96KP4 CNDP2 0.03992 0.185337 

Q96GK7 FAH2A 0.028125 0.185328 

Q9Y2H2 SAC2 0.039579 0.183258 

Q15435 PP1R7 0.038666 0.180918 

P43490 NAMPT 0.017681 0.175885 

O43776 SYNC 0.020349 0.174931 

P61081 UBC12 0.002865 0.174186 

P14618 KPYM 0.046562 0.172939 

P13639 EF2 0.015831 0.162314 

P0DMV9 HS71B 0.004898 0.161273 

P50991 TCPD 0.040527 0.158296 

O43707 ACTN4 0.038055 0.158247 

O75955 FLOT1 0.048674 0.158006 

P00390 GSHR 0.044803 0.152452 

P55060 XPO2 0.02919 0.149466 

O75131 CPNE3 0.04914 0.147363 

P50990 TCPQ 0.042553 0.146908 
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Q9Y5X1 SNX9 0.004457 0.140518 

P50395 GDIB 0.007383 0.139586 

P26038 MOES 0.047438 0.137577 

Q86VP6 CAND1 0.035625 0.131745 

Q9UGP8 SEC63 0.049701 0.12957 

O75874 IDHC 0.036191 0.110063 

O15144 ARPC2 0.023937 0.103014 

P12268 IMDH2 0.026378 0.100715 

Q13617 CUL2 0.002842 0.094337 

P51610 HCFC1 0.048013 -0.10624 

P12270 TPR 0.012525 -0.11633 

Q92974 ARHG2 0.03976 -0.12044 

Q8IVM0 CCD50 0.006571 -0.13491 

P35579 MYH9 0.046217 -0.135 

O94776 MTA2 0.042085 -0.14584 

Q96I24 FUBP3 0.011556 -0.16108 

Q7L014 DDX46 0.018566 -0.18913 

Q9UG63 ABCF2 0.045034 -0.20901 

P31943 HNRH1 0.037137 -0.21155 

Q9BUJ2 HNRL1 0.036301 -0.21341 

P26358 DNMT1 0.020009 -0.2274 

Q15637 SF01 0.026805 -0.23802 

Q9NVJ2 ARL8B 0.021032 -0.24867 

Q9Y6N5 SQOR 0.013386 -0.25711 

O14578 CTRO 0.031698 -0.26219 

Q96GM8 TOE1 0.036353 -0.28456 

P50416 CPT1A 0.02677 -0.29168 

Q14192 FHL2 0.032178 -0.29434 

O60568 PLOD3 0.042638 -0.29755 

P11047 LAMC1 0.003003 -0.2997 

Q96GD4 AURKB 0.042717 -0.3115 

Q03252 LMNB2 0.021484 -0.32136 

Q9UHB6 LIMA1 0.035042 -0.34456 

Q07157 ZO1 0.020011 -0.34458 

Q8NFH5 NUP35 0.045425 -0.34976 
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O95425 SVIL 0.034539 -0.3542 

Q99640 PMYT1 0.04219 -0.37316 

Q9H4L4 SENP3 0.041434 -0.37768 

Q6PK18 OGFD3 0.01351 -0.38129 

O60462 NRP2 0.01829 -0.38243 

P07942 LAMB1 0.009068 -0.38528 

Q13247 SRSF6 0.013382 -0.42046 

Q92599 SEPTIN8 0.021981 -0.4229 

Q9HD67 MYO10 0.044252 -0.44158 

P28370 SMCA1 0.015155 -0.44403 

Q9UJA5 TRM6 0.010815 -0.50575 

O15084 ANR28 0.048737 -0.51903 

Q6NZI2 CAVN1 0.034826 -0.57214 

Q9BTX1 NDC1 0.012291 -0.62277 

P36915 GNL1 0.038846 -0.64001 

P08572 CO4A2 0.038096 -0.80807 

Q9P016 THYN1 0.024797 -0.84406 

Q13523 PRP4B 0.047782 -0.9917 

Q9Y4C2 TCAF1 0.033551 -1.2499 

Q9NWH9 SLTM 0.033224 -1.26434 

P07996 TSP1 0.006376 -1.27263 

Q9Y3Z3 SAMH1 0.01731 -1.29446 

Q6UX04 CWC27 0.002188 -1.9988 

 

FM3 cell lysate mass spectrometry data: FS-

72h vs FS-24h (n=4) 

UniProtKB Protein ID p-value Log2FC 

P16402 H13 0.000367 4.113782 

Q9UHB7 AFF4 0.00474 1.815491 

P05387 RLA2 0.001013 1.776279 

P06703 S10A6 0.002886 1.679462 

Q96P48 ARAP1 0.036512 1.537999 

P16403 H12 0.000971 1.515022 

Q9NZD2 GLTP 0.00605 1.448756 

P49006 MRP 0.005387 1.358313 
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P14854 CX6B1 0.008922 1.354905 

Q9Y4C2 TCAF1 0.005706 1.297726 

P23297 S10A1 0.008601 1.276711 

Q9P016 THYN1 0.020694 1.263961 

Q15836 VAMP3 0.018236 1.243279 

Q53EL6 PDCD4 0.021473 1.241346 

Q6UVK1 CSPG4 0.00087 1.185535 

P0CG30 GSTT2 0.04715 1.152054 

P80297 MT1X 0.003098 1.144121 

P05386 RLA1 0.021896 1.064345 

Q92597 NDRG1 0.003112 1.042164 

Q96A26 F162A 0.002948 1.037165 

Q9BTC8 MTA3 0.000141 0.97563 

Q14061 COX17 0.040485 0.974194 

Q9UKR5 ERG28 0.032756 0.936356 

Q92625 ANS1A 4.44E-05 0.929221 

Q66PJ3 AR6P4 0.000495 0.911026 

Q9HD67 MYO10 0.010661 0.904346 

P08962 CD63 0.02772 0.89461 

P35527 K1C9 0.000154 0.871875 

Q86VM9 ZCH18 0.0008 0.864781 

Q5ZPR3 CD276 0.016456 0.841752 

P82663 RT25 0.002274 0.831646 

P53999 TCP4 0.000496 0.802254 

P52815 RM12 0.020954 0.789649 

P14406 CX7A2 0.017097 0.765487 

O00767 ACOD 0.004934 0.758642 

Q9Y2Y0 AR2BP 0.038144 0.752948 

Q8NBJ4 GOLM1 0.018698 0.732557 

P50479 PDLI4 0.016205 0.729968 

P60033 CD81 0.018929 0.726363 

O60888 CUTA 0.012569 0.713155 

Q16540 RM23 0.029939 0.710769 

Q13938 CAYP1 0.001027 0.709692 

P14209 CD99 0.003042 0.704096 



 

242 | P a g e  
 

Q9BTX1 NDC1 0.009305 0.686723 

Q16850 CP51A 0.006921 0.641099 

O00560 SDCB1 0.000149 0.626759 

Q5K4L6 S27A3 0.009491 0.623518 

P07225 PROS 0.043431 0.622441 

O00244 ATOX1 0.015882 0.619488 

P09497 CLCB 0.027732 0.616551 

Q16655 36951 0.024733 0.613751 

P07108 ACBP 0.006225 0.596329 

Q8N129 CNPY4 0.003261 0.58428 

Q96CG8 CTHR1 0.025101 0.566396 

Q9H1A3 METL9 0.001299 0.564429 

P49458 SRP09 0.000309 0.560234 

Q9BQ61 TRIR 0.017413 0.548323 

Q9P2B2 FPRP 0.018787 0.546593 

P62633 CNBP 0.001287 0.542687 

P05106 ITB3 0.000878 0.539007 

P78324 SHPS1 0.048451 0.525578 

P37268 FDFT 0.019138 0.524083 

Q5DJT8 CT452 0.010651 0.521466 

Q9NYH9 UTP6 0.038279 0.519524 

P39687 AN32A 0.017452 0.512041 

P13987 CD59 0.038679 0.510726 

O14737 PDCD5 0.043304 0.509208 

P07919 QCR6 0.04323 0.508671 

P09972 ALDOC 0.001731 0.501581 

Q14257 RCN2 0.004257 0.50124 

O75223 GGCT 0.013719 0.490795 

P48637 GSHB 0.005356 0.480992 

P11717 MPRI 0.016048 0.459035 

P56693 SOX10 0.012797 0.457636 

Q13247 SRSF6 0.009643 0.457274 

P09496 CLCA 0.00876 0.450172 

Q92804 RBP56 0.006124 0.445256 

Q9Y4F1 FARP1 0.013054 0.444618 



 

243 | P a g e  
 

Q8TD55 PKHO2 0.040625 0.437377 

Q9UNF1 MAGD2 0.014288 0.436904 

P35613 BASI 0.006703 0.436014 

Q9BTT0 AN32E 0.017134 0.431988 

P01011 AACT 0.040909 0.42466 

Q6P6C2 ALKB5 0.026318 0.404488 

Q9Y5L4 TIM13 0.026513 0.404321 

P58215 LOXL3 0.042154 0.404313 

P61956 SUMO2 0.016122 0.401666 

P21399 ACOC 0.01783 0.392555 

P29372 3MG 0.031324 0.391558 

Q9NPH3 IL1AP 0.003397 0.388479 

O43493 TGON2 0.020201 0.387188 

P46013 KI67 0.033865 0.383663 

Q6FIF0 ZFAN6 0.000961 0.382656 

P37108 SRP14 0.016285 0.38238 

O43765 SGTA 0.044033 0.380498 

Q9Y547 IFT25 0.018644 0.377297 

Q8IVM0 CCD50 0.016716 0.373841 

Q14573 ITPR3 0.043538 0.373825 

Q15369 ELOC 0.035666 0.369593 

P40126 TYRP2 0.029318 0.365208 

P16949 STMN1 0.00155 0.36384 

O15240 VGF 0.026862 0.355572 

Q9Y4E6 WDR7 0.006703 0.355381 

Q8WW12 PCNP 0.019083 0.343678 

P13686 PPA5 0.030844 0.33929 

Q6UWP7 LCLT1 0.010529 0.339008 

O60701 UGDH 0.003535 0.337895 

Q14195 DPYL3 0.045194 0.337569 

P13674 P4HA1 0.002918 0.335944 

O43639 NCK2 0.029973 0.334742 

P49023 PAXI 0.00138 0.333877 

Q16563 SYPL1 0.019447 0.330032 

Q16576 RBBP7 0.013376 0.32756 



 

244 | P a g e  
 

Q16831 UPP1 0.006742 0.325795 

P14927 QCR7 0.009872 0.325232 

Q13409 DC1I2 0.014252 0.325115 

Q13867 BLMH 0.01103 0.323396 

P36871 PGM1 0.00023 0.315533 

Q9NZB2 F120A 0.007127 0.312474 

Q9UNL2 SSRG 0.017969 0.304611 

Q15637 SF01 0.025784 0.304336 

O95340 PAPS2 0.004734 0.302416 

Q9ULX9 MAFF 0.025674 0.301318 

Q8WTV0 SCRB1 0.048951 0.298834 

O75937 DNJC8 0.001608 0.296543 

Q9UKK9 NUDT5 0.002981 0.294797 

P08670 VIME 0.016182 0.294037 

Q8WXF1 PSPC1 0.001836 0.292966 

P18669 PGAM1 0.010975 0.291984 

P13798 ACPH 0.002501 0.287687 

Q14019 COTL1 0.024547 0.287041 

Q01105 SET 0.010476 0.285494 

Q9ULC4 MCTS1 0.012931 0.280534 

P15586 GNS 0.023037 0.276065 

Q9BUR5 MIC26 0.016624 0.27229 

Q8WXI9 P66B 0.012227 0.270615 

Q9BRA2 TXD17 0.009976 0.263962 

Q05655 KPCD 0.0205 0.263539 

P12955 PEPD 0.014702 0.262759 

P13797 PLST 0.03608 0.262364 

P06756 ITAV 0.035313 0.261912 

Q13596 SNX1 0.014992 0.255748 

Q13126 MTAP 0.005234 0.252187 

P14550 AK1A1 0.00671 0.250232 

O75874 IDHC 0.045097 0.248819 

O60568 PLOD3 0.029738 0.246437 

P19174 PLCG1 0.038502 0.242987 

Q06830 PRDX1 0.003314 0.241775 



 

245 | P a g e  
 

Q06203 PUR1 0.039249 0.240645 

Q9UKM7 MA1B1 0.043436 0.239575 

Q12792 TWF1 0.020872 0.238862 

P52789 HXK2 0.001106 0.232859 

Q9Y274 SIA10 0.024869 0.232768 

Q86U42 PABP2 0.018472 0.224794 

P21912 SDHB 0.009681 0.223415 

P51665 PSMD7 0.002005 0.223338 

P10644 KAP0 0.031271 0.223049 

Q96HE7 ERO1A 0.015646 0.217316 

Q92974 ARHG2 0.03761 0.211371 

Q9Y5S9 RBM8A 0.005965 0.207253 

P62312 LSM6 0.042376 0.199986 

P22061 PIMT 0.035786 0.196499 

Q9Y2B0 CNPY2 0.018889 0.195768 

O00273 DFFA 0.029602 0.192076 

Q6UX53 MET7B 0.025642 0.187469 

Q01082 SPTB2 0.000604 0.187038 

Q06210 GFPT1 0.007049 0.177276 

P05198 IF2A 0.025548 0.174579 

P51153 RAB13 0.017704 0.173389 

P42224 STAT1 0.03588 0.172688 

P35659 DEK 0.015978 0.171312 

Q9H0D6 XRN2 0.03622 0.169211 

P07741 APT 0.017997 0.166132 

Q4VC31 CCD58 0.034917 0.164063 

P55145 MANF 0.044834 0.162221 

Q9Y2Z0 SGT1 0.017446 0.160092 

Q15645 PCH2 0.032136 0.159827 

P78347 GTF2I 0.044777 0.157136 

P46926 GNPI1 0.047471 0.154625 

P61221 ABCE1 0.02318 0.131287 

Q9BUJ2 HNRL1 0.025323 0.116761 

O00232 PSD12 0.029144 0.107798 

P20839 IMDH1 0.020639 0.106165 



 

