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Thesis Executive Summary 

Accurate management of any human disease requires a thorough understanding of the 

molecular underpinnings (i.e., genome + epigenome + transcriptome + proteome + 

peptidome + protein post-translational modifications + metabolome + microbiome) 

driving the biology of that specific disease 1. 

Given the intricate and expanding roles played by proteins in human health and disease, 

these have been studied extensively to uncover disease mechanisms, define 

diagnostic, prognostic and theranostic markers and identify novel therapeutic targets 2. 

Over the past decade, high throughput mass spectrometry (MS)-based proteomics with 

subsequent bioinformatic analysis have emerged as one major technological driving 

force in our attempts to expand human proteomics so that it has a noticeable impact on 

medicine, human health and the life sciences alike 3,4. 

The Human Proteome Project (HPP) provides a framework for communal proteomics 

research. It specifically adds value to the task of ‘knowing thyself’ in strictly molecular 

terms by mapping the ~20,000 proteins encoded by the human genome 5,6. It aims to 

do so as a corollary to the human genome using measurements at the highest possible 

accuracy and stringency 7. 

The HPP states that it has three initial primary aims, namely to; “ 

i. complete the protein ‘parts list’ of Homo sapiens by identifying and characterizing 

at least one protein product and as many posttranslational modifications, single 

amino acid polymorphisms and splice variant isoforms as possible for each 

protein-coding gene; 

ii. transform proteomics so it becomes complementary to genomics across clinical, 

biomedical and life sciences through technological advances 
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iii. create knowledgebases for the identification, quantitation and characterization of 

the functionally networked human proteome.” 8 

This thesis contributes to two major elements of the HPP (C-HPP, Chromosome-

Centric-HPP and B/D-HPP, Biology/Disease-HPP) through the use of informatics and 

proteomics approaches. Expanding previous research efforts by our HPP team at 

Macquarie University, Chapter 1 aims to advance community-centric resources to 

accelerate the identification of missing proteins (MPs). This chapter provides a plausible 

explanation for the observed paucity in identifications of certain missing protein family 

groups that have failed to be identified by MS over the last decade - namely the olfactory 

receptors (ORs). Analysis of OR hydrophobicity, topological distribution, tryptic 

cleavage site and frequency, and ability to predict in silico uniquely-mapping, non-

nested tryptic peptides of a communally-required length (9 amino acids or longer) 

indicated that multiple ORs are unable to generate peptides as per requirements set by 

the HPP to be called protein existence 1 (PE1 for short) proteins. These ORs may not 

be MS-identifiable unless they qualify for relaxed stringency criteria or other proteases 

are used to generate suitable peptides from which we can infer protein identification. A 

similar observation was made when this analysis was expanded for all multi-

transmembrane domain (TMD)-containing human membrane proteins coded for by the 

human genome.  
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Figure 1: Thesis Table of Contents Graphic: This thesis aims to expand our knowledge 

of the HPP by contributing to some of its central aims, namely; (i) identification and 

characterization of previously uncharacterized proteins (Chapter 1), and (ii) advancing 

the diagnosis and treatment of human disease (medicine) thorough a better utilisation 

of MS-based proteomics research (Chapter 2-4). The final chapter 5 provides a 

summary and the potential future research endeavours based on this thesis.  

Chapter 2 presents details on the mass spectrometry instrumentation and its 

application in quantitative proteomics research, the chapter contains an exemplar label-

free quantitative proteomics analysis workflow on Skyline 9.  

In Chapter 3, state of the art proteomics methodologies was employed to understand 

possible means to image, target and treat human disease. In particular, the second part 

of my thesis contributes to the Cancer-HPP efforts (part of the Biology/Disease HPP) 

specifically in colorectal cancer (CRC). In that section, I outline studies directed against 
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a candidate biomarker of aggressive, invasive, metastatic CRC, namely urokinase 

plasminogen activator receptor (uPAR). uPAR has been reported by many teams to be 

elevated during tissue remodelling, inflammation and in many human epithelial cancers. 

uPAR mediates extracellular matrix (ECM) proteolysis and cellular-ECM interactions, 

which are facilitated by cross-talk between uPAR and multiple ligands (e.g., integrins). 

Systematic analysis of these ligands was performed to generate a uPAR interactome 

based on publicly available protein-protein interaction resources. Clustering of uPAR 

binary interactions was performed based on the type of method used for interaction 

confirmation, to produce a score which represents interaction confidence.  

Finally, the interaction of cancer cell surface proteins like uPAR with specific integrins 

(in this case with ανβ6) have shown to produce a complex referred to here as uPAR-

ανβ6. This has been discovered in our group and is now known to express in a 

percentage of CRC cases to be involved in driving late-stage CRC metastasis.  