246 | P a g e  
 

P47756 CAPZB 0.00386 0.10514 

O60884 DNJA2 0.033478 0.085171 

P50395 GDIB 0.028906 -0.0592 

P49721 PSB2 0.017669 -0.06228 

P41250 GARS 0.028225 -0.10348 

P21281 VATB2 0.018809 -0.10729 

O15144 ARPC2 0.008985 -0.13313 

Q14108 SCRB2 0.045901 -0.13537 

P50213 IDH3A 0.047285 -0.13738 

O43684 BUB3 0.036529 -0.13847 

P62249 RS16 0.034043 -0.13898 

P55072 TERA 0.045815 -0.14324 

P63000 RAC1 0.03188 -0.14451 

P18031 PTN1 0.04978 -0.15098 

P06865 HEXA 0.013707 -0.15302 

P49588 SYAC 0.040214 -0.15485 

P39019 RS19 0.016622 -0.15499 

P51149 RAB7A 0.04283 -0.15673 

O75083 WDR1 0.037658 -0.15798 

O60716 CTND1 0.008892 -0.15847 

Q16891 MIC60 0.038181 -0.1603 

Q9Y4P3 TBL2 0.000155 -0.16391 

O15533 TPSN 0.037277 -0.16437 

Q12849 GRSF1 0.001338 -0.16447 

P62241 RS8 0.006826 -0.16509 

Q5VZM2 RRAGB 0.04016 -0.166 

Q13435 SF3B2 0.029616 -0.16734 

P11142 HSP7C 0.04917 -0.16739 

Q6PKG0 LARP1 0.013962 -0.16821 

Q9NX63 MIC19 0.030366 -0.16916 

Q99623 PHB2 0.045453 -0.17236 

Q12965 MYO1E 0.021143 -0.1736 

Q99798 ACON 0.030539 -0.17676 

P62995 TRA2B 0.042058 -0.17695 

P26196 DDX6 0.005358 -0.17723 



 

247 | P a g e  
 

P61313 RL15 0.010871 -0.18238 

Q96I99 SUCB2 0.028028 -0.18256 

P00387 NB5R3 0.021526 -0.18268 

P35637 FUS 0.047957 -0.18339 

P57088 TMM33 0.041234 -0.18358 

P23246 SFPQ 0.011536 -0.18409 

P62917 RL8 0.004546 -0.1845 

Q9Y696 CLIC4 0.036577 -0.18521 

Q04837 SSBP 0.024941 -0.18615 

O15145 ARPC3 0.004198 -0.18624 

Q92973 TNPO1 0.038562 -0.19034 

Q13310 PABP4 0.005635 -0.19128 

Q99442 SEC62 0.024826 -0.19299 

P29692 EF1D 0.021631 -0.19487 

P13639 EF2 0.010032 -0.20017 

Q13283 G3BP1 0.021941 -0.20044 

P47897 SYQ 0.007978 -0.201 

Q16629 SRSF7 0.02076 -0.20108 

O75947 ATP5H 0.013056 -0.20295 

P05388 RLA0 0.001907 -0.20409 

Q10713 MPPA 0.027536 -0.20447 

P46782 RS5 0.006683 -0.2061 

Q9Y3D9 RT23 0.011028 -0.2067 

Q9H9B4 SFXN1 0.047422 -0.20721 

P53992 SC24C 0.023017 -0.20753 

P55010 IF5 0.022236 -0.20766 

P62244 RS15A 0.045855 -0.20768 

Q92979 NEP1 0.027456 -0.20772 

P62269 RS18 0.003499 -0.20856 

Q96QK1 VPS35 0.022001 -0.20858 

P36542 ATPG 0.035608 -0.20886 

P23396 RS3 0.00318 -0.20942 

P37198 NUP62 0.034308 -0.21032 

Q14974 IMB1 0.018837 -0.21045 

Q15149 PLEC 0.011621 -0.21144 



 

248 | P a g e  
 

P30050 RL12 6.67E-05 -0.21428 

Q9Y277 VDAC3 0.006198 -0.21435 

P84103 SRSF3 0.018812 -0.21441 

P06396 GELS 0.019247 -0.21601 

Q9UMS4 PRP19 0.019835 -0.21688 

Q99536 VAT1 0.029974 -0.21691 

P60842 IF4A1 0.005572 -0.21713 

Q1KMD3 HNRL2 0.023314 -0.21955 

Q01650 LAT1 0.047349 -0.22036 

P46777 RL5 0.000788 -0.22251 

Q15286 RAB35 0.01777 -0.22415 

P07686 HEXB 0.003024 -0.22489 

P49207 RL34 0.037562 -0.22498 

P34897 GLYM 0.023369 -0.2254 

Q15437 SC23B 0.0448 -0.22545 

P27694 RFA1 0.037209 -0.2265 

O95816 BAG2 0.014634 -0.22802 

O75439 MPPB 0.016321 -0.22817 

P62829 RL23 0.012677 -0.2284 

P62753 RS6 0.033366 -0.22876 

Q99615 DNJC7 0.008836 -0.2302 

P08865 RSSA 0.001528 -0.23172 

Q9Y490 TLN1 0.021277 -0.23215 

P19367 HXK1 0.000699 -0.23256 

Q9BXK5 B2L13 0.029299 -0.23416 

Q13561 DCTN2 0.033425 -0.23448 

P08708 RS17 0.000456 -0.23479 

P78344 IF4G2 0.012831 -0.23498 

P11387 TOP1 0.013876 -0.23587 

Q9H845 ACAD9 0.027832 -0.23631 

Q13423 NNTM 0.032963 -0.23727 

P25705 ATPA 0.02864 -0.23838 

Q13813 SPTN1 0.001678 -0.2394 

Q92734 TFG 0.023061 -0.24123 

O75352 MPU1 0.044951 -0.24324 



 

249 | P a g e  
 

Q9Y399 RT02 0.048367 -0.24575 

P38646 GRP75 0.019785 -0.24694 

Q7KZF4 SND1 0.003063 -0.24726 

Q53H12 AGK 0.046124 -0.2478 

P40926 MDHM 0.02755 -0.24801 

Q13505 MTX1 0.024864 -0.24915 

Q9P2E9 RRBP1 0.030568 -0.24944 

P55809 SCOT1 0.002913 -0.25327 

P21333 FLNA 0.032491 -0.25363 

P36957 ODO2 0.022839 -0.25536 

P62906 RL10A 0.028321 -0.25547 

P07339 CATD 0.018256 -0.25566 

Q9Y4W6 AFG32 0.014044 -0.25637 

Q7Z2W9 RM21 0.040866 -0.26074 

O95197 RTN3 0.012027 -0.26082 

P15880 RS2 0.000443 -0.26085 

P25398 RS12 0.009707 -0.26119 

O43707 ACTN4 0.000542 -0.26202 

P27816 MAP4 0.007557 -0.26289 

P62910 RL32 0.027485 -0.26329 

P07203 GPX1 0.009145 -0.26414 

P16435 NCPR 0.039588 -0.26424 

Q05682 CALD1 0.018408 -0.26759 

P62424 RL7A 0.000445 -0.26784 

Q04637 IF4G1 0.012596 -0.26816 

O00571 DDX3X 0.005711 -0.26829 

Q13277 STX3 0.005682 -0.26952 

P17844 DDX5 0.008768 -0.27 

P35268 RL22 0.026058 -0.27109 

P62888 RL30 0.020127 -0.27142 

Q9UHQ9 NB5R1 0.007162 -0.27421 

P62993 GRB2 0.012614 -0.2755 

O43390 HNRPR 0.024171 -0.27591 

Q92598 HS105 0.000454 -0.27662 

P24752 THIL 0.010787 -0.2796 



 

250 | P a g e  
 

P17655 CAN2 0.005973 -0.28209 

P68032 ACTC 0.045855 -0.28298 

P08758 ANXA5 0.002112 -0.28434 

Q96CS3 FAF2 0.030506 -0.28553 

P53384 NUBP1 0.014063 -0.28651 

Q969V3 NCLN 0.019413 -0.28665 

O43795 MYO1B 0.035077 -0.28828 

O94766 B3GA3 0.026509 -0.28895 

P18124 RL7 0.001666 -0.29074 

P31153 METK2 0.00346 -0.29086 

P06576 ATPB 0.017094 -0.29108 

Q86W42 THOC6 0.034078 -0.29133 

Q6NUK1 SCMC1 0.031356 -0.29373 

Q8NBX0 SCPDL 0.021982 -0.29487 

P35221 CTNA1 0.006516 -0.2959 

Q9UJZ1 STML2 0.007338 -0.29614 

Q9NPD3 EXOS4 0.035895 -0.29717 

P62899 RL31 0.013873 -0.29786 

Q8NHP8 PLBL2 0.01625 -0.29802 

Q8TDD1 DDX54 0.020494 -0.29929 

Q9HCD5 NCOA5 0.030451 -0.29972 

Q13637 RAB32 0.019891 -0.30059 

P13693 TCTP 0.01172 -0.30272 

Q9NR30 DDX21 0.00489 -0.30339 

Q9UIJ7 KAD3 0.025949 -0.30508 

P27105 STOM 0.007435 -0.30586 

P62847 RS24 0.018074 -0.30843 

O43464 HTRA2 0.038142 -0.30925 

Q08211 DHX9 0.005695 -0.30959 

P52292 IMA1 0.040528 -0.31072 

P61247 RS3A 0.002493 -0.31333 

Q8N0X7 SPART 0.046703 -0.31495 

Q7Z434 MAVS 0.048712 -0.31557 

P32969 RL9 0.000295 -0.31598 

Q53FA7 QORX 0.025199 -0.31749 



 

251 | P a g e  
 

Q9GZR7 DDX24 0.009881 -0.31911 

Q9NZJ7 MTCH1 0.019373 -0.31961 

P62280 RS11 0.007761 -0.32088 

P04062 GLCM 0.007263 -0.32147 

P82933 RT09 0.021843 -0.32201 

P68104 EF1A1 0.001366 -0.32238 

P51798 CLCN7 0.013514 -0.32378 

P12004 PCNA 0.00388 -0.32401 

Q9NX62 IMPA3 0.016777 -0.32586 

Q9NPA0 EMC7 0.003152 -0.32741 

O43175 SERA 5.4E-05 -0.32762 

P36578 RL4 0.004991 -0.32785 

P55084 ECHB 0.014811 -0.32846 

P82930 RT34 0.004243 -0.32914 

P16401 H15 0.024504 -0.32922 

P82650 RT22 0.01797 -0.3305 

P50748 KNTC1 0.008837 -0.33183 

Q16881 TRXR1 0.042867 -0.3327 

P61604 CH10 0.011102 -0.33275 

O76021 RL1D1 0.018943 -0.33677 

P46459 NSF 0.0165 -0.33701 

P61421 VA0D1 0.015013 -0.33724 

P40429 RL13A 0.001143 -0.33954 

P11498 PYC 0.030509 -0.34024 

Q6NTF9 RHBD2 0.016082 -0.34081 

Q14847 LASP1 0.004263 -0.34116 

Q15424 SAFB1 0.030934 -0.34171 

Q96IJ6 GMPPA 0.028918 -0.34245 

P61201 CSN2 0.003948 -0.34278 

P18621 RL17 0.000911 -0.34299 

P26641 EF1G 0.003999 -0.34326 

Q9BWU0 NADAP 0.012331 -0.34328 

Q9Y512 SAM50 0.026876 -0.34373 

Q13200 PSMD2 0.011863 -0.34376 

Q9Y3U8 RL36 0.014033 -0.34637 



 

252 | P a g e  
 

P26572 MGAT1 0.043781 -0.3465 

Q07020 RL18 0.001593 -0.34865 

O60784 TOM1 0.024424 -0.3515 

Q12769 NU160 0.020101 -0.35321 

P43007 SATT 0.00545 -0.35572 

Q8WUM4 PDC6I 0.031996 -0.35715 

P47914 RL29 0.043621 -0.35792 

Q9Y2S2 CRYL1 0.014166 -0.36029 

P39023 RL3 0.019889 -0.36033 

Q9C0C9 UBE2O 0.028827 -0.36112 

Q9NW13 RBM28 0.000553 -0.36137 

Q02218 ODO1 0.022665 -0.36189 

P00505 AATM 0.001346 -0.3622 

Q9BT22 ALG1 0.032628 -0.36452 

P02545 LMNA 0.00977 -0.36481 

P62913 RL11 2.19E-05 -0.36546 

P40939 ECHA 0.031964 -0.36584 

P08195 4F2 0.00137 -0.36609 

Q9UG63 ABCF2 0.012097 -0.36786 

Q8NBU5 ATAD1 0.0154 -0.36848 

Q13838 DX39B 0.047822 -0.37653 

P26358 DNMT1 0.029367 -0.38048 

Q9Y679 AUP1 0.010798 -0.38141 

P25205 MCM3 0.016196 -0.38208 

P54886 P5CS 0.011084 -0.3829 

Q9BYN8 RT26 0.009221 -0.38291 

P11940 PABP1 0.001781 -0.38505 

Q15050 RRS1 0.033867 -0.38569 

Q9UHY1 NRBP 0.015066 -0.38621 

Q00325 MPCP 0.005943 -0.39155 

P60981 DEST 0.00018 -0.39315 

P26440 IVD 0.015372 -0.39457 

P62277 RS13 0.001087 -0.39665 

Q9NQC3 RTN4 0.009548 -0.39724 

P04083 ANXA1 0.012193 -0.40119 



 

253 | P a g e  
 

P82675 RT05 0.013961 -0.40655 

Q9H0A0 NAT10 0.02112 -0.40739 

Q8IY81 SPB1 0.035067 -0.41118 

P08574 CY1 0.018016 -0.41276 

Q9H936 GHC1 0.011892 -0.41393 

Q9H074 PAIP1 0.026504 -0.41474 

Q9UNH7 SNX6 0.029616 -0.41544 

O75340 PDCD6 0.049943 -0.41571 

P06737 PYGL 0.001919 -0.41861 

P18085 ARF4 0.003533 -0.42362 

P46781 RS9 0.003506 -0.42392 

P18206 VINC 0.000399 -0.42992 

Q6WKZ4 RFIP1 0.043445 -0.43412 

Q12765 SCRN1 0.031035 -0.43614 

Q9Y3T9 NOC2L 0.007317 -0.43877 

Q9H6F5 CCD86 0.000608 -0.44031 

Q9BVP2 GNL3 0.00377 -0.44148 

P09525 ANXA4 0.037981 -0.44422 

P38606 VATA 0.002576 -0.44426 

Q71UI9 H2AV 0.043061 -0.44944 

O75691 UTP20 0.002231 -0.45161 

P67936 TPM4 0.016354 -0.45413 

P23786 CPT2 0.021461 -0.4547 

P43121 MUC18 0.019058 -0.45568 

P63010 AP2B1 0.01131 -0.45575 

Q96C57 CSTOS 0.011834 -0.45647 

Q9BZL1 UBL5 0.015555 -0.46176 

P14174 MIF 0.012306 -0.46181 

Q9Y3L3 3BP1 0.003941 -0.46205 

Q15758 AAAT 0.044976 -0.46529 

P26373 RL13 0.002638 -0.46735 

Q9BRF8 CPPED 0.03162 -0.46852 

Q14192 FHL2 0.006564 -0.46961 

P49585 PCY1A 0.047641 -0.4727 

Q6NUQ4 TM214 0.017575 -0.47333 



 

254 | P a g e  
 

P24941 CDK2 0.027502 -0.47416 

P31689 DNJA1 0.005811 -0.48289 

Q9Y520 PRC2C 0.009191 -0.48509 

P46087 NOP2 0.014454 -0.48614 

P17858 PFKAL 0.048601 -0.48849 

Q96GD4 AURKB 0.045194 -0.48854 

Q92506 DHB8 0.038176 -0.48967 

P30837 AL1B1 0.01204 -0.49032 

P01903 DRA 0.03052 -0.49364 

Q7Z3E5 ARMC9 0.022721 -0.49725 

Q15397 PUM3 0.041556 -0.49734 

Q9BRX2 PELO 0.024595 -0.50068 

Q9NNW7 TRXR2 0.034673 -0.50104 

Q9GZQ8 MLP3B 0.008308 -0.50209 

P62750 RL23A 0.013473 -0.50301 

P35579 MYH9 0.000109 -0.50314 

P19525 E2AK2 0.000146 -0.5045 

P22830 HEMH 0.041047 -0.50478 

P12814 ACTN1 0.003906 -0.50544 

P22570 ADRO 0.047516 -0.50753 

Q9BRG1 VPS25 0.041989 -0.50984 

O75127 PTCD1 0.010378 -0.51229 

Q9Y4C8 RBM19 0.024383 -0.51727 

Q9H3G5 CPVL 0.000245 -0.51988 

P38432 COIL 0.005822 -0.52522 

P0DMV9 HS71B 0.000987 -0.52868 

P40616 ARL1 0.030545 -0.53271 

Q9NP58 ABCB6 0.03588 -0.53523 

Q15070 OXA1L 0.045058 -0.53636 

Q02127 PYRD 0.021448 -0.53979 

Q9H6R4 NOL6 0.026301 -0.54147 

Q7L2E3 DHX30 0.0075 -0.54571 

P30622 CLIP1 0.001936 -0.54878 

Q03701 CEBPZ 0.000654 -0.55081 

Q9Y314 NOSIP 0.046586 -0.55333 



 

255 | P a g e  
 

Q96KR1 ZFR 0.026775 -0.56363 

Q93050 VPP1 0.011112 -0.56754 

Q9UPZ3 HPS5 0.018162 -0.58166 

Q9Y5S1 TRPV2 0.014912 -0.58399 

Q5JTH9 RRP12 0.008227 -0.59096 

O75955 FLOT1 0.000187 -0.59349 

Q7Z2T5 TRM1L 0.045719 -0.59448 

P07996 TSP1 0.011629 -0.59839 

Q96GQ7 DDX27 0.00014 -0.60606 

O75131 CPNE3 0.047515 -0.6131 

Q96HC4 PDLI5 0.002436 -0.61537 

Q9NY12 GAR1 0.005774 -0.61623 

Q8NF37 PCAT1 0.003593 -0.62116 

Q9Y646 CBPQ 0.027522 -0.62323 

Q13488 VPP3 0.013244 -0.62346 

Q9BXS6 NUSAP 0.020694 -0.62506 

Q6P1L8 RM14 0.0041 -0.63198 

Q15942 ZYX 0.000366 -0.6474 

Q9UHB6 LIMA1 0.01122 -0.65934 

Q9BSH5 HDHD3 0.026002 -0.67531 

O00567 NOP56 0.003548 -0.67702 

Q15654 TRIP6 0.005454 -0.68323 

Q9Y5X2 SNX8 0.036904 -0.68619 

O95169 NDUB8 0.010191 -0.69659 

Q5J8M3 EMC4 0.024357 -0.70194 

P11216 PYGB 0.003913 -0.71174 

Q08945 SSRP1 0.009308 -0.71333 

Q27J81 INF2 0.031444 -0.71457 

Q13601 KRR1 0.024608 -0.73013 

Q9NY93 DDX56 0.000115 -0.73241 

O14773 TPP1 0.003728 -0.74704 

Q14978 NOLC1 0.000307 -0.7501 

O95478 NSA2 0.001453 -0.75402 

P51553 IDH3G 0.032853 -0.76137 

Q9P0J0 NDUAD 0.039718 -0.76218 



 

256 | P a g e  
 

Q9H5Q4 TFB2M 0.000865 -0.76354 

Q9Y3E0 GOT1B 0.005946 -0.79324 

Q9GZL7 WDR12 0.005955 -0.79439 

Q9BSC4 NOL10 0.008406 -0.80365 

Q15007 FL2D 0.046941 -0.80956 

P48507 GSH0 0.002179 -0.80975 

Q96S97 MYADM 0.002453 -0.81127 

Q9NQH7 XPP3 0.043811 -0.82993 

P02751 FINC 0.000163 -0.83933 

P17096 HMGA1 0.033481 -0.84845 

Q9Y2X3 NOP58 0.001259 -0.84947 

Q15269 PWP2 0.038889 -0.86117 

P04818 TYSY 0.009574 -0.8655 

Q9Y5B9 SP16H 0.017429 -0.86997 

Q13418 ILK 0.004712 -0.88098 

Q6DKI1 RL7L 0.023087 -0.8875 

P35219 CAH8 0.024926 -0.89607 

Q8IXI2 MIRO1 0.038352 -0.89688 

P08243 ASNS 0.00769 -0.9049 

Q6IN84 MRM1 0.042492 -0.90763 

O95273 CCDB1 0.028354 -0.9242 

P49750 YLPM1 0.01565 -0.92465 

Q6NUQ1 RINT1 0.032207 -0.95133 

Q99439 CNN2 0.000525 -0.96672 

Q96ER9 CCD51 0.003087 -0.97806 

Q4J6C6 PPCEL 0.022994 -0.98718 

Q15061 WDR43 0.008306 -0.99649 

Q13501 SQSTM 0.000209 -1.00325 

Q9BU89 DOHH 0.03085 -1.01 

Q9NX24 NHP2 0.028362 -1.01029 

P05204 HMGN2 0.001656 -1.0281 

O00400 ACATN 0.007217 -1.02893 

Q92629 SGCD 0.047494 -1.03231 

Q99698 LYST 0.044968 -1.04467 

P98194 AT2C1 0.013971 -1.05651 



 

257 | P a g e  
 

Q02878 RL6 0.000274 -1.07444 

O00461 GOLI4 0.013359 -1.08058 

Q15276 RABE1 0.035374 -1.08726 

Q9NZM1 MYOF 0.001081 -1.09986 

P04183 KITH 0.000689 -1.10201 

P22087 FBRL 0.003692 -1.10827 

Q9ULH0 KDIS 0.018467 -1.12743 

P52926 HMGA2 0.013518 -1.14359 

Q9BZF9 UACA 0.006929 -1.14384 

Q14254 FLOT2 0.009248 -1.15139 

P46199 IF2M 0.033396 -1.15292 

P60903 S10AA 0.026629 -1.15373 

Q9H9A5 CNO10 0.04665 -1.15591 

P31350 RIR2 0.001268 -1.16665 

Q02338 BDH 0.003296 -1.26374 

Q99541 PLIN2 0.006591 -1.33525 

Q9BZF1 OSBL8 0.033759 -1.38601 

Q9BRT6 LLPH 0.040557 -1.39097 

O75794 CD123 0.0287 -1.40746 

Q9Y385 UB2J1 0.00095 -1.42514 

Q6IN85 P4R3A 0.009335 -1.48696 

P57737 CORO7 0.012332 -1.48834 

Q9UJY1 HSPB8 0.016598 -1.54866 

Q96HW7 INT4 0.005581 -1.56796 

Q09666 AHNK 0.00061 -1.61025 

O43818 U3IP2 0.006424 -1.61792 

A4D1P6 WDR91 0.001555 -1.6976 

O43896 KIF1C 0.017786 -1.72003 

P07355 ANXA2 0.000904 -1.84038 

Q9Y6A9 SPCS1 0.017031 -1.91369 

Q9BZQ8 NIBAN 0.002861 -1.96795 

P08133 ANXA6 1.53E-06 -2.47737 

P09601 HMOX1 0.002665 -2.87493 

P69905 HBA 0.000793 -2.8976 

O00566 MPP10 8.64E-06 -2.94202 

 



 

258 | P a g e  
 

FM3 cell ECM mass spectrometry data: FS-

24h vs TCP-24h (n=6) 

UniProtKB Protein ID p-value Log2FC 

O95834 EMAL2 0.001231 4.008284 

P13073 COX41 0.006703 2.098046 

P63241 IF5A1 0.005943 1.901673 

Q15233 NONO 0.012029 1.418885 

P00558 PGK1 0.012302 1.338884 

P68371 TBB4B 0.04244 1.266762 

P69905 HBA 0.015889 1.034933 

O95445 APOM 0.045781 1.011684 

P01008 ANT3 9.43E-05 0.986875 

P61224 RAP1B 0.005408 0.72535 

P14618 KPYM 0.005401 0.571236 

P62820 RAB1A 0.03946 0.493352 

P02649 APOE 0.041008 0.490942 

P35527 K1C9 0.005659 -0.37606 

Q15582 BGH3 0.002198 -0.47226 

P35579 MYH9 0.01317 -0.63104 

P38646 GRP75 0.042924 -0.76503 

P09651 ROA1 0.026557 -0.79567 

P99999 CYC 0.000941 -0.83176 

P22626 ROA2 0.005967 -0.83624 

P62857 RS28 0.023465 -0.88566 

Q99623 PHB2 0.000132 -0.91602 

P07195 LDHB 0.02369 -1.03065 

P46783 RS10 0.015869 -1.2417 

P02751 FINC 0.003016 -1.2424 

Q96AG4 LRC59 0.018471 -1.26239 

Q99880 H2B1L 0.021383 -1.29833 

P39019 RS19 0.003057 -1.67985 

Q99988 GDF15 7.97E-06 -1.96205 

P08670 VIME 1.76E-05 -2.02051 

P62805 H4 0.000991 -2.11465 

P04004 VTNC 0.000317 -2.12173 



 

259 | P a g e  
 

P24539 AT5F1 0.007953 -2.39174 

P35625 TIMP3 2.49E-05 -3.40401 

 

FM3 cell ECM mass spectrometry data: FS-

72h vs FS-24h (n=6) 

UniProtKB Protein ID p-value Log2FC 

P35625 TIMP3 6.4E-05 5.029844 

P24539 AT5F1 0.046345 2.758858 

P02787 TRFE 0.030503 2.559066 

P22626 ROA2 9.58E-05 2.552674 

P08670 VIME 3.28E-12 2.211979 

Q96AG4 LRC59 0.020267 2.111244 

P39019 RS19 1.13E-08 2.100408 

P48047 ATPO 0.040028 2.09439 

P11940 PABP1 0.023942 2.073463 

P00750 TPA 0.000108 1.950184 

P09651 ROA1 4.97E-05 1.920966 

Q15365 PCBP1 0.016143 1.902189 

P13073 COX41 6.94E-06 1.665185 

P46783 RS10 0.014744 1.662312 

Q92743 HTRA1 0.000166 1.487817 

P17844 DDX5 0.015139 1.410857 

P62857 RS28 0.000306 1.315569 

P04004 VTNC 5.28E-05 1.306803 

Q7KZF4 SND1 0.001348 1.274577 

P07093 GDN 0.000238 1.227039 

P62937 PPIA 0.046281 1.20755 

Q9Y6C2 EMIL1 0.027432 1.198163 

P36542 ATPG 0.00685 1.091775 

Q8WUJ3 CEMIP 0.001691 1.086306 

P02765 FETUA 0.02738 1.007953 

Q15582 BGH3 0.000158 1.004404 

P02649 APOE 6.3E-05 0.879068 

P38646 GRP75 0.003194 0.862435 

P21333 FLNA 0.024652 0.785443 



 

260 | P a g e  
 

P12273 PIP 0.031112 0.70278 

P29401 TKT 0.014908 0.663072 

P04406 G3P 0.002206 0.645216 

P62820 RAB1A 0.003617 0.583994 

P11142 HSP7C 0.028822 0.561991 

P35579 MYH9 0.015217 0.370957 

P52907 CAZA1 0.039515 -0.63143 

P12814 ACTN1 0.017664 -0.78996 

P61604 CH10 0.047048 -0.85552 

P37108 SRP14 0.000997 -0.92572 

Q99536 VAT1 0.016233 -1.26871 

O95445 APOM 0.016563 -1.31863 

P61586 RHOA 0.02622 -1.82016 

Q15366 PCBP2 0.042417 -2.55202 

Q9NX63 MIC19 0.007476 -3.32373 

 

FM3 cell lysate mass 

spectrometry: DB2313-treated vs 

untreated (n=3) 

UniProtKB p-value log2FC 

Q5PRF9 0.018411 1.26399 

P61981 0.030242 1.2639 

O95406 0.014498 1.101304 

Q149N8 0.043609 1.086865 

O00391 0.011251 1.076523 

P57721 0.048664 1.00273 

O95214 0.003523 1.001769 

P07196 0.041212 0.925853 

P31943 0.000912 0.88337 

P41221 0.016428 0.882783 

O95716 0.014757 0.857449 

P08138 0.024333 0.844993 

P26038 0.044679 0.763912 

O15484 0.042225 0.755683 

Q9HBA0 0.022177 0.728135 



 

261 | P a g e  
 

P35869 0.021865 0.727278 

O95248 0.026368 0.715089 

P30408 0.016503 0.6972 

Q9BQ15 0.029908 0.682839 

Q92685 0.049389 0.680124 

Q9NRP2 0.007004 0.665575 

Q8NE01 0.026175 0.618929 

P26006 0.019792 0.615822 

P04271 0.013125 0.602925 

O00512 0.012297 0.599143 

P29320 0.023445 0.584016 

Q8IZ52 0.010901 0.582801 

Q99879 0.02498 0.582173 

Q9UBF2 0.00734 0.581197 

Q8TCT8 0.011027 0.565703 

P23634 0.046004 0.555111 

P06703 0.025668 0.554193 

O43252 0.035152 0.545806 

Q9Y5U9 0.020522 0.540479 

P20020 0.032828 0.536119 

Q9H4I9 0.03265 0.533066 

O60637 0.020311 0.529333 

Q9BW72 0.036775 0.522726 

P60059 0.048656 0.500947 

Q96K49 0.006767 0.489626 

P31327 0.015284 0.480442 

P11274 0.041656 0.479713 

Q13795 0.041116 0.478418 

P04233 0.028698 0.477138 

Q92522 0.047823 0.474518 

Q9UJU2 0.040977 0.471372 

Q8N6G5 0.011334 0.469709 

P21291 0.018407 0.468348 

Q6UX53 0.001019 0.461114 

P28347 0.003404 0.458429 



 