Rationally-designed interference peptides (iPEPs) derived from uPAR surfaces were 

explored as potential antagonists of uPAR-ανβ6 in chapter 4. Binding of uPAR iPEPs 

to ανβ6 inhibited many hallmarks of cancer involved in mediating the effects of this 

interaction. For example, various uPAR sequence-derived iPEPs bound to the external 

surface of the SW480 cells that are known to express the uPAR-ανβ6 and this resulted 

in a switch from canonical transforming growth factor-beta (TGFβ) signaling to non-

canonical mitogen-activated protein kinases (MAPK) signaling. iPEPs treatment 

decreased the proliferation, migration and invasion on cells expressing the interaction 

when compared to the controls.  High-Throughput proteomics analysis was performed 

to identify processes associated with these iPEPs induced biologies by a combination 

of a tandem mass tag (TMT) 10, high-resolution isoelectric focusing (HiRIEF) 11 and 

liquid chromatography with tandem mass spectrometry (LC-MSMS). The study led to 
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the identification of proteins involved in embryogenesis, wound healing, cell 

differentiation and migration. iPEPs inhibit many hallmarks of CRC and represent a 

potential therapeutic lead that may be explored for uses in the future treatment of 

advanced CRC. 

Finally, chapter 5 summarizes the thesis and provides potential future endeavours of 

this thesis. 
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Chapter 1: Human proteome project 

1.1 Overview 

The Human Proteome Organisation (HUPO) has coordinated a global collaborative 

scientific project called the Human Proteome Project (HPP), since its official launch at 

the HUPO2010 Congress in Sydney on September 23rd, 2010 1. The HPP has made 

significant contributions in setting community guidelines, metrics and structures to 

facilitate collaborative human proteomics research and to support the identification and 

characterization of what has been colloquially called “missing proteins” (MPs) over the 

past decade 2,3.  

Collaboration between various international groups has resulted in the definition of 

many proteomics standards and guidelines that ensure reliable, accurate, high-

stringency data analysis, interpretation and reporting 3. Characterization of the complete 

human proteome is the main goal of HUPO’s HPP, and this would be instrumental in 

coming to a better, more complete understanding of both normal human biology and 

human disease.  

Progress on identifying and characterizing the complete human proteome is manifested 

through a neXtProt protein existence (PE) status. Proteins characterized with "definitive" 

evidence their existence are assigned PE1 status, whereas protein lacking the evidence 

or containing partial evidence are categorized into PE2-4 proteins, referred to MPs and 

finally uncharacterized proteins are categorized into PE5 status 4. MS-based PE1 

assignment requires a protein to generate a minimum of two experimentally derived 

uniquely mapping non-nested peptides of minimum nine amino acid length 2.  

This chapter describes various HUPO’s HPP initiatives and provides an explanation for 

paucity in the MS-based PE1 assignment for certain family of proteins over the last 
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decade, i.e., membrane proteins. The ability of these proteins to generate theoretical 

peptides qualifying MS-based PE1 status was exemplified by a seven-transmembrane 

domain (TMD) containing olfactory receptors (ORs) and subsequently expanded to all 

multi-TMD containing membrane proteins. Lack of any MS-based PE1 assignment over 

the last decade makes ORs a suitable candidate for such analysis to identify the reasons 

behind their paucity in MS evidence. 

In silico analysis of all ORs domains allowed me to hypothesize that the low frequency 

of tryptic proteolytic resides, i.e., arginine (R) and lysine (K) on TMD regions, potentially 

restricts tryptic activity and limits soluble peptide yield during experimental MS analysis. 

This suggests that the experimental peptide yield from a conventional MS approach 

should be similar to in silico peptide sub-population derived from the non-TMD regions. 

Our analysis suggested that most of the ORs can generate peptides as per the HPP 

stringency requirement from their soluble (non-TMD) domains, with a few exceptions 

even when TMDs are considered. Similarly, upon expansion of the analysis to all TMD 

containing human proteins, additional proteins that could not generate peptides 

qualifying HPP guidelines upon whole sequence tryptic digest were identified.  

 

1.2 Introduction 

The Human Genome Project (HGP) presented the potency of omics approach in regard 

to improving our understanding of human biology through a genomics perspective 5. 

Multi-omics approaches are now utilized to complement genomics to decode the 

information flow between genome and phenotype 6. Mass spectrometry is one the 

widely adopted omics platform in systems levels study of the expressed phenotype by 

quantifying the proteome level changes 7. Identification of a critical mutational 

landscape, associated protein expression levels and post-translational modifications 
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have the potential to aid in the establishment of the novel actionable targets and define 

advanced disease management strategies 8. Recent advancements in MS technology 

with; (i) increased sensitivity and specificity of the instruments, and (ii) cost-effective 

methodologies have stimulated multiple frontiers of medical research 9,10.  

Proteomics is the large scale simultaneous identification and/or quantitation and/or 

determination of post-translational modification of proteins. It has been widely adopted 

to evaluate protein level systemic changes in a range of human biology and disease 

applications 11. Advancement in MS instrumentation such as the introduction of 

electrospray ionization (ESI)12 and OrbitrapTM 13 have enabled proteomics to transform 

into a globally adopted high-throughput application, routinely utilized in identification and 

quantification of thousands of proteins in tandem 14. Global efforts in the identification 

and characterization of the human proteins were institutionalized with the establishment 

of the Human Proteome Organization (HUPO).  

1.2.1 C-HPP and B/D-HPP 

During 2008-2010, the HUPO HPP initiated two parallel streams, namely the 

Chromosome-Centric HPP (C-HPP) and the Biology/Disease HPP (B/D-HPP). These 

provided a matrix-approach maximising the identification and quantitation of genome-

coded protein data from both genomics-focussed approaches (where each gene was 

effectively given equal prominence) for the C-HPP mirrored against a more practical 

approach focussed on those proteins involved in specific biologies/diseases under the 

B/D-HPP. It was argued that such bi-streamed approach would ensure all proteins 

coded by the genome were provided equal opportunity to be investigated as part of the 

HPP 15. The C-HPP was launched in 2012 and is involved in mapping and 

characterization of proteins encoded by human chromosomes 1-22, X and Y and 

include mitochondrially-coded genes.  
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B/D-HPP aims at studying the molecular mechanisms and biological processes 

associated with the human disease through state-of-the-art proteomics applications. 

The B/D-HPP provides a foundation for community-wide collaboration between 

proteomics-based biology and disease research groups 16. B/D-HPP has generated a 

highly specific protein cohort that plays a vital role in human disease and biology, 

maintained by PeptideAtlas. 

(https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/proteinListSelector) 17.  

Similarly, other HPP initiatives include CompMS (Computational Mass Spectrometry), 

Early Career Researcher (ECR), Human Antibody, iMOP (Initiative on MultiOrganism 

Proteomes) and Proteome Analyzer (https://hupo.org/hupo-sponsored-initiatives). 

Along with these initiatives, the Cancer (Biden) Moonshot and NCI’s Clinical Proteomic 

Tumor Analysis Consortium (CPTAC), International Cancer Proteogenomics 

Consortium (ICPC) are the crucial independent initiative that shares close collaborative 

ties with HUPO. Collectively, with HUPO’s Cancer-HPP initiative under B/D-HPP, these 

programs aim to accelerate cancer research to aid early cancer diagnosis and develop 

effective cancer treatment strategies for patients. 

(https://www.cancer.gov/research/key-initiatives/moonshot-cancer-initiative). CPTAC 

and the ICPC aim to accelerate cancer research through integrating proteomics, post-

translational modification, genomics, epigenomics and transcriptomics data (i.e., 

proteogenomics; https://proteomics.cancer.gov/programs/cptac) to similar ends 18, 19. 

 

 

 

https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/proteinListSelector
https://hupo.org/hupo-sponsored-initiatives
https://www.cancer.gov/research/key-initiatives/moonshot-cancer-initiative
https://proteomics.cancer.gov/programs/cptac
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1.2.2 HPP pillars  

The HPP is a HUPO-coordinated global scientific initiative that aims at the 

characterization of the complete human proteome, which will expand the understanding 

of human biology at the molecular level, and aid in the characterization of novel 

diagnostic, prognostic, therapeutic and preventive measures for multiple diseases 20. 

HPP constitutes four pillars i) mass spectrometry, ii) knowledgebase (KB), iii) antibody 

and iv) recently introduced pathology pillars, established based on their importance on 

a large scale proteomics analysis (https://hupo.org/About-the-HPP) 20. 

The HPP KB pillar compiles and curates protein annotations. neXtProt 

(www.nextprot.org) 21 is a primary KB component that provides an update on the PE 

status, derived from the annual communal reanalysis of selected publicly-available MS 

datasets by PeptideAtlas (www.peptideatlas.org) 17. UniProtKB database 

(www.uniprot.org) 22 is one the widely used and comprehensive KB for protein 

annotation. Data-intensive nature of the MS application has made the establishment of 

data repositories unavoidable, leading to the establishment of the ProteomeXchange 

Consortium (http://www.proteomexchange.org/). The consortium encourages open data 

policies between significant proteomics repositories and provides a framework for 

communal standards for data submission and dissemination 23. Members of this 

consortium constitute: PRIDE PRoteomics IDEntifications (PRIDE) database 

(https://www.ebi.ac.uk/pride/archive/) 24, PeptideAtlas (http://www.peptideatlas.org/), 17 

MassIVE (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp), jPOST 

(https://jpostdb.org/), iProX (https://www.iprox.org/) 25 and Panorama Public 

(https://panoramaweb.org) 26. HUPO Proteomics standards initiative (PSI) 

(http://www.psidev.info/), defines the standards for proteomics and interactomics data 

representation standards. PSI has released a set of controlled vocabularies for data 

https://hupo.org/About-the-HPP
http://www.nextprot.org/
http://www.peptideatlas.org/
http://www.uniprot.org/
http://www.proteomexchange.org/
https://www.ebi.ac.uk/pride/archive/
http://www.peptideatlas.org/
https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp
https://jpostdb.org/
https://www.iprox.org/
https://panoramaweb.org/project/home/begin.view?
http://www.psidev.info/
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annotation standardization 27. Data formats for different MS-related data is being 

regularly updated, facilitating data comparison and exchange 28. 

The HPP MS Pillar comprises the analytical methods and technology platforms that 

allow high-throughput identification and quantification of peptides and proteins. Verified 

reference spectra of human proteome derived peptides facilitate proteomics studies. 

These peptides provide a basis for the development and validation of targeted studies 

such as Selection Reaction Monitoring (SRM).  

The HPP affinity/antibody pillar aims to facilitate the adoption of antibody-based data to 

map the human proteome in cells, tissue, health and disease and to accelerate human 

“omics” research. The initiative primarily reports through the Human Protein Atlas (HPA) 

and seeks to index validated antibodies and generate a protein and transcriptome 

expression and localization atlas across a broad range of healthy and diseased human 

tissues (https://hupo.org/Human-Antibody-Initiative). Ongoing findings of this initiative 

will be available through the publicly available antibody resource database 

(www.antibodypedia.org). The human protein atlas initiative (www.proteinatlas.org) 

houses annotated tissue profiling between healthy and cancer tissues, stratified based 

on the high-resolution tissue imaging 29.  