262 | P a g e  
 

Q8WUM9 0.009508 0.458217 

Q5JTV8 0.028705 0.454741 

Q8IVF7 0.017976 0.453755 

Q9NP64 0.008712 0.452267 

Q9UPN3 0.013578 0.450958 

P43007 0.021169 0.450412 

P61803 0.030051 0.442908 

Q9ULM3 0.011638 0.427337 

Q9BPZ3 0.025205 0.426758 

O15379 0.023968 0.426597 

P84074 0.008138 0.426215 

Q8TCT9 0.03446 0.423243 

Q7L5N7 0.014066 0.409424 

Q9NR28 0.018446 0.409168 

P11217 0.007975 0.401555 

Q96A26 0.01018 0.400648 

Q53EU6 0.01899 0.399075 

P04899 0.012095 0.386816 

P48509 0.003078 0.384618 

P62834 0.014965 0.383387 

Q9H201 0.023975 0.382378 

Q96LJ7 0.015557 0.37798 

O94855 0.010378 0.374068 

Q13033 0.026633 0.372495 

Q14999 0.033321 0.37066 

O95197 0.039396 0.367834 

Q96AQ6 0.00979 0.365563 

Q15035 0.009321 0.363541 

P37235 0.010341 0.363442 

Q9HCJ1 0.0156 0.36282 

Q15149 0.002912 0.362097 

Q86UU1 0.00423 0.361799 

Q14738 0.023563 0.360526 

Q15361 0.028544 0.358968 

P50443 0.028771 0.355455 



 

263 | P a g e  
 

A1X283 0.024652 0.354116 

Q96RU3 0.004055 0.351446 

P08134 0.000994 0.343742 

Q8WVC6 0.030853 0.336732 

O00213 0.014553 0.334897 

A8MT19 0.044214 0.334549 

Q8IY63 0.046784 0.33189 

Q9C004 0.013305 0.330049 

P49748 0.004394 0.329679 

P60033 0.011941 0.325678 

Q14240 0.044242 0.324366 

Q9C0C4 0.013357 0.322705 

P58215 0.049404 0.319529 

Q14108 0.008424 0.316974 

Q9P2N7 0.04362 0.316523 

Q9Y5V3 0.017778 0.315349 

Q5BJH7 0.033294 0.315054 

Q9ULQ0 0.002149 0.313763 

Q9H4M9 0.049169 0.313525 

O60488 0.045092 0.312816 

Q8TCU6 0.001592 0.311877 

Q07954 0.046467 0.309499 

Q7Z6E9 0.012967 0.305107 

Q86X83 0.04104 0.30474 

P04066 0.034901 0.301783 

P62873 0.008436 0.298868 

P49023 0.038769 0.298513 

P11233 0.003655 0.297987 

P13987 0.038519 0.297794 

Q9Y5B6 0.00495 0.290084 

P54753 0.02983 0.288322 

P62873 0.041933 0.285801 

Q7LG56 0.002226 0.285532 

Q99643 0.007932 0.285258 

Q9Y5Z0 0.008869 0.284828 



 

264 | P a g e  
 

Q96CM8 0.017099 0.283968 

Q14192 0.01753 0.282724 

Q9H9F9 0.042133 0.281753 

Q9BQB6 0.004632 0.279613 

Q99538 0.017202 0.275011 

O95573 0.010946 0.274948 

O43707 0.02034 0.27448 

P61421 0.02644 0.273357 

Q969P0 0.020168 0.272173 

Q96EL2 0.033186 0.271204 

Q8WW01 0.04559 0.2702 

Q96FZ2 0.013777 0.268287 

O75354 0.043354 0.267264 

Q8IV08 0.011386 0.265178 

Q6UVK1 0.024001 0.265135 

Q14573 0.038792 0.26209 

Q9H0V9 0.018162 0.261818 

Q13469 0.027897 0.259626 

P55061 0.033129 0.259604 

Q7L1Q6 0.002296 0.257484 

Q9UHK6 0.039631 0.257261 

Q12907 0.000935 0.25598 

Q9P1U0 0.041754 0.252861 

Q9UBI6 0.020893 0.252138 

P50148 0.012309 0.251035 

P63096 0.008523 0.250568 

P11488 0.00547 0.249724 

Q9H4A5 0.014805 0.249571 

P63208 0.001245 0.249128 

Q08380 0.001242 0.248391 

P21964 0.029074 0.246044 

P18074 0.000954 0.245802 

O43760 0.007898 0.245632 

Q96SI9 0.009292 0.244424 

Q15418 0.013345 0.243024 



 

265 | P a g e  
 

P11387 0.027764 0.241622 

Q9UK23 0.01598 0.240181 

O60885 0.049586 0.239025 

Q9NR12 0.008174 0.238225 

Q9NPJ3 0.022878 0.237764 

Q53EP0 0.013142 0.235846 

Q5T0F9 0.007808 0.234538 

O15382 0.017695 0.232848 

Q96SN8 0.007212 0.232638 

Q53H12 0.002936 0.232096 

Q1KMD3 0.014635 0.231283 

P53007 0.005516 0.231269 

P56378 0.01027 0.230083 

P05556 0.043644 0.22975 

P42126 0.015336 0.228958 

Q5MIZ7 0.036507 0.228317 

P07858 0.014749 0.228124 

P22830 0.00305 0.226571 

O96011 0.004538 0.226486 

Q9Y3Q3 0.034502 0.225976 

O94973 0.000377 0.225397 

O00566 0.035726 0.223199 

Q9NXV2 0.044221 0.223023 

Q9UBD5 0.01441 0.22281 

Q9UHG3 0.02118 0.222222 

Q9NX40 0.046594 0.221569 

O14773 0.041546 0.220637 

P15907 0.005858 0.217276 

Q8IWT6 0.007124 0.217026 

Q13596 0.041 0.21652 

P11177 0.01624 0.215412 

Q969Y2 0.044456 0.214395 

Q6IAN0 0.027801 0.213967 

O75427 0.008005 0.21384 

Q16775 0.018802 0.213206 



 

266 | P a g e  
 

P60468 0.048065 0.212589 

Q00013 0.028345 0.212035 

Q92947 0.028149 0.211701 

Q6NUK1 0.011483 0.211647 

P08574 0.013902 0.211479 

Q9UHQ9 0.005301 0.210954 

P15559 0.006651 0.210849 

P00387 0.043809 0.209286 

Q9BPW8 0.04138 0.20885 

Q66K74 0.029236 0.208429 

P40926 0.047151 0.207081 

Q9Y6C9 0.034842 0.206539 

O15228 0.031287 0.206296 

Q6P1M0 0.025978 0.206162 

P62879 0.025105 0.205476 

Q96TA2 0.019151 0.203633 

O15533 0.017916 0.203528 

P16615 0.045021 0.201022 

Q96HW7 0.03855 0.198629 

Q9UKI2 0.02799 0.198627 

P62879 0.027874 0.198615 

Q9HDC9 0.019243 0.197248 

P03905 0.044446 0.19583 

P55735 0.032542 0.194845 

Q14573 0.043338 0.19455 

Q9UK41 0.023111 0.194479 

Q9NUS5 0.048365 0.194137 

Q8N3U4 0.000441 0.193095 

Q12756 0.017429 0.192955 

Q9BW92 0.011927 0.192795 

P10253 0.006586 0.19187 

P07602 0.025201 0.191415 

Q8IZL8 0.009244 0.191176 

Q9Y697 0.013366 0.190952 

Q53GQ0 0.011805 0.190817 



 

267 | P a g e  
 

O94766 0.032099 0.190132 

P26440 0.030076 0.18876 

O15118 0.044123 0.187722 

Q92820 0.013103 0.187664 

Q08426 0.043231 0.187644 

Q9Y3Q8 0.017324 0.187041 

Q8TEA8 0.027215 0.186784 

Q9P2R7 0.002217 0.185624 

Q99798 0.038713 0.184678 

Q8NBZ7 0.001524 0.184146 

Q9UBR2 0.004569 0.183727 

Q96HY7 0.027911 0.18371 

P00505 0.03091 0.182768 

Q93063 0.043456 0.182494 

Q02218 0.018349 0.181243 

Q69YN4 0.037399 0.179701 

Q9BUQ8 0.007011 0.179083 

P45880 0.021179 0.178309 

Q13547 0.049285 0.177694 

O60684 0.018122 0.177197 

P27348 0.030404 0.17685 

P07686 0.002955 0.176609 

Q9GZM5 0.034106 0.174634 

Q96DZ1 0.033817 0.173612 

Q9BRX8 0.034674 0.173205 

P17655 0.001059 0.172402 

Q13724 0.029924 0.171911 

O00629 0.020729 0.168053 

Q6ZMK1 0.028151 0.167659 

P35579 0.004093 0.167614 

O00217 0.048402 0.167136 

Q9GZR7 0.021302 0.166213 

Q16698 0.026189 0.166185 

P27824 0.024974 0.165974 

Q7LBC6 0.031596 0.164664 



 

268 | P a g e  
 

Q96ST3 0.03014 0.164489 

Q8TB61 0.009128 0.163003 

Q15155 0.005591 0.162298 

O75489 0.044229 0.161864 

P46821 0.014688 0.161848 

O95696 0.018238 0.161645 

Q6NUQ4 0.043323 0.161319 

Q96TC7 0.022547 0.159755 

Q92597 0.03748 0.159587 

O75127 0.030453 0.159295 

P48735 0.047013 0.158761 

O43674 0.017882 0.158089 

P23786 0.004353 0.157928 

Q02218 0.044454 0.157727 

Q9NUJ1 0.014204 0.157667 

O15020 0.00772 0.15685 

Q5HYK3 0.015603 0.155267 

Q10471 0.011466 0.155163 

Q6PI48 0.03073 0.154821 

P53990 0.012647 0.154457 

Q9UM00 0.006225 0.154217 

P55084 0.010937 0.153662 

P28290 0.034607 0.152518 

O94905 0.035297 0.151097 

Q14697 0.034765 0.150148 

P78527 0.006298 0.149008 

P00367 0.041595 0.148572 

P11310 0.029547 0.148276 

Q9HD45 0.037494 0.147863 

Q15291 0.028437 0.146914 

Q9UBG0 0.000432 0.145642 

P14625 0.002659 0.1456 

P29803 0.000353 0.145537 

Q14165 0.001817 0.142446 

P31943 0.000218 0.141736 



 

269 | P a g e  
 

Q9H9Y6 0.012978 0.141295 

P21796 0.035632 0.141117 

Q14653 0.023662 0.141029 

Q9H3G5 0.047831 0.140875 

P07237 0.023961 0.139275 

Q13115 0.028141 0.138888 

Q15067 0.013339 0.138792 

Q9BRR6 0.046116 0.137628 

Q9NYU2 0.034696 0.137602 

Q8IWW6 0.044371 0.137355 

Q8IX12 0.007518 0.136956 

P32322 0.029546 0.136912 

Q9H8H2 0.035879 0.136151 

P30048 0.049905 0.136001 

P30084 0.030597 0.133931 

Q9Y4L1 0.01792 0.132207 

P26368 0.039772 0.130615 

P04843 0.041415 0.128835 

O94804 0.02207 0.128763 

P51532 0.026646 0.128443 

P13667 0.026646 0.128025 

O60216 0.048102 0.127725 

P31040 0.041226 0.126661 

Q9BVP2 0.005078 0.126145 

Q8WWC4 0.012234 0.125631 

P17301 0.031 0.125272 

Q14019 0.013566 0.125044 

Q96CS3 0.045333 0.124997 

Q6NZI2 0.039595 0.124691 

O60341 0.015325 0.12414 

Q6P1K8 0.04421 0.122377 

Q14571 0.002658 0.12181 

P40939 0.033803 0.12168 

P61599 0.044733 0.121485 

Q15233 0.000994 0.121008 



 

270 | P a g e  
 

O43264 0.029749 0.119689 

P98175 0.047497 0.119324 

O43251 0.033335 0.118118 

P45954 0.0032 0.117446 

O95071 0.03526 0.116855 

P63162 0.044509 0.116448 

Q9UIJ7 0.031419 0.11499 

P09874 0.046218 0.114085 

Q9NY12 0.023806 0.113071 

Q5JTH9 0.024631 0.109849 

Q9HB40 0.037877 0.10933 

P49419 0.015233 0.109077 

P49411 0.040271 0.10802 

P23246 0.04132 0.106683 

Q93050 0.046913 0.106442 

O75477 0.022659 0.10459 

Q9Y305 0.048285 0.104207 

O95340 0.009063 0.103861 

Q9UJS0 0.024386 0.103415 

Q96MW5 0.045338 0.103073 

Q12996 0.001349 0.102239 

Q9Y6E0 0.026465 0.10177 

Q9UBS4 0.047121 0.099807 

Q16836 0.045035 0.099639 

O60610 0.036033 0.099503 

P51617 0.009288 0.09907 

Q9BU23 0.016916 0.099005 

Q9Y512 0.011053 0.098648 

P23284 0.03432 0.098278 

Q13151 0.022782 0.096893 

Q9NSE4 0.023253 0.096715 

Q16881 0.035547 0.09367 

Q92621 0.024435 0.09357 

P51659 0.022414 0.093461 

Q9UGI8 0.02101 0.093049 



 

271 | P a g e  
 

P38435 0.030595 0.092218 

P48960 0.023145 0.091271 

Q96A33 0.003798 0.090691 

Q9UMS4 0.006117 0.089696 

P62136 0.002558 0.088171 

Q8IXT5 0.018352 0.085881 

Q8WYA6 0.042819 0.084608 

O43252 0.04321 0.084357 

Q9NVH1 0.020675 0.083375 

P06865 0.03909 0.081135 

Q9NX47 0.015278 0.080966 

Q7L8L6 0.0104 0.077337 

O43837 0.045337 0.07615 

Q15020 0.035096 0.075838 

P82933 0.016328 0.069409 

Q8TBP6 0.026221 0.064263 

Q00610 0.029896 0.063941 

O75400 0.022271 0.0621 

O75909 0.02739 0.053591 

P22307 0.040786 0.048463 

Q16795 0.031967 0.04431 

Q9Y2R5 0.022491 -0.03008 

O60506 0.043886 -0.04926 

P61163 0.04275 -0.05299 

P54577 0.048738 -0.05498 

Q99848 0.020084 -0.06512 

P78406 0.024444 -0.06875 

P31939 0.020744 -0.07087 

P49588 0.028415 -0.07115 

Q9BR76 0.047882 -0.07329 

O00303 0.034617 -0.07353 

Q9H2G2 0.044583 -0.07475 

Q8NE71 0.010363 -0.07579 

Q06124 0.015188 -0.07611 

P62750 0.010546 -0.07653 



 

272 | P a g e  
 

Q96C19 0.035169 -0.07654 

Q5VYK3 0.042193 -0.07909 

Q8IV48 0.016073 -0.08058 

P50281 0.012993 -0.08205 

Q9BY32 0.016126 -0.08316 

Q13045 0.000646 -0.08477 

O00743 0.014079 -0.08657 

P35270 0.032758 -0.0891 

Q9HC38 0.023911 -0.09178 

P23258 0.03221 -0.09357 

Q8NFI4 0.048748 -0.09536 

O94864 0.015053 -0.09561 

P21980 0.047156 -0.09612 

Q8N6H7 0.003357 -0.09706 

P62851 0.04521 -0.09738 

Q9BTD8 0.017647 -0.09856 

P21108 0.008294 -0.10033 

Q12788 0.005072 -0.10193 

P30566 0.033763 -0.10281 

Q15645 0.030261 -0.10512 

P13639 0.043225 -0.10729 

Q29RF7 0.045577 -0.1073 

P17987 0.023155 -0.10915 

Q9H223 0.025095 -0.10921 

P50991 0.026116 -0.11015 

Q9Y285 0.027317 -0.11025 

P49915 0.024746 -0.11044 

P18621 0.036694 -0.11248 

Q15126 0.017246 -0.11257 

Q8WXA9 0.02151 -0.11419 

Q05397 0.013392 -0.11488 

Q9UBL3 0.035179 -0.11673 

P26373 0.030507 -0.11784 

A3KN83 0.046598 -0.11807 

Q9Y5X3 0.048514 -0.11827 



 

273 | P a g e  
 

P54727 0.008143 -0.11925 

Q9P2J5 0.023141 -0.11937 

Q6YHU6 0.027657 -0.1204 

Q53H96 0.003493 -0.12065 

Q99614 0.039329 -0.12135 

O76003 0.020302 -0.12372 

P78318 0.030117 -0.1247 

P42166 0.049983 -0.12589 

Q15785 0.031491 -0.12679 

P20645 0.010147 -0.12689 

P16152 0.047887 -0.12702 

Q14558 0.002732 -0.12776 

Q9NZ32 0.011186 -0.12842 

O43633 0.014263 -0.12849 

P11172 0.005541 -0.12864 

P63151 0.002041 -0.12894 

Q08752 0.009718 -0.12968 

Q9NQ88 0.038725 -0.13014 

P14550 0.044834 -0.13036 

Q99575 0.022144 -0.133 

P42226 0.013987 -0.13415 

Q9UJK0 0.000968 -0.13458 

Q96HC4 0.001017 -0.13616 

P62280 0.028892 -0.13702 

P40925 0.038026 -0.13727 

P51688 0.04827 -0.13788 

O43776 0.038266 -0.13879 

Q01844 0.038733 -0.1406 

O60645 0.024206 -0.14092 

P61289 0.02211 -0.14126 

Q96RS6 0.036575 -0.14195 

Q9BY44 0.018603 -0.14249 

Q14166 0.00581 -0.14304 

Q5VZK9 0.026002 -0.14325 

Q5SW79 0.047431 -0.14447 



 

274 | P a g e  
 

P11142 0.010658 -0.14554 

O75879 0.041355 -0.14577 

P34932 0.011797 -0.14643 

P40222 0.007978 -0.14681 

P42677 0.041444 -0.14741 

O95396 0.041774 -0.14796 

O95816 0.003378 -0.14853 

P62241 0.020418 -0.14865 

Q9Y3A5 0.033692 -0.14974 

Q92890 0.016145 -0.1499 

P31948 0.016781 -0.15004 

Q27J81 0.037884 -0.15041 

P46060 0.000401 -0.15209 

Q9H270 0.019491 -0.15267 

P60842 0.01294 -0.15322 

Q16204 0.010401 -0.15378 

P63279 0.003961 -0.15397 

Q9BTE3 0.010861 -0.15454 

P06737 0.027305 -0.155 

Q9NQX3 0.025088 -0.15581 

P30085 0.000529 -0.15585 

P30086 0.017153 -0.15593 

O60701 0.018382 -0.15593 

O75534 0.00403 -0.15722 

O43617 0.029573 -0.15779 

P46783 0.037761 -0.16328 

P16152 0.049008 -0.16403 

P25685 0.022845 -0.16555 

Q14651 0.041232 -0.16623 

P35080 0.026297 -0.16637 

P08397 0.015333 -0.16738 

Q00796 0.002297 -0.16941 

Q7Z4H8 0.043332 -0.16947 

Q13085 0.033586 -0.17043 

P30825 0.003762 -0.17093 



 

275 | P a g e  
 

Q9Y617 0.031415 -0.17174 

Q96S44 0.04884 -0.17211 

P35269 0.027932 -0.17241 

P55769 0.044407 -0.17351 

Q9P258 0.035452 -0.17471 

Q96GD4 0.011341 -0.17475 

O60573 0.010149 -0.17498 

Q8IUF8 0.02111 -0.17586 

O60234 0.047442 -0.17614 

Q12929 0.018755 -0.17634 

Q86YS7 0.023534 -0.17662 

Q969X6 0.04724 -0.17664 

Q86TB9 0.021979 -0.17878 

P78330 0.028151 -0.17968 

Q9UHD8 0.007336 -0.17984 

P42694 0.03784 -0.17994 

P51606 0.010209 -0.18182 

Q8NCH0 0.030869 -0.18274 

A6NHG4 0.026706 -0.18302 

Q8N8A2 0.009119 -0.18395 

Q969S3 0.006841 -0.18566 

P61758 0.015471 -0.18569 

P08195 0.043906 -0.18645 

P19525 0.037841 -0.1876 

P49643 0.025509 -0.18895 

P36639 0.02202 -0.189 

P13984 0.027297 -0.18931 

Q04206 0.006686 -0.19008 

P61457 0.0098 -0.19018 

Q92930 0.00707 -0.19069 

Q2NL82 0.011402 -0.19078 

Q15181 0.01826 -0.19107 

Q99543 0.009214 -0.19176 

O60361 0.030647 -0.19256 

Q9Y4I1 0.00588 -0.19413 



 

276 | P a g e  
 

P31689 0.018671 -0.1947 

P68036 0.030435 -0.19519 

Q96PZ0 0.006687 -0.19571 

Q9NVM4 0.020949 -0.19632 

O75027 0.030782 -0.19741 

P11940 0.000531 -0.19895 

Q9UBP9 0.005062 -0.20052 

P36543 0.014786 -0.20134 

Q13153 0.012106 -0.20139 

Q06203 0.008585 -0.20264 

A8MWX3 0.028508 -0.203 

Q16851 0.033535 -0.20372 

O60869 0.004182 -0.20384 

P48643 0.012257 -0.20407 

Q96RL7 0.046586 -0.20449 

Q8IYK4 0.035901 -0.20487 

P78345 0.007819 -0.20559 

P11940 0.012635 -0.206 

Q14671 0.003336 -0.20732 

Q14195 0.009219 -0.20882 

Q14444 0.016499 -0.20941 

Q5T447 0.017078 -0.2099 

Q15654 0.012707 -0.21037 

Q9BY42 0.044542 -0.21051 

O75410 0.038836 -0.21093 

Q05682 0.039064 -0.21268 

P0DMV8 0.000383 -0.21617 

Q9NPD8 0.033802 -0.21733 

Q92615 0.025999 -0.2174 

Q9Y5A9 0.031331 -0.21782 

O00625 0.006677 -0.21806 

Q16543 0.006124 -0.21823 

Q9Y6Y0 0.03008 -0.21825 

O75190 0.009198 -0.21848 

P0DMV8 0.043061 -0.22003 



 

277 | P a g e  
 

O75828 0.011048 -0.2203 

O95260 0.037427 -0.22055 

Q9NTX5 0.010214 -0.22097 

Q9NPH3 0.045179 -0.22163 

P07910 0.045956 -0.22185 

Q9H0E2 0.023745 -0.22249 

Q9H267 0.014129 -0.22266 

Q13895 0.017781 -0.22402 

P63151 0.004256 -0.22423 

Q9BXW6 0.038259 -0.2276 

Q9H7B2 0.038126 -0.22811 

Q8WZA0 0.031356 -0.2292 

Q9BYJ9 0.013889 -0.22982 

Q7L7X3 0.004712 -0.2301 

Q9BRT6 0.018567 -0.23097 

Q9ULX3 0.010378 -0.2311 

P11802 0.002013 -0.23164 

Q9BVG9 0.034372 -0.23166 

P55209 0.011407 -0.23394 

Q9H0C8 0.013124 -0.23477 

P56182 0.00523 -0.2348 

A6NDG6 0.005957 -0.23594 

O15075 0.014223 -0.23751 

Q9H6S0 0.015352 -0.23862 

A4D1P6 0.001758 -0.23954 

P12268 0.030066 -0.24138 

Q9UG63 0.008205 -0.24191 

Q9UHD1 0.010917 -0.24247 

Q86UL3 0.008308 -0.24253 

P11586 0.010575 -0.24307 

Q5SW96 0.022225 -0.24376 

Q92805 0.049057 -0.24696 

Q86WR0 0.043137 -0.24736 

Q15382 0.019427 -0.2492 

Q86UY6 0.022843 -0.24962 



 

278 | P a g e  
 

P24941 0.039153 -0.24999 

P49005 0.000591 -0.25005 

P12277 0.024413 -0.25047 

Q9Y2H0 8.05E-05 -0.25338 

P51159 0.005385 -0.25367 

O43639 0.025083 -0.25406 

Q9Y4P8 0.027328 -0.25529 

Q5VZE5 0.024996 -0.25535 

P06276 0.032419 -0.25616 

Q9NWW5 0.047012 -0.25665 

Q6PHR2 0.037409 -0.2574 

P35610 0.00066 -0.25747 

Q6PJG6 0.044424 -0.25778 

P38432 0.027432 -0.25929 

Q14137 0.010244 -0.26002 

P16989 0.01417 -0.26174 

Q3KQV9 0.016956 -0.26324 

P08237 0.009039 -0.26395 

P43490 0.008833 -0.26793 

P61960 0.006178 -0.2687 

P30520 0.03494 -0.26898 

O95721 0.015539 -0.26997 

Q8N394 0.024825 -0.27009 

O15540 0.007368 -0.27073 

Q9Y316 0.00409 -0.271 

Q96GA3 0.03532 -0.2721 

O75153 2.44E-05 -0.2723 

Q969Q0 0.028522 -0.27344 

Q9P0K7 0.031615 -0.27425 

P51452 0.001898 -0.27699 

P54652 0.008178 -0.27851 

Q8TF64 0.024219 -0.27924 

O14578 0.012496 -0.27942 

P20290 0.016486 -0.27947 

O75794 0.028761 -0.28044 



 

279 | P a g e  
 

Q7Z3E5 0.003473 -0.2822 

Q96D71 0.007363 -0.28481 

Q9UH65 0.005859 -0.28506 

O60749 0.01174 -0.28598 

P24534 0.003825 -0.28963 

Q8N392 0.021855 -0.29511 

Q86WQ0 0.046732 -0.29576 

Q86W92 0.027766 -0.29608 

P54105 0.023806 -0.29787 

P04818 0.001556 -0.2989 

P31153 0.000946 -0.30068 

Q7Z3T8 0.004115 -0.30164 

Q16890 0.018451 -0.30196 

Q8N0X7 0.012228 -0.30254 

Q8TDW7 0.005865 -0.3028 

Q92629 0.022485 -0.30317 

Q9UKY7 0.023892 -0.30789 

Q6NXE6 0.029489 -0.30848 

Q15555 0.023222 -0.31238 

Q9HD67 0.011954 -0.3135 

P32119 0.045321 -0.3184 

Q9BZQ8 0.005727 -0.32195 

O60711 0.008014 -0.32352 

E9PAV3 0.009473 -0.32591 

Q49AR2 0.038769 -0.33308 

Q9Y2Y1 0.034242 -0.33726 

Q9UHR6 0.03348 -0.33827 

Q9H773 0.037945 -0.33848 

Q13033 0.045399 -0.33882 

Q15120 0.042668 -0.33933 

Q9GZT9 0.027395 -0.34678 

Q16655 0.000251 -0.34763 

A0MZ66 0.027981 -0.35159 

P43360 0.014584 -0.35458 

P63173 0.01536 -0.35911 



 

280 | P a g e  
 

Q9Y2V2 0.022637 -0.35943 

P41162 0.006973 -0.36164 

Q8N565 0.014478 -0.36416 

Q8TCF1 0.002383 -0.36427 

Q9BZ23 0.034782 -0.36868 

Q8IVM0 0.008822 -0.37056 

Q9NZE8 0.038813 -0.37298 

Q9NVN8 0.010626 -0.37572 

Q99502 0.027785 -0.37649 

Q9NYA1 0.046328 -0.37676 

Q96CB8 0.049831 -0.38071 

P25391 0.021489 -0.38173 

P78324 0.011982 -0.38732 

Q96BK5 0.026225 -0.38924 

A0A024RBG1 0.008339 -0.38989 

A6NCE7 0.004321 -0.39193 

P11388 0.02911 -0.40117 

Q96B36 0.036866 -0.40815 

Q9HA47 0.007133 -0.409 

Q9H4M3 0.03683 -0.40922 

Q712K3 0.044026 -0.41112 

Q9UQN3 0.005127 -0.41202 

Q8IV50 0.019066 -0.41327 

Q9Y243 0.048401 -0.41333 

Q8IUE6 0.030636 -0.4151 

P98082 0.007296 -0.41955 

O43734 0.015672 -0.42218 

O43639 0.045936 -0.42363 

O75886 0.009988 -0.42542 

Q68DU8 0.016694 -0.42572 

P18827 0.017057 -0.42846 

Q4ZG55 0.0141 -0.42911 

Q9NX74 0.033634 -0.43548 

Q9Y2T4 0.03075 -0.43991 

P43357 0.031987 -0.44169 



 

281 | P a g e  
 

Q9UHA3 0.011968 -0.44186 

Q8NHU6 0.012091 -0.44545 

P13284 0.013416 -0.46906 

Q86TG7 0.029235 -0.47821 

Q96B01 0.01636 -0.49689 

Q9H6R7 0.047963 -0.49905 

Q9UKJ3 0.019437 -0.50165 

Q9GZN8 0.000292 -0.50552 

Q9H8W4 0.01709 -0.50641 

Q8N5L8 0.002817 -0.51051 

P56211 0.04244 -0.51104 

P35219 0.049946 -0.5229 

Q02880 0.027773 -0.52342 

P12882 0.003021 -0.5308 

Q9P0N9 0.035644 -0.54835 

O75157 0.009204 -0.56204 

Q9Y608 0.012952 -0.5633 

Q9Y5X0 0.038297 -0.58113 

O14786 0.038751 -0.58484 

Q71RS6 0.043911 -0.5943 

Q9NP66 0.021493 -0.5968 

P41217 0.008985 -0.60324 

P49662 0.019711 -0.6042 

P33981 0.009758 -0.62014 

P35625 0.004196 -0.65809 

Q8TBP0 0.028947 -0.66812 

P78560 0.019883 -0.68724 

Q08AE8 0.032007 -0.69265 

P32519 0.011821 -0.70953 

Q96EI5 0.001711 -0.71176 

Q9NRW4 0.00257 -0.7124 

Q15633 0.003246 -0.71409 

Q8IUF1 0.020326 -0.74035 

O95164 0.001663 -0.74782 

Q96EB1 0.018663 -0.75075 



 

282 | P a g e  
 

P40126 0.014035 -0.80639 

O00560 0.014148 -0.80764 

O75030 0.011371 -0.81459 

Q5VWP3 0.00216 -0.96846 

Q96G04 0.016386 -1.00561 

 