Introduction of the Pathology Pillar during the HUPO2018 world congress highlights the 

role played by disease pathophysiology in understanding potential uses of proteomics-

based biomarker discovery in diagnostic settings. The pillar will collaborate with the 

identification of unmet clinical needs and formulate guidelines for reproducible and valid 

clinical assays. The pillar aims to provide linkages between the acquisition of clinical 

samples and integration of associated proteomics data for clinical applications 

(https://hupo.org/page-1757231). A diagrammatic representation of the initial structure 

https://hupo.org/Human-Antibody-Initiative
http://www.antibodypedia.org/
http://www.proteinatlas.org/
https://hupo.org/page-1757231
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of the HPP, including the two original streams and three pillars is summarized in Figure 

1.2. 

 

 

 

Figure 1.2: HPP initiated complementary C-HPP and B/D-HPP project based on four 

different HPP pillars. Advancement in MS-based technology combined with HPP 

collaborative efforts led to the characterization of multiple missing proteins over the last 

decade 30. Reproduced from https://hupo.org/About-the-HPP. 

 

 

 

 

 

 

 

https://hupo.org/About-the-HPP
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1.2.3 Missing proteins  

 

 

HPP categorizes all human proteins into five distinct (protein existence; PE) groups 

based on the evidence that supports an argument for their existence, referred to as PE 

status with five categories (PE1, PE2, PE3, PE4, PE5). Proteins with high-stringency 

MS or neXtProt-qualified antibody-based evidence are assigned PE1 status. PE2-5 

17694
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PE1 PE2 PE3 PE4 PE5

PE1: Evidence at protein level  
PE2: Evidence at transcript level  
PE3: Inferred from homology  
PE4: Predicted  
PE5: Uncertain 
  

a b 

Figure 1.3: Current (v2.22.2) neXtProt PE status for the human proteome. Through 

neXtProt, the HPP has progressively assigned PE1 status to multiple proteins since 

2002. However, challenges remain in the identification and characterization of certain 

protein groups such as membrane proteins. a) Distribution of human proteins across 

different chromosome and PE status shows significant number of human proteins are 

PE1s. b) Number of human proteins across PE status, current neXtProt build contains 

2129 MPs (PE2-4). 
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proteins refer to proteins with evidence-based on transcript level only (PE2), homology 

only (PE3), prediction only (PE4) or those that are uncertain/dubious genes/proteins 

(PE5) 21. The “missing proteins” (MPs) originally referred to all PE2-5 proteins, but the 

definition was recently modified to only refer to ΣPE2-4 human proteins. Current HPP 

release lists 2129 proteins as MPs out of total 20,399 proteins 

(https://www.nextprot.org/about/protein-existence). Lack of protein level MS or antibody 

evidence exists due to; low abundance, nil or low-level expression, incorrect genome 

annotation, incompatible structure for MS studies etc. Advancement in proteomics 

techniques combined with collaborative HPP efforts has resulted in a gradual decrease 

in the number of missing proteins from 6,568 during the inception of C-HPP in 2012 to 

the current 2,109 PE2-4 MPs 30.  

 

neXtProt maintains and updates PE status for all human proteins at regular interval and 

this data is available at the web page link https://www.nextprot.org/about/protein-

existence 4. HPP has also set guidelines for the assignment of PE1 status. These 

guidelines require; (i) protein containing MS-based experimental 2+ uniquely mapping 

non-nested peptides that are nine or more amino acid (aa) in length, (ii) Protein 

existence validated based on antibody evidence and (iii) PE2-4 proteins with GOLD 

binary interaction data in neXtProt 4. neXtProt provides an update on PE status of 

human proteins through an annual HPP date and the 2018/2019 release lists 2,129 

PE2-4 MPs proteins out of a denominator total of 20,399 proteins derived from all 

currently known protein-coding genes.  

 

 

https://www.nextprot.org/about/protein-existence
https://www.nextprot.org/about/protein-existence
https://www.nextprot.org/about/protein-existence
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Table 1.1: Summary of current (v2.22.2) neXtProt release statistics. neXtProt provides 

an annual update on PE1-5 and MP identification. Currently, Chromosome (Chr) 1 (the 

largest) and Chr 11 contain the highest number and percentage of PE2-4 MPs.  

Chromosome PE1 PE2 PE3 PE4 PE5 Total 

1 1796 150 66 8 49 2,069 

2 1178 71 18 1 17 1,285 

3 969 76 19 3 15 1,082 

4 678 46 21 2 21 768 

5 796 55 9 3 13 876 

6 983 79 12 6 30 1,110 

7 808 89 41 5 42 985 

8 602 45 14 2 39 702 

9 671 71 21 12 35 810 

10 665 60 7 1 17 750 

11 1014 184 95 1 39 1,333 

12 932 64 14 0 23 1,033 

13 297 20 4 1 12 334 

14 613 40 56 4 14 727 

15 513 43 17 1 30 604 

16 745 58 10 2 24 839 

17 1049 82 13 3 22 1,169 

18 250 13 1 2 10 276 

19 1271 104 25 2 32 1,434 

20 488 43 3 5 12 551 

21 186 28 18 1 23 256 
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22 432 39 5 1 21 498 

Mitochondrial  15 0 0 0 0 15 

X 720 76 18 5 29 848 

Y 26 11 3 0 7 47 

Unknown  2 2 0 0 0 4 

       

Total PE1 PE2 PE3 PE4 PE5 Total 
 

17,694 1,548 510 71 576 20,399 
 

86.7% 7.6% 2.5% 0.4% 2.8% 100% 

 

The neXtProt uniqueness checker (https://www.nextprot.org/tools/peptide-uniqueness-

checker) provides information on the identification of uniquely-mapping non-nested 

peptides 31. Multiple tools are available for protein and peptide annotation based on the 

SPARQL search/query engine through neXtProt REST API (https://api.nextprot.org/). 

The HPP has made a significant achievement over the last decade in assigning high 

portion (86.7%) of proteins from the protein-coding genome to PE1 status. For 

examples, multiple PE2-4 MPs of protein families/groups like the coiled-coiled domain 

proteins, homeobox proteins and keratin-associated proteins have been assigned PE1 

status. However, there remain significant challenges for several PE2-4 protein 

families/groups. MS identification of multi- transmembrane domain-containing proteins 

largely remains problematic. These include notable examples like the GPCR olfactory 

receptor (OR) and taste receptor families, primarily due to sample scarcity and technical 

challenges associated with the identification of hydrophobic membrane proteins 32. 

HPP data interpretation guidelines v2.1 define requirements for MS-based identification 

of any PE2-4 MPs. These guidelines mandate PE1 assignment should be based on the 

https://www.nextprot.org/tools/peptide-uniqueness-checker
https://www.nextprot.org/tools/peptide-uniqueness-checker
https://api.nextprot.org/
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presence of a minimum of two uniquely-mapping non-nested experimentally-derived 

peptides that are nine or more amino acid in length 2. Exceptions to these rules can now 

be considered on a case-by-case basis, provided there is plausible scientific evidence 

that a given protein is not able to generate the stringency required for peptides as per 

HPP guidelines 2. Exception criteria can be expected to streamline characterization of 

certain protein groups/families, such ORs where no MS evidence exists, as ~1% of the 

ORs have been classified as a PE1 based on non-MS evidence 32. OR1D4 and 

OR2AG1 PE1 assignment were derived from a convincing biochemical, genetic or 

haplotype data, whereas PE1 assignment of OR1D2 and OR2J3 was based on protein 

interaction data 32. 

 

1.3 Paucity in the identification of multi-transmembrane domain (TMD)-

containing membrane proteins 

ORs and taste receptors are the only protein groups where zero progress was made 

since 2013. ORs continues to be the significant PE2-4 missing protein family, 

representing a significant 19% of all PE2-4 proteins (400 out 2,129) 3. Noteworthy 

progress has been made in the characterization of keratin-associated, leucine-rich 

repeats, sperm and testes related proteins and zinc finger proteins 32. Current neXtProt 

build (application release: v2.22.2) lists 4 out of 404 ORs as PE1s, solely based on non-

MS evidence, i.e., biochemical, genomic or protein-protein interaction data 32.  
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1.3.1 Paucity in the Identification of ORs  

Manuscript 1 Context: ORs play a significant role in olfaction, mediated by chemical 

interaction with a multitude of odorant ligands including volatiles, metals, nutrients, 

neurotransmitters, photons and protons 33–35. ORs signal in many ectopic physiologies 

with escalating chemosensory roles, independent of nasal epithelial tissues with known 

expression in brain, colon, liver, breast, thyroid, testes, etc 34. Context-dependent OR 

responses provide humans with cognizance on the spatiotemporal environment, far 

beyond the smell sensation 36,37.  

Hydrophobic interface and limited frequency of tryptic sites on the TMDs limit their ability 

to generate peptides with ease when compared to non-TMD regions. Based on this 

evidence, we proposed that experimental peptide of a TMD containing proteins should 

be comparable to in silico peptide yield from the non-TMD regions. In silico analysis was 

performed to examine the ability of ORs to generate the peptides qualifying the current 

HPP MS PE1 assignment guidelines. Our analysis indicated that 58% of ORs could 

generate in silico peptides qualifying the current HPP PE1 guidelines from concatenated 

OR soluble domains, which increases up to 94 % upon relaxing the stringency 

requirements. Similarly, 98% of ORs were able to generate PE1 qualifying peptides 

upon complete OR sequence digestion.  
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1.3.2 Paucity in the identification of TMD containing membrane proteins   

Manuscript 2 Context: Membrane proteins mediate a multitude of cellular 

processes. These proteins facilitate the transfer of biomolecule across the plasma 

membrane, initiate a cellular response in the extracellular matrix (ECM) through 

interaction with multiple ligands and provide physical separation of the intracellular 

components against the extracellular environments. Extracellular accessibility and their 

role in multiple human diseases make them particularly important in clinical settings, 

constituting over 45% of current pharmaceutical targets 38,39. However, membrane 

hydrophobicity and low abundance present a technical challenge in the extraction of 

membrane proteins and recovery of corresponding peptides 40. The requirement of more 

than one cleavage site on the domain loops (non-TMD) further limits soluble peptide 

yield 32.  