FM3 cell lysate mass 

spectrometry: CHX-treated vs 

untreated (n=3) 

UniProtKB p-value Log2FC 

Q96C01 0.003898 1.441526 

Q9NW81 0.001338 1.297362 

Q9NU23 0.038564 1.267478 

Q7KZN9 0.048174 1.215658 

Q9H3K2 0.003997 1.162279 

O75394 0.011916 1.158104 

Q9UII2 0.030107 1.102198 

P17081 0.033237 1.077895 

Q5JTJ3 0.006794 1.063897 

Q8NI37 0.009406 1.054478 

Q8IXM3 0.000363 1.017658 

O95997 0.021842 0.951874 

O15235 0.02551 0.9359 

Q6P1L8 0.000777 0.921353 

O60783 0.0011 0.910332 

O95563 0.033912 0.909887 

Q01469 0.01734 0.887148 

Q16540 0.003869 0.885909 

Q8IYB5 0.043387 0.866664 

P82921 0.031293 0.857826 

Q9UHI5 0.042766 0.847807 

P82914 0.000983 0.842356 

Q9NYZ3 0.029296 0.836717 

Q9NZE8 0.012604 0.8325 

Q9Y291 0.009013 0.828899 



 

283 | P a g e  
 

Q9BUB7 0.000906 0.809217 

P43360 0.028733 0.796825 

Q13309 0.017166 0.795109 

Q5U5X0 0.021518 0.784661 

Q9BQ48 0.011665 0.779952 

Q9BW72 0.0341 0.77093 

Q99595 0.00687 0.75086 

P82675 0.001139 0.746639 

A0PJW6 0.00334 0.726924 

Q8N983 0.029914 0.718872 

P49406 0.002489 0.715868 

Q13084 0.004286 0.712091 

Q96DP5 0.006727 0.708987 

Q8N183 0.002497 0.707178 

Q96C36 0.012405 0.689868 

Q9Y2R0 0.002297 0.681407 

Q9BYD3 0.003541 0.675955 

Q9NWU5 0.006551 0.669888 

O15143 0.005025 0.668575 

Q96BQ5 0.015317 0.668396 

Q96C36 0.003447 0.668164 

O14548 0.024747 0.65954 

Q9BYD1 0.000906 0.647092 

Q99643 0.013637 0.64424 

Q9P032 0.000505 0.642895 

P50897 0.00101 0.64159 

Q15526 0.011385 0.639585 

Q9NPL8 0.003264 0.637378 

Q8TAE8 0.007361 0.637252 

Q5T653 5.79E-05 0.636993 

Q99811 0.029363 0.636314 

Q9NX20 0.008638 0.636183 

Q9NPD8 0.006032 0.634312 

P63000 0.01291 0.633285 

P60602 0.008847 0.625384 



 

284 | P a g e  
 

Q9Y3D5 0.029004 0.624138 

Q9H0U6 0.002186 0.621665 

Q96E11 0.005088 0.621157 

P33552 0.034444 0.617758 

Q6PCB0 0.046608 0.616291 

Q96DV4 0.003961 0.609917 

L0R8F8 0.001367 0.606076 

Q96A26 0.02935 0.606026 

Q9BZE1 0.000543 0.598503 

Q8IV50 0.018714 0.591037 

O75208 0.010932 0.586743 

Q9Y2S7 0.001448 0.585871 

P09001 0.00358 0.58462 

P13073 0.002475 0.582643 

Q9NRX2 0.001126 0.574469 

Q9HD33 0.030088 0.573121 

Q96EA4 0.003477 0.573006 

Q16795 3.89E-05 0.570168 

O95149 0.010866 0.56955 

Q96A35 0.012548 0.566919 

O75251 0.003404 0.565873 

Q69YH5 0.038534 0.56574 

Q7Z2W9 1.35E-06 0.564119 

Q9P0M9 0.009479 0.563783 

O00217 0.003243 0.559558 

Q5SRD1 0.000954 0.557763 

Q9BRJ2 0.002266 0.556909 

Q9BYC9 0.028021 0.556796 

Q53S33 0.026637 0.552564 

P33981 0.012832 0.552433 

P52292 0.000118 0.552397 

Q9Y2T4 0.04304 0.550103 

Q969Z0 0.006009 0.548984 

Q5HYK3 0.034668 0.548014 

Q8NC60 0.018342 0.547042 



 

285 | P a g e  
 

Q9Y399 0.001542 0.54695 

Q9BU61 0.01542 0.546126 

Q9NP92 0.000138 0.545718 

Q7Z7F7 0.005204 0.540537 

P32322 0.005547 0.54033 

P53350 0.003339 0.539505 

P14854 0.03157 0.538962 

Q8N5G2 0.005254 0.538513 

P03915 0.046213 0.536631 

Q16763 0.001565 0.536482 

Q3ZCQ8 0.00223 0.53142 

P82912 0.007499 0.531264 

P04818 0.00039 0.528324 

P51970 0.006756 0.527309 

Q9NYK5 0.008055 0.526062 

Q9NYY8 0.000261 0.524508 

Q5U623 0.025233 0.52423 

Q8NI60 0.039705 0.52213 

O60671 0.031051 0.520245 

Q9Y2R9 0.009433 0.520211 

O75157 0.022917 0.518679 

P02462 0.040237 0.510365 

O75030 0.005354 0.50996 

Q9P0J0 0.009404 0.509339 

P35625 0.000859 0.503529 

Q9P015 0.009112 0.503361 

Q96EY1 0.000819 0.501389 

Q9Y2Y1 0.012772 0.498831 

Q9NX14 0.017268 0.495945 

Q7L592 0.004016 0.493899 

O96000 0.011766 0.49212 

Q8TBP0 0.014024 0.491085 

O00483 0.032265 0.489624 

O75438 0.00288 0.485672 

Q8TBP6 0.036786 0.482787 



 

286 | P a g e  
 

Q9UMS0 0.009231 0.478421 

Q96TA2 0.003554 0.4765 

Q9Y3D9 0.011632 0.470789 

Q92665 0.001123 0.468868 

Q9H9J2 0.001476 0.466009 

O43819 0.000544 0.464713 

P07996 0.034078 0.458148 

P50213 0.000116 0.456229 

Q8IXS6 0.018296 0.455895 

Q9H2D1 0.014577 0.454156 

Q96GC5 0.025889 0.453911 

Q16718 0.006902 0.44961 

Q9P0N9 0.025988 0.444994 

O76031 0.00343 0.444177 

Q9NP80 0.04034 0.442802 

Q9Y320 0.005166 0.439289 

P43357 0.018367 0.439065 

P82663 0.014976 0.43879 

P62380 0.037049 0.436984 

P31350 0.005285 0.435229 

P82664 0.026261 0.431993 

Q15029 0.015296 0.431543 

P00403 0.017636 0.431331 

Q96EK7 0.002671 0.43089 

Q9UI09 7.15E-05 0.428381 

P23921 0.01564 0.427912 

O95905 0.041306 0.425378 

Q86TG7 0.038648 0.424399 

Q6YN16 0.003692 0.424054 

Q9H845 0.00756 0.423722 

O75489 0.001343 0.423082 

P28331 0.000501 0.422533 

P21912 0.000394 0.420278 

P56282 0.027964 0.417227 

Q9Y584 0.005739 0.416668 



 

287 | P a g e  
 

P41247 0.029348 0.41653 

Q9H0F7 0.047913 0.416428 

O95298 0.020301 0.413614 

P78395 0.019587 0.412745 

O43676 0.047268 0.412524 

Q6PJG6 0.028471 0.411743 

Q8TBF2 0.031397 0.409879 

Q96I51 0.005666 0.409834 

O95229 0.045819 0.408683 

Q9NVN8 0.01954 0.408666 

Q9GZN8 0.013002 0.407876 

Q9Y3B7 0.000186 0.407793 

Q96EY7 0.000846 0.405582 

Q6YP21 0.035437 0.404549 

O95857 0.011754 0.402736 

P46199 0.023505 0.402571 

Q9BYD2 0.00496 0.401704 

P56177 0.022571 0.400588 

P82932 0.010597 0.399913 

Q9H8V3 0.04349 0.399066 

P20290 0.003161 0.397623 

P51553 0.00345 0.397235 

O43678 0.024488 0.39632 

P51398 0.025567 0.394904 

P56381 0.03083 0.394222 

O60869 0.017817 0.3936 

O14949 0.004846 0.393555 

Q13405 0.02946 0.392468 

Q9NQ50 0.047674 0.390597 

Q96CU9 0.00549 0.388931 

P09669 0.001286 0.388877 

Q96B36 0.027065 0.388338 

O00762 0.007653 0.38828 

P82673 0.003554 0.388126 

Q8NFL0 0.034993 0.384796 



 

288 | P a g e  
 

O43674 0.006031 0.383816 

O95168 0.018922 0.383813 

Q96IX5 0.020304 0.383458 

Q10713 0.000261 0.383419 

O14874 0.033955 0.378671 

Q9BXW7 0.019938 0.377131 

P13693 0.039584 0.373657 

P49411 8.43E-05 0.372778 

Q9P0J1 0.010961 0.372721 

P56556 0.008425 0.371963 

Q15036 0.043335 0.370828 

P30084 0.008887 0.370332 

O75380 0.020138 0.370134 

O75496 0.02612 0.36831 

Q9H1K1 0.022305 0.367977 

P13804 0.000269 0.366659 

Q6JQN1 0.001903 0.366196 

P47224 0.001108 0.36559 

O75027 0.002555 0.363159 

O95299 0.008089 0.362197 

Q99661 0.02644 0.359443 

Q8WUX2 0.034964 0.358962 

P10109 0.036824 0.355686 

Q7L8L6 0.037417 0.35548 

Q9HA47 0.017384 0.354087 

Q9HBH1 0.010914 0.353869 

O15091 0.007609 0.353501 

O75306 0.009748 0.350492 

Q9Y2Z9 0.039077 0.346737 

Q9NVA1 0.037359 0.346406 

Q9BQP7 0.04918 0.345838 

P11940 0.006779 0.345497 

Q96CG8 0.001897 0.344332 

P07919 0.023658 0.342551 

E9PAV3 0.012237 0.342496 



 

289 | P a g e  
 

Q7L3T8 0.007858 0.342344 

Q9BQ95 0.040267 0.340764 

Q96LI5 0.041226 0.340609 

Q99714 0.008194 0.340576 

Q9Y2Q9 0.007385 0.340473 

Q8NHU6 0.027583 0.339977 

Q9HD42 0.025249 0.338563 

Q12899 0.046134 0.337747 

Q9Y2R5 0.031616 0.337318 

Q96EL3 0.003242 0.336755 

P31153 0.001984 0.33496 

Q9BZL1 0.030861 0.334291 

O75439 0.002573 0.332959 

P13995 0.000801 0.330635 

Q5TC12 0.023562 0.329883 

Q9HBU6 0.00755 0.327584 

P12882 0.040336 0.326895 

Q12965 0.003475 0.325091 

Q9Y6M9 0.01201 0.32354 

Q7L0Y3 0.002508 0.321537 

P82650 0.008542 0.319652 

Q15773 0.037262 0.319631 

P31040 0.008352 0.319004 

P49821 0.005903 0.318882 

Q9GZT3 0.002326 0.314678 

P0C7P4 0.003591 0.314357 

Q96T88 0.009178 0.313266 

P54098 0.016024 0.311967 

O75503 0.031095 0.311129 

Q9NYA1 0.019059 0.310127 

Q96GD4 0.036711 0.30901 

P82933 0.021969 0.308742 

P28347 0.029257 0.306981 

P19404 0.01203 0.306859 

P11940 4.27E-05 0.306856 



 

290 | P a g e  
 

Q9NZ43 0.027613 0.305922 

P82930 0.000479 0.304206 

A3KN83 0.001163 0.304124 

P27105 0.000178 0.299793 

P22695 0.00293 0.299663 

A4D1E9 0.038529 0.299542 

P11310 0.002028 0.299085 

O43464 0.035674 0.298635 

O43615 0.025048 0.29767 

P35219 0.031157 0.292096 

P26440 0.032971 0.290336 

Q14651 0.018693 0.287992 

P11802 0.006634 0.287243 

O94762 0.038939 0.286157 

P02786 0.009159 0.285015 

Q5JTZ9 0.000749 0.282214 

Q8NEZ5 0.015459 0.28211 

O75534 0.01607 0.28027 

Q16875 0.048018 0.279393 

Q9H223 0.003201 0.279203 

P24539 0.02084 0.278079 

O75879 0.046784 0.274043 

Q13613 0.017023 0.273116 

A6NDG6 0.004286 0.272951 

Q9UG63 0.009553 0.272501 

Q9BVL4 0.005342 0.270456 

O43617 0.028367 0.269371 

O75351 0.030416 0.267648 

Q92552 0.000531 0.266436 

P61513 0.035305 0.263926 

O75439 0.021158 0.262958 

P30626 0.011126 0.262448 

P61960 0.025946 0.262356 

P23443 0.024558 0.262256 

O43639 0.022628 0.262102 



 

291 | P a g e  
 

Q8NCA5 0.045619 0.260298 

Q9H9P8 0.02625 0.259986 

O75964 0.016158 0.259833 

Q5SW96 0.031249 0.257968 

P13051 0.033226 0.256427 

Q02218 0.016475 0.253313 

P34897 0.023804 0.253112 

Q96EH3 0.007066 0.252366 

Q14444 0.003271 0.252147 

Q96KB5 0.013265 0.250091 

Q5JPH6 0.03456 0.248931 

Q92747 0.013622 0.248679 

O96005 0.006278 0.246892 

P48643 0.019318 0.246779 

Q9NR31 0.025346 0.245824 

P50548 0.043763 0.243582 

P55209 0.006044 0.243327 

Q86Y56 0.010466 0.240713 

P60228 0.022278 0.239934 

Q12965 0.047116 0.239137 

O14933 0.014484 0.23723 

Q3KQV9 0.048941 0.236806 

O60870 0.019913 0.235532 

O95721 0.042443 0.233545 

Q8TEQ6 0.03529 0.233209 

Q96Q11 0.01837 0.231983 

Q8N8A2 0.033738 0.231963 

Q8NE86 0.020173 0.230635 

Q9H1P3 0.012622 0.230242 

Q9H6X2 0.04924 0.229912 

Q9Y276 0.010464 0.229808 

P24941 0.016395 0.229611 

P40126 0.026145 0.22908 

Q9ULW0 0.044524 0.22881 

P24534 0.019288 0.228661 



 