Under-representation of the TMD regions in traditional bottom-up MS analysis highlights 

the hurdles in identification and quantification of TMD containing proteins 41. Owing to 

the difficulty in the generation of soluble peptides from these TMDs and requirement of 

minimum two cleavage site on non-TMD domains, we proposed experimental peptide 

yield from membrane proteins in traditional MS analysis is comparable to the in silico 

peptide yield form the concatenated soluble domains.  

Our analysis presented that 12040/15515 (77%) of human TMDs lack R/K sites, 

whereas 2812 (18%) TMDs contained only one R or K sites. This represents a maximum 

of 7 % human TMDs can theoretically generate tryptic peptides, explaining the under-

representation of peptides from the TMDs in the traditional bottom-up 

approach.13409/18085 (75%) of corresponding soluble domains on the TMD containing 

proteins contained more than one R or K sites, making them capable of generating 
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soluble tryptic peptides. 3674/3878 (95%) TMD containing proteins can generate 

peptides from their soluble domains which can qualify current HPP PE1 guidelines.  

The following work has been prepared as a manuscript; therefore, it contains its own 

citations.  
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Abstract 

Membrane proteins represent a significant percentage of FDA approved clinical targets 

against common therapeutic interventions. Difficulty in the extraction of membrane 

proteins from the lipid bilayer results in the restricted mass spectrometry (MS)-based 

identification and characterization of these proteins. The phenomenon is more 

pronounced on the multi-transmembrane domain (TMD) containing membrane proteins. 

TMD regions of membrane proteins are under-represented in traditional bottom-up MS 

datasets, primarily due to the membrane hydrophobicity and inhibition of tryptic activity 

in such hydrophobic environment. Limited tryptic sites, i.e., arginine (R) and lysine (K) 

residues within the TMD domains, the requirement of ≥ 2 accessible proteolytic sites in 

ecto- or endo- domain loops for peptide release, limited sample availability and the 

requirement of enrichment, further lessen the likelihood of identification of these 

membrane proteins by MS. 

In contrast, soluble domains (i.e., ecto-, endo-, N- and C- terminal strands) are 

analytically suited to generate tryptic peptides with ease compared to TMD regions, due 

to the ease in the solubilization and tryptic digestion. The TMD-containing proteome 

constitutes a considerable number of neXtProt (version 2.22.8) PE2-4 “missing proteins” 

(MPs). 
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16085/20967 (77%) of total human TMD are devoid of tryptic cleavage sites and 

4008/20967 (19%) of TMD constitute a single tryptic proteolytic site. Hence these 

domains fail to generate soluble tryptic peptides due to the lack of sufficient proteolytic 

sites. Accounting for the lack of tryptic peptide generation from TMD regions, 

experimental peptidome yield is liable to be originated from the non-TMD regions. Based 

on this observation, a systematic analysis was performed on ≥ 2 TMD-containing 

membrane proteins to examine what percentage of membrane proteins can theoretically 

generate peptides qualifying the current Human Proteome Project (HPP) guidelines for 

MS-based identification of MPs. In silico digestion of concatenated soluble domains 

derived from >2 TMD-containing proteins was performed to explore tryptic peptide yield 

from these soluble domains at different MS stringencies. The analysis demonstrated 

that 2479/2814  (88%) of multi TMD containing proteins can generate >2 non-nested 

uniquely-mapping peptides of >9 amino acids (AAs) in length, qualifying the HPP 

guidelines for the identification of MPs by MS. Relaxation of stringency requirements to 

>1 non-nested uniquely-mapping peptides of >7 AA length increased the qualifying 

proteins to 2744/2814 (98% of the >2 TMD-containing human membrane proteome). 

Utilization of specialized membrane protein enrichment methods, sample extraction, 

multiple proteolytic fractionations and the use of MS techniques explicitly aimed at multi-

TMDs may allow better proteome coverage and aid in the identification of these 

membrane proteins.  

Keywords: membrane proteins, missing proteins, transmembrane domains, high 

stringency mass spectrometry, in silico digestion, HPP data interpretation guidelines, 

uniquely mapping non-nested peptides, membrane hydrophobicity.  
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Introduction 

The cell membrane is composed of membrane proteins, phospholipid bilayer and 

glycoproteins. The cellular membrane generates a physical separation between 

individual intracellular components of a cell, and between the cells and extracellular 

environment 1. Membrane proteins are the constituents of membrane pores, channels, 

pumps and transporters, which allow the exchange of bioactive molecules between the 

cell and its extracellular environment. Membrane proteins also act as receptors (e.g., 

growth factor receptors, protease receptors, integrins) to a range of ligands that 

originate from the external environment, surrounding extracellular matrix and/or other 

cells, which enable the initiation of multiple signaling pathways within the cell 2, 3. Due 

to the importance of their cellular functions and extracellular accessibility, it is not 

surprising that >70% of all FDA-approved targeted anti-cancer drugs currently in clinical 

trials target membrane proteins, according to the current My Cancer Genome (MCG) 

database 4.  