292 | P a g e  
 

P42704 0.002486 0.228034 

O75794 0.04921 0.227137 

P46783 0.00049 0.226726 

O75410 0.034933 0.226278 

P63173 0.049666 0.225792 

P11940 0.011539 0.225666 

Q8NCH0 0.047833 0.225616 

Q9NQ88 0.030183 0.223039 

P13489 0.027351 0.221862 

P36639 0.011784 0.221799 

Q92882 0.042968 0.220903 

P61586 0.033305 0.220129 

Q9NP72 0.020152 0.219106 

P06400 0.035739 0.218728 

Q9Y4C2 0.019624 0.218626 

Q53R41 0.02654 0.218485 

P13639 0.011709 0.217709 

Q9HCC0 0.022302 0.217619 

P36551 0.001101 0.21691 

O43837 0.014781 0.216829 

Q92947 0.011861 0.21675 

P48047 0.031048 0.216507 

P12268 0.006388 0.216316 

O95164 0.033627 0.21381 

P23258 0.00477 0.212792 

P52789 0.011283 0.21253 

O75608 0.006092 0.211907 

Q8TDW7 0.019506 0.210884 

P34897 0.002599 0.209887 

P31930 0.013169 0.20954 

Q9Y5K6 0.037272 0.208987 

P46060 0.039437 0.20857 

Q9UBV2 0.03178 0.206752 

Q7L1Q6 0.004685 0.206111 

Q16850 0.022467 0.205271 



 

293 | P a g e  
 

Q05639 0.031305 0.203607 

Q02318 0.000934 0.203208 

O75153 5.59E-05 0.201955 

Q9Y305 0.010889 0.201249 

Q9BQE5 0.030051 0.199838 

P36542 0.046554 0.199523 

Q16659 0.025418 0.198566 

P60201 0.043765 0.198362 

Q9P2R7 0.008766 0.196944 

O95816 0.000503 0.196521 

Q13423 0.044039 0.196091 

P33316 0.007732 0.196051 

Q13867 0.047094 0.195271 

Q96GM8 0.049931 0.194949 

Q15382 0.034677 0.194792 

P08397 0.015812 0.194147 

P55263 0.033124 0.192958 

O00505 0.034998 0.192944 

Q7Z3T8 0.039943 0.192633 

Q5XKP0 0.046957 0.19257 

Q9NTX5 0.027986 0.190286 

Q5JNZ5 0.044272 0.190237 

Q7L2H7 0.049109 0.189852 

P61962 0.018067 0.189253 

P26641 0.048098 0.188776 

P68402 0.009922 0.188284 

P31689 0.01485 0.187382 

Q13685 0.032611 0.186637 

P62993 0.023632 0.186632 

P07339 0.008343 0.183526 

Q9UBB4 0.028297 0.183341 

Q9Y5S1 0.009029 0.183315 

Q9UH17 0.020769 0.182542 

Q9Y295 0.003563 0.182467 

P51606 0.030295 0.182132 



 

294 | P a g e  
 

Q5T447 0.039479 0.18069 

O95793 0.030102 0.180481 

Q99439 0.014108 0.179866 

P39019 0.042042 0.179497 

P30260 0.035332 0.178618 

Q9BUT1 0.036812 0.178274 

P54652 0.041196 0.177345 

Q8WZA1 0.013359 0.176647 

P27708 0.015426 0.175967 

Q6GMV1 0.025074 0.174841 

P26358 0.049282 0.173377 

P00491 0.047288 0.173334 

P62851 0.011634 0.173118 

Q6NYC1 0.033705 0.172743 

P60842 0.00846 0.172454 

Q9Y676 0.039445 0.172452 

Q9Y3F4 0.019533 0.171816 

O60361 0.045719 0.170917 

P22570 0.033412 0.170544 

Q13153 0.034435 0.17042 

O15523 0.010406 0.170269 

Q9UPY3 0.048731 0.170117 

Q13671 0.002517 0.169784 

Q9H061 0.008195 0.169422 

Q6IA86 0.04547 0.169241 

P25325 0.022674 0.169079 

P04181 0.002477 0.1676 

P36543 0.041558 0.166311 

Q8WUH1 0.034907 0.165566 

O15143 0.019433 0.164848 

Q92696 0.042478 0.164685 

O00154 0.011231 0.164667 

O00410 0.032412 0.164539 

O60493 0.03262 0.164033 

P55145 0.025337 0.163271 



 

295 | P a g e  
 

P08237 0.016814 0.163218 

Q2VIQ3 0.023738 0.163101 

Q15404 0.018568 0.16308 

P63220 0.02775 0.162624 

P25205 0.001138 0.162335 

P50991 0.010073 0.162314 

P33993 0.043769 0.161667 

Q9UHD8 0.001276 0.161623 

P31483 0.016855 0.161516 

Q04206 0.005818 0.161227 

P62280 0.037399 0.161127 

Q15437 0.041104 0.16013 

Q9BQ52 0.016818 0.159702 

Q8NFV4 0.036464 0.15942 

Q86TB9 0.031694 0.159135 

Q9NZ32 0.010414 0.158738 

Q9ULX3 0.001746 0.158663 

P11586 0.027699 0.158522 

Q9NVI1 0.029903 0.158513 

Q14807 0.036596 0.157439 

P30740 0.046308 0.156898 

Q7Z3E5 0.042492 0.155318 

P41227 0.048596 0.155284 

O75694 0.001496 0.154767 

Q12792 0.020399 0.153152 

Q9Y316 0.00163 0.152634 

Q99961 0.02538 0.151934 

P29803 0.02827 0.150451 

P08237 0.03295 0.149701 

Q04637 0.019167 0.148817 

Q96TA1 0.028419 0.148773 

O95140 0.025697 0.14824 

Q9BY44 0.039144 0.148042 

Q9BY32 0.027312 0.146862 

Q9Y3P9 0.033667 0.146297 



 

296 | P a g e  
 

O00303 0.003137 0.145809 

Q00341 0.006662 0.144554 

Q9Y5A9 0.025788 0.143996 

O95486 0.031784 0.142679 

Q9BVJ7 0.013544 0.142114 

P13716 0.047959 0.141624 

P30154 0.000874 0.139703 

Q92890 0.042343 0.139413 

P61457 0.009569 0.138101 

Q8NFF5 0.009951 0.13576 

O76003 0.048358 0.135699 

P38571 0.046199 0.134535 

P78318 0.023558 0.133573 

Q9BTE3 0.009056 0.132687 

Q16543 0.021014 0.132221 

Q3ZCM7 0.03155 0.130882 

Q04760 0.024121 0.130264 

P53597 0.038502 0.127268 

P21108 0.01619 0.127193 

P49915 0.014002 0.12653 

Q92616 0.006377 0.125787 

Q9ULT8 0.017548 0.125153 

O43488 0.042109 0.124588 

P39748 0.029828 0.12448 

Q99623 0.043319 0.122581 

P68371 0.026666 0.120846 

P47895 0.009919 0.120566 

P78371 0.043385 0.119692 

P13797 0.034934 0.118398 

P11172 0.008895 0.118328 

O43396 0.030807 0.116769 

P67775 0.039466 0.115268 

P40763 0.039372 0.114939 

Q9NUQ8 0.045026 0.114333 

Q14166 0.01744 0.113858 



 

297 | P a g e  
 

P17987 0.046456 0.111866 

O60701 0.029947 0.111489 

P30085 0.045558 0.1105 

P28838 0.018643 0.107962 

Q9P258 0.025862 0.107562 

P30566 0.049706 0.107071 

Q07812 0.039976 0.107065 

Q15386 0.024829 0.106914 

P22033 0.041362 0.106761 

Q15003 0.003408 0.106326 

P61163 0.042154 0.105931 

P43490 0.046887 0.103608 

Q8N122 0.019156 0.101854 

Q15019 0.037545 0.096077 

P21281 0.045935 0.091917 

Q13283 0.022847 0.09164 

Q8IZH2 0.026633 0.091278 

Q8WWC4 0.01511 0.089451 

P00367 0.026132 0.089058 

P33991 0.047387 0.088373 

Q9NXG2 0.044016 0.086582 

P49748 0.01998 0.086023 

P00367 0.018394 0.084625 

Q5VTR2 0.036678 0.084023 

P00505 0.045859 0.083216 

O95232 0.034649 0.081137 

P30837 0.020488 0.0811 

Q06210 0.025729 0.07965 

Q8NFI4 0.039797 0.078813 

P28482 0.018408 0.076176 

P61221 0.000578 0.073432 

P18621 0.004176 0.071644 

Q13404 0.028522 0.067841 

O95347 0.012957 0.066719 

Q15046 0.011022 0.038716 



 

298 | P a g e  
 

P19367 0.035467 -0.03528 

Q12788 0.046243 -0.05068 

Q9NZ45 0.044718 -0.06056 

Q6P2Q9 0.047114 -0.06125 

Q9UMS4 0.015535 -0.06293 

Q92542 0.047306 -0.06299 

P23634 0.041094 -0.06607 

Q9BWF3 0.008244 -0.06638 

Q9Y221 0.029652 -0.06674 

P04843 0.003057 -0.06966 

Q15155 0.011979 -0.07213 

O43143 0.011894 -0.07815 

P61978 0.040785 -0.08052 

Q9NR30 0.030321 -0.08282 

Q06323 0.011247 -0.08524 

O75934 0.030806 -0.08883 

P22830 0.040795 -0.08898 

A6NHR9 0.001112 -0.08939 

Q9NX40 0.028447 -0.09088 

O94776 0.039008 -0.09152 

Q96S52 0.043559 -0.09387 

P21796 0.006879 -0.09578 

P17174 0.016399 -0.09692 

Q15165 0.049086 -0.09775 

Q9HAB8 0.040961 -0.09913 

P30101 0.021058 -0.10001 

Q15434 0.039308 -0.10066 

O43252 0.045534 -0.10124 

P18074 0.039861 -0.10164 

Q15084 0.018957 -0.10235 

Q12907 0.010016 -0.10339 

P30040 0.030371 -0.10477 

Q86W42 0.046767 -0.10578 

Q15054 0.024423 -0.10676 

Q10471 0.032 -0.10862 
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A0FGR8 0.012951 -0.10863 

O75818 0.027226 -0.10999 

P13667 0.015307 -0.1104 

Q12905 0.030293 -0.11062 

O43707 0.018832 -0.11133 

Q9Y6M1 0.030555 -0.11189 

P09874 0.049756 -0.11416 

Q8N684 0.010192 -0.11435 

P56192 0.049961 -0.11528 

Q15717 0.031553 -0.11956 

Q14839 0.012524 -0.12004 

Q9GZR7 0.022904 -0.12131 

Q9GZT8 0.02856 -0.12191 

Q8WYP5 0.024633 -0.12212 

O00116 0.04692 -0.12313 

Q14498 0.008133 -0.1236 

P49959 0.042907 -0.12484 

P49916 0.040856 -0.12615 

Q6P9B6 0.003193 -0.12626 

Q93009 0.005041 -0.12739 

O15160 0.03717 -0.12786 

Q9NR45 0.044631 -0.12798 

Q8N5C6 0.044425 -0.1285 

Q66K74 0.049213 -0.12861 

Q13151 0.006064 -0.12912 

Q7L5N7 0.015751 -0.13154 

P53634 0.012003 -0.13263 

P78347 0.024461 -0.13268 

Q969T9 0.01564 -0.13289 

Q9UPN3 0.02884 -0.13388 

Q14160 0.008737 -0.13556 

Q9NVP1 0.016983 -0.13585 

P54802 0.020238 -0.13821 

Q5T3I0 0.01758 -0.13885 

Q13884 0.038702 -0.13948 
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P49755 0.037033 -0.13993 

Q13601 0.044006 -0.14141 

Q8TD19 0.028872 -0.14181 

P51659 0.016887 -0.14421 

P07093 0.020381 -0.14467 

P07814 0.007939 -0.14583 

P19338 0.013132 -0.14587 

P28290 0.002071 -0.14599 

P06756 0.037566 -0.14616 

P11717 0.00556 -0.1467 

Q96RW7 0.033762 -0.14697 

P15586 0.016685 -0.14733 

Q8IZL8 0.013484 -0.14777 

P57740 0.033267 -0.14881 

O43491 0.00638 -0.14917 

P01903 0.008556 -0.14968 

Q9NR12 0.045564 -0.14975 

O75909 0.016815 -0.15038 

O75400 0.001887 -0.1516 

Q14573 0.04935 -0.15233 

Q9HD45 0.049408 -0.15299 

Q9Y2X3 0.017952 -0.15316 

P78527 0.000475 -0.15397 

Q9HC52 0.049283 -0.15792 

P08670 0.015177 -0.15854 

Q9BWD1 0.008183 -0.15871 

P11387 0.001573 -0.15951 

Q15428 0.015613 -0.16053 

O43148 0.012375 -0.16125 

Q9P0L0 0.019828 -0.16236 

Q99536 0.010457 -0.16268 

Q8TDN6 0.020533 -0.16294 

P52756 0.045782 -0.16324 

P41223 0.048933 -0.16382 

Q9BV38 0.037625 -0.16429 
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P16615 0.020746 -0.16481 

Q96MW5 0.014527 -0.16503 

Q8IXI1 0.043284 -0.16607 

Q9NXS2 0.025346 -0.16624 

Q01780 0.008072 -0.16762 

O94973 0.003834 -0.16814 

Q5JTH9 0.014982 -0.16872 

Q9Y2J2 0.020008 -0.16907 

Q567U6 0.03568 -0.16919 

Q9BTU6 0.048182 -0.16922 

Q00839 0.004658 -0.16952 

P15559 0.024962 -0.16983 

P55265 0.002942 -0.16993 

Q13428 0.036643 -0.1703 

Q16629 0.025256 -0.171 

Q08380 0.004417 -0.17151 

P23246 0.018932 -0.17283 

Q12906 0.005908 -0.17417 

P22626 0.019101 -0.17429 

Q9H583 0.03553 -0.17604 

P19447 0.049295 -0.17703 

Q8TED1 0.038784 -0.1779 

Q8IX12 0.030764 -0.17793 

P0DMV8 0.005123 -0.17825 

Q13523 0.028999 -0.17932 

Q96RQ1 0.002547 -0.18107 

P31942 0.028541 -0.18125 

Q5MIZ7 0.032364 -0.18203 

Q5K4L6 0.021019 -0.18383 

Q14697 0.006144 -0.18442 

P51991 0.022514 -0.18456 

Q9H8Y8 0.032576 -0.18473 

P22087 0.001559 -0.18552 

Q68CQ4 0.022744 -0.18626 

O60832 0.038003 -0.18678 
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Q96GQ7 0.024106 -0.18745 