Even though ~30% of all human genes code for membrane proteins, the membrane 

proteome has remained relatively poorly investigated 5. This issue is even more acute 

in the multi-transmembrane domain(TMD) containing integral membrane proteins such 

as G-protein coupled receptors (GPCR) signalling proteins 6. The potential role of TMD 

in restriction of MS-based identification is reflected by the fact that multi-TMD containing 

proteins form a substantial proportion of the Human Proteome Project (HPP) protein 

existence (PE) 2-4 missing proteins (MP) 7, 8, suggesting that very little evidence is 

available for their existence supported by the high MS stringency data. 668 multi-TMD 

containing proteins are classified as MPs on current neXtProt release 7. Multi-TMD 

containing GPCRs; human olfactory receptors (ORs) and taste receptors (TRs) are two 

major protein groups lacking high stringency MS data to support their existence 9. 
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Regrettably, not a single OR qualifies for MS-based PE1 assignment guidelines set by 

the HPP 10. Paucity in the detection of multi TMD-containing proteins is primarily due to 

the hydrophobic nature of membrane impeding solubilization and trypsin activity, 

compounded with limited tryptic digestion sites, the low copy number of genes/proteins 

and the lack of sample availability 11, 6. 

Considering the inherent limitations of TMD-containing protein identifications by MS, we 

recently examined how many OR proteins can generate peptides from their soluble 

domains that would meet the high-stringency MS criteria set by the HPP data-

interpretation guidelines v2.1 6. HPP guidelines require proteins to generate two or more 

experimentally derived uniquely-mapping non-nested peptides that are greater than or 

equal to nine amino acids (AA) in length. ORs are seven TMD containing proteins, by 

inference they contain one each of N- and C- terminal strands, and three each of ecto- 

and endo-domain loops between these 7 TMD 12. The study performed in-silico tryptic 

digestion specifically on concatenated soluble domains of ORs (i.e., excluding all TMDs 

and “anchored” peptides that result from being constrained by one TMD after only a 

single tryptic cleavage within any loop domain). We were able to demonstrate that 58% 

of the human olfactory receptor proteome could potentially generate tryptic peptides 

from their concatenated domains satisfying the current HPP guidelines 6. This suggests 

one clear physicochemical reason why they remain a refractory protein family 

overrepresented in all PE2-4 MPs. 

In this study, we extended our OR analysis to all human TMD-containing proteins. We 

undertook in silico tryptic digestion of both the i) full-length TMD-containing integral 

membrane proteins and ii) concatenations of the exposed free N- and C-termini strands, 

ecto- and endo- domain loops. We then analysed how many (or percentage) membrane 

proteins could generate peptides exclusively from their soluble domains that would allow 



33 
 

them to qualify for the MS-based HPP PE1 assignment requirements. This 

comprehensive study of all TMD-containing proteins will provide useful insights for the 

development of more inclusive criteria for PE assignment, would allow researchers to 

more carefully target membrane proteins using more advanced MS techniques and 

finally reveal the potential for alternative methods of detection of MPs.  

Methods 

Identification of TMD containing proteins,  

Domain topologies and their corresponding sequence of multi-TMD-containing proteins 

were obtained from UniProt  SPARQL endpoint (https://sparql.uniprot.org/) (accessed 

26th June 2019) 13. Classification of these proteins into different PE status was 

performed based on neXtProt (v2.22.8) 14. 

 

Distribution of R/K sites  

The number of R/K sites within the TMD and hydrophobicity of topological domains were 

calculated to evaluate the likelihood of tryptic digestion. Grand Average of Hydropathy 

(GRAVY) based hydrophobicity was calculated with Sequence Manipulation Suite 15. 

Generation of in silico peptidome of multi-TMD-containing membrane proteins 

Multi-TMD containing proteins were tryptic digested in silico with protein digestion 

simulator (https://github.com/PNNL-Comp-Mass-Spec/Protein-Digestion-Simulator). 

The complete sequence and concatenated soluble domains were digested 

independently to examine the TMD induced peptidome differences. The uniqueness of 

peptides derived from these two sets of digestion was substantiated with a custom R-

script querying neXtProt API (https://api.nextprot.org/). Standalone web-based peptide 

uniqueness checker tool (https://www.nextprot.org/tools/peptide-uniqueness-checker) 

is available that allows querying for up to 1000 peptides in a single batch 16. The number 

https://sparql.uniprot.org/
https://github.com/PNNL-Comp-Mass-Spec/Protein-Digestion-Simulator
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of proteins capable of generating peptides qualifying the HPP guidelines (two or more 

uniquely mapping non-nested peptides of nine or more AA length) and lower stringency 

(one uniquely mapping non-nested peptides of seven or more AA length) was 

calculated. “Anchored peptides” generated from the domain loops containing single 

tryptic cleavage site were discarded during the analysis.   