O94766 0.01655 -0.18839 

Q5T280 0.044232 -0.18845 

O00159 0.004283 -0.18859 

Q9NYU2 0.006284 -0.18917 

O95425 0.036775 -0.18966 

P40967 0.036143 -0.19 

P02545 0.046501 -0.19251 

O75475 0.022553 -0.19535 

P11233 0.024106 -0.19587 

P01920 0.004126 -0.19646 

P08195 0.002125 -0.19761 

P06865 0.00459 -0.19807 

Q02790 0.012198 -0.19932 

Q99943 0.027639 -0.19946 

P61421 0.034466 -0.20044 

P98175 0.005534 -0.20063 

O94875 0.016627 -0.2013 

Q6P4A7 0.014239 -0.20141 

P43307 0.021299 -0.20162 

Q9BRX8 0.023894 -0.20353 

Q13438 0.035646 -0.20455 

Q13595 0.013836 -0.20542 

Q6IAN0 0.027133 -0.20624 

P62873 0.041581 -0.20629 

Q07955 0.042292 -0.20753 

P28799 0.042312 -0.20953 

Q9Y274 0.017551 -0.20973 

P41250 0.000338 -0.21012 

Q4G0F5 0.009839 -0.21119 

Q9UHG3 0.025816 -0.21159 

P04440 0.005444 -0.21187 

Q9BQ39 0.008311 -0.21193 

P53007 0.002647 -0.21244 

Q8N2F6 0.000708 -0.213 
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O75427 0.032418 -0.21431 

Q96PY5 0.04672 -0.21445 

Q9BXK5 0.02057 -0.21494 

Q9UGI8 0.001313 -0.21504 

Q8NHP8 0.027362 -0.21614 

Q9H8H2 0.016518 -0.21628 

Q9UHQ9 0.011809 -0.21656 

P17480 0.016566 -0.21673 

Q8IYS2 0.006738 -0.21697 

Q13330 0.049088 -0.21707 

P78330 0.006435 -0.21778 

P07686 0.004365 -0.21787 

Q9HCD5 0.042883 -0.21844 

Q13501 0.01712 -0.21923 

Q9UPN3 0.016767 -0.21956 

P08240 0.018469 -0.21983 

O43818 0.039187 -0.22117 

O60568 0.007353 -0.2222 

O43390 0.022255 -0.22324 

Q12996 0.00894 -0.22454 

Q92922 0.014761 -0.22455 

P19022 0.03848 -0.22509 

Q96EP5 0.019245 -0.22598 

P78316 0.043471 -0.22621 

P48507 0.017246 -0.22694 

Q16674 0.046166 -0.22723 

O95251 0.034889 -0.22758 

O14662 0.019215 -0.22862 

O43175 0.01439 -0.23056 

O60502 0.002243 -0.23205 

Q96KR1 0.032595 -0.23366 

Q15149 0.012271 -0.23431 

P21266 0.032593 -0.23439 

Q14956 0.04115 -0.23444 

O95159 0.021746 -0.23524 



 

304 | P a g e  
 

Q86V88 0.012093 -0.23567 

P49588 0.000683 -0.23588 

Q9BVP2 0.00662 -0.23643 

Q9NW08 0.035036 -0.23643 

P50148 0.008509 -0.23687 

P0DMV8 0.01001 -0.23757 

Q9BPX7 0.046833 -0.23846 

Q9BTY2 0.012156 -0.2387 

Q9Y487 0.019194 -0.24183 

Q7Z2K6 0.014865 -0.24419 

O60294 0.034412 -0.24488 

Q6UX04 0.030587 -0.24506 

P24821 0.001605 -0.24634 

Q9UKM7 0.031727 -0.24665 

Q6NZY4 0.035866 -0.24754 

O60488 0.00773 -0.2477 

Q14554 0.021654 -0.24873 

O75525 0.044152 -0.2496 

Q9ULX9 0.034115 -0.25118 

P29083 0.02297 -0.25157 

Q9GZR2 0.031173 -0.25226 

O75976 0.026605 -0.25237 

Q9Y646 0.021369 -0.25449 

P01034 0.022263 -0.25496 

P46821 0.008126 -0.25565 

P49589 0.001051 -0.25599 

Q08426 0.048186 -0.25837 

Q4G0J3 0.002705 -0.25842 

P53602 0.012057 -0.25893 

P07858 0.001125 -0.25972 

Q5SSJ5 0.011073 -0.26173 

O43933 0.024176 -0.26544 

Q9Y4H2 0.021852 -0.26861 

P35222 0.016808 -0.26861 

P50454 0.035118 -0.27031 
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Q92544 0.027929 -0.27097 

Q1KMD3 0.003108 -0.27432 

Q9NY12 0.026601 -0.2744 

Q06481 0.017681 -0.2763 

Q14192 0.029719 -0.27805 

P16278 0.016503 -0.28202 

Q8IXI2 0.036962 -0.28293 

P13929 0.030926 -0.28572 

P15289 0.015056 -0.28807 

P10253 0.00845 -0.29044 

O15533 0.009865 -0.29119 

O14734 0.009885 -0.2925 

Q8IZQ5 0.038028 -0.29282 

P07602 0.007663 -0.29449 

Q96SI9 0.009548 -0.29791 

Q8TEA8 0.011741 -0.30113 

Q9H2H8 0.015154 -0.30193 

P60033 0.006748 -0.30263 

Q16643 0.042437 -0.30549 

P48681 0.045692 -0.30716 

P04062 0.00397 -0.30803 

Q9UBR2 0.04213 -0.30841 

P01130 0.026211 -0.31031 

Q9BYN0 0.030503 -0.31137 

Q8IVF7 0.045468 -0.31238 

Q8WVC6 0.041046 -0.31742 

Q92974 0.00165 -0.32185 

Q99538 0.015837 -0.3249 

Q68D91 0.004085 -0.32671 

P21291 0.02073 -0.32855 

Q9C0C4 0.003124 -0.32937 

Q5JWF2 0.002695 -0.33373 

Q6UVK1 0.000716 -0.33437 

Q9BRK5 0.0191 -0.33528 

Q8NDI1 0.013581 -0.33535 
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Q1ED39 0.033414 -0.33559 

O95573 0.001232 -0.33762 

Q9P270 0.045527 -0.33808 

Q13263 0.013935 -0.33999 

Q7Z6E9 0.024531 -0.34081 

P02788 0.024361 -0.34281 

Q9UBG0 0.016695 -0.34395 

Q9Y3Q8 0.04629 -0.34698 

Q6UX53 0.002493 -0.34982 

Q567V2 0.038182 -0.35133 

Q96AQ6 0.012092 -0.35604 

Q9UHK6 0.022616 -0.35621 

Q16881 0.002014 -0.35721 

Q9H3G5 0.004664 -0.3585 

Q4KMQ2 0.037545 -0.36049 

Q9BYG4 0.009451 -0.36561 

Q04941 0.003098 -0.37454 

Q6KB66 0.003187 -0.38225 

O76095 0.019654 -0.38725 

Q14108 0.011149 -0.38757 

P01911 0.009459 -0.38766 

Q96JQ2 0.043577 -0.3914 

P17028 0.007643 -0.39219 

P30825 0.040084 -0.39405 

P01893 0.005148 -0.39777 

Q9H5H4 0.017524 -0.40751 

Q15758 0.011007 -0.40985 

Q8NDI1 0.032664 -0.40998 

P20933 0.009876 -0.41019 

P30825 0.045271 -0.41628 

Q9BTC8 0.005533 -0.42533 

Q9NRG9 0.034848 -0.43306 

Q96KC8 0.021304 -0.43363 

P17029 0.035963 -0.43942 

Q629K1 0.026684 -0.44083 
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Q16881 0.016028 -0.44959 

O75578 0.016672 -0.45358 

P07711 9.5E-06 -0.45575 

Q9BRU9 0.019327 -0.46001 

P01768 0.013801 -0.47802 

O00767 0.047432 -0.48416 

Q92522 0.000702 -0.49518 

P05090 0.012783 -0.50225 

O15240 0.0113 -0.51496 

Q9Y617 0.00059 -0.52416 

Q9H1E3 0.016369 -0.53043 

P23511 0.047639 -0.53484 

Q96CP2 0.02556 -0.53495 

P08962 0.00014 -0.56413 

Q9H7Z6 0.029827 -0.56451 

Q13103 0.019728 -0.56607 

Q99988 0.006304 -0.59729 

P02794 0.00984 -0.59875 

Q8IUH5 0.028372 -0.60415 

P01011 0.006989 -0.61355 

P43003 0.017604 -0.69928 

P02042 0.033555 -0.77044 

P08243 4.58E-05 -0.80595 

O00458 0.004674 -0.9872 

Q9Y3B1 0.001738 -0.99921 

O75683 0.037804 -1.06061 

P69905 0.008487 -1.11477 

P04114 0.010375 -1.12779 

Q9Y6M5 1.05E-05 -1.36185 

O60637 0.006105 -1.48305 

Q9H3L0 0.012396 -1.62472 

P09601 0.004276 -1.62872 

Q8N339 0.000403 -2.45087 

P02795 0.000874 -3.12516 
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P5B3 and P4B6B cells ECM mass spectrometry; proteins that are at least once 

significantly expressed in 8 comparisons conducted included here: 

UniProt

KB 

1 2 3 4 5 6 7 8 

P00338 0.0937

69 

0.1606

67 

0.9892

1 

0.1535

94 

0.2796

94 

0.0139

52 

0.6432

25 

0.7222

29 

P01008 0.0107

35 

0.0081

74 

0.3845

54 

0.0023

28 

0.1394

8 

0.0006

98 

0.9939

26 

0.9415

41 

P02545 0.1566

42 

0.0453

2 

0.5917

52 

0.9113

76 

0.2449

49 

0.0364

24 

0.9425

17 

0.8519

15 

P02768 0.0348

68 

0.3346

48 

0.4574

29 

0.7576

23 

0.8496

14 

0.3178

73 

0.9996

33 

0.4444

79 

P04004 0.0141

45 

0.0065

98 

0.0044

66 

0.0251

16 

0.2681

12 

0.0005

72 

0.4326

86 

0.8965

76 

P04083 0.0249

07 

0.0192

26 

0.1921

09 

0.0716

77 

0.2265

03 

0.1199

84 

0.3259

83 

0.2145

56 

P05783 0.2488

8 

0.3707

94 

0.8546

4 

0.0467

73 

0.1348

13 

0.1280

02 

0.3245

06 

0.1062

89 

P05121 0.2572

27 

0.0403

6 

0.1328

25 

0.0048

21 

0.6485

43 

0.4287

14 

0.9031

65 

0.2630

86 

P05787 0.8266

9 

0.1190

78 

0.4707

69 

0.9997

74 

0.2466

88 

0.0033

89 

0.0658

32 

0.2186

06 

P08670 0.8031

61 

0.7268

6 

0.3984

44 

0.0601

23 

0.3603

18 

0.3147

01 

0.1435

21 

0.0002

81 

P07996 0.8620

91 

0.1108

97 

0.0029

04 

0.2433

37 

0.1042

73 

0.2555

25 

0.1306

31 

0.7006

49 

P11142 0.6705

21 

0.2904

75 

0.3147

55 

0.4695

15 

0.2949 0.0126

82 

0.2354

19 

0.5014

34 

P13646 0.3214

56 

0.6093

76 

0.2287

28 

0.1920

16 

0.2575

93 

0.0472

97 

0.0645

46 

0.2033

32 

P13987 0.3301

4 

0.0917

97 

0.2666

63 

0.5820

62 

0.2359

27 

0.0187

22 

0.0355

97 

0.2431

89 

P23396 0.1151

12 

0.0105

96 

0.3533

07 

0.5931

52 

0.0873

01 

0.0068

78 

0.6512

17 

0.5674

99 

P35268 0.2214

4 

0.5325 0.3795

84 

0.1789

28 

0.1300

9 

0.1862

08 

0.5266

36 

0.2635

33 
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P35527 0.2528

89 

0.8964

08 

0.0162

82 

0.0799

46 

0.9556

08 

0.8771

52 

0.4142

43 

0.1832

05 

P62805 0.0406 0.0353

38 

0.7274

72 

0.0814

43 

0.2682

11 

0.1572

35 

0.3445

55 

0.5723

32 

P63261 0.0127

12 

0.1624

66 

0.6729

8 

0.4519

2 

0.1407

32 

0.0881

47 

0.2626

69 

0.8892

15 

P68104 0.1404

59 

0.0214

57 

0.8000

21 

0.1160

56 

0.1869

11 

0.0323

62 

0.4378

46 

0.4183

57 

P62937 0.2131

95 

0.0393

49 

0.9668

21 

0.9351

58 

0.4881

93 

0.0799

61 

0.8299

96 

0.4511

39 

Q04695 0.0900

89 

0.0422

47 

0.9893

05 

0.0338

99 

0.1539

54 

0.0786

05 

0.8700

48 

0.2740

53 

Q09666 0.0054

94 

0.0247

84 

0.1663

71 

0.0218

39 

0.2016

25 

0.2851

86 

0.3188

92 

0.1872

19 

Q13751 0.0037

54 

0.3628

8 

0.0020

6 

0.4448

79 

0.2922

3 

0.0516

49 

0.2222

73 

0.1839

9 

P84085 0.3099

55 

0.3592

58 

0.8696

35 

0.8731

49 

0.2340

88 

0.0463

02 

0.1750

25 

0.2900

11 

Q13753 0.0067

31 

0.3741

94 

0.0065

88 

0.8010

78 

0.0303

79 

0.2162

96 

0.8931

88 

0.0396

97 

Q15582 0.0058

92 

0.0393

58 

0.0059

19 

0.0012

21 

0.6026

49 

0.0648

85 

0.3166 0.0077

1 

Q16787 0.0027

7 

0.1526

72 

0.0057

97 

0.8759

29 

0.0889

45 

0.1422

85 

0.7141

95 

0.1208

67 

Q8TF72 0.1075

67 

0.8120

48 

0.0998

39 

0.0557

63 

0.6418

22 

0.0712

64 

0.1996

43 

0.0244

73 

Q99880 0.0446

92 

0.1065

21 

0.5196

15 

0.1862

18 

0.3912

27 

0.1866

24 

0.3753

85 

0.7789

48 

Q9Y6B6 0.8523

99 

0.0127

47 

0.9777

44 

0.6689

36 

0.9227

4 

0.1029

43 

0.4674

38 

0.3814

97 

P60866 0.0287

32 

0.8556

29 

0.1432

59 

0.5580

72 

0.1024

78 

0.3528

02 

0.1332

83 

0.0317

07 

P12830 0.9411

19 

0.1648

11 

0.2069

36 

0.4086

82 

0.9335

97 

0.0467

34 

0.3230

98 

0.7032

82 
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comp 1 

p-value 

P5 TCP-24h vs P5 FS-24h  
   

comp 2 

p-value 

P4 TCP-24h vs P4 FS-24h  
   

comp 3 

p-value 

P5-TCP-72h vs P5 FS-72h  
   

comp 4 

p-value 

P4 TCP-72h vs P4 FS-72h  
   

comp 5 

p-value 

P5 FS-24h vs P5 FS 72h  
   

comp 6 

p-value 

P4 FS-24h vs P4 FS-72h  
   

comp 7 

p-value 

P5 FS-24h vs P4 FS-24h  
   

comp 8 

p-value 

P5 FS-72h vs P4 FS-72h  
   

 

 