 

Results 

 

Figure 1: Number of TMD present in all human TMD containing proteins. Significant SP 

entries (2425/20431, 12%) contain a single TMD, followed by seven TMD containing 

GPCRs (930/20431, 5%). TMD containing proteins are the sizable portion of neXtProt 

MPs (880/2129, 41%). Presence of domains loops in multi-TMD domains containing 

proteins requires a minimum of two or more tryptic cleavage sites to release the peptides 

during an experimental MS analysis, which further decreases the likelihood of peptide 

generation from a multi-TMD domain-containing protein.  
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5239 (of total 20431) human Swiss-Prot (SP) entries contain annotation for TMDs, 

among which 2425 entries (12% of SP entries and 46% of TMD-containing proteins) 

contain single TMD and 2814 SP entries contain multi-TMDs. The second most 

prevalent domains were 7 TMDs-containing proteins (929 SP entries, 18% of TMD 

containing proteins) which includes 404 ORs, TRs and other GPCR family of proteins 

(figure 1). ORs and TRs are the largest protein groups which have failed to be identified 

by MS over the last decades. neXtProt has assigned PE1status for 4 ORs solely based-

on non-MS evidence 14. 4268/5239 (81%) TMD-containing membrane proteins have 

been classified as PE1, a substantial proportion of TMD-containing proteins are 

classified as PE2-4 proteins (800/2129, 38% of all PE2-4 proteins). 

Additionally, 83/5239 TMD-containing proteins are classified as PE5 proteins (figure 2). 

GRAVY analysis of TMD-containing proteins reflects the hydrophobic nature of the 

TMDs compared to the non-TMDs domains, as shown in figure 3a. Hydrophobicity is 

known to inhibit the trypsin activities, leading to the suppression of soluble peptide yield 

during conventional MS experiments 6. Non-conventional MS approaches are utilized to 

extract peptides from TMD regions to overcome the pH and solubility restriction 17, 18. 

Sequence analysis of TMDs revealed that these sequences are conserved in human 

with a median and average AA length of 21 and 21.18, respectively (figure 3b). The 

TMD length is alike across multiple organisms and is thought to provide the evidence 

for a common origin of eukaryotic cell membranes. The complexity of signalling events 

through the membrane tends to define the thickness of the membrane, thereby 

modulating the TMD length 19. 

We further analysed the likelihood of tryptic digestion of TMDs and soluble domains, 

solely based on the presence of tryptic cleavage sites. TMD region exhibited a 

diminished frequency of R and K residues compared to the soluble domains when 
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analysing 20967 TMDs and 26124 soluble domains from 5239 TMD containing proteins. 

16085/20967 (77 %) TMDs lack any R or K residues, whereas 4008/20967 (19 %) TMDs 

contain a single R or K residue (figure 3c). 

Figure 2: Comparison of PE status between complete human proteome and TMD 

containing proteins. 880/2119 (42 %) current missing proteins are TMD-containing 

proteins. Most (4268/5239, 82%) of the TMD-containing proteins are PE1. TMD domain-

containing protein includes TRs and ORs, where no considerable progress has been 

made over the last decade. Multi-TMD containing proteins has the highest fraction of 

MPs (688/2812), followed by complete human proteome (2129/20399) and one TMD 

containing proteins (192/2429).  

Considering the requirement of two cleavage sites to solubilize the peptides, most (96 

%) TMDs are not capable of generating tryptic peptides. Limited tryptic activity on the 

remaining 874 (4%) TMDs in the hydrophobic interface further lessen the prospect for 

the generation of tryptic peptides. In comparison, 2395/26124 (9%) soluble domains 

were devoid of the R or K residues, whereas 3920/26124 (15%) soluble domains 

contained a single R or K residue. 19809/26124 (75%) soluble domains contained more 

than one tryptic cleavage sites. A total of 20355 (78%) soluble domains, including 546 
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N- and C- terminal domains with single R/K residues can theoretically generate tryptic 

peptides during conventional MS analysis (figure 3c). Location and frequency of R/K 

sites are the principal factors that define the tryptic peptidome repertoire. Release of 

soluble peptides from a domain loop requires the presence of two or more tryptic 

cleavage sites. Presence of a single cleavage sites leads the generation of “anchored 

peptides” that remain attached to the membrane. Similarly, the number of TMDs has a 

discernible effect on peptide yield upon tryptic digest. Human TMDs constitute a fraction 

of complete sequence (average/mean length of ~21 AA) on a single TMD-containing 

protein and the remaining sequence region can potentially generate the tryptic peptides 

during conventional MS analysis. Moreover, proteins with single TMD are not restricted 

to the requirement of multi cleavage sites in their domains, which is mandatory on 

soluble domains of multi-TMD containing proteins. Lack of insufficient R/K residues in 

most 20093/20967 (96%) TMDs for tryptic peptide generation lead us to analyse what 

percentage of multi-TMD containing proteins can generate tryptic peptides that qualify 

current HPP PE1 guidelines from their soluble domains. 
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Figure 3: a) Hydrophobicity measurement of the concatenated soluble domains and 

TMDs. TMD regions are hydrophobic compared to the soluble domains based on 

hydrophobicity measurement by GRAVY index. TMDs are situated on the hydrophobic 

lipid environment which restricts tryptic digestion and subsequent peptide generation. 

b) TMDs length is conserved across species. Human TMDs were found to be of ~21 AA 

length. Conserved TMD length across species is taken as evidence for a common origin 

of eukaryote membranes. c) Distribution of R and K residues along the soluble domains 

and TMDs. Most 16085/20967 (77%) of the TMDs were devoid of R/K residues, 

whereas 4008/20967 (19%) TMDs contain single R/K residues. Sparse distribution of 
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R/K residues decreases the possibility of tryptic peptides generation. Buried R/K 

residues are known to modulate transmembrane helix orientation towards the aqueous 

interface, changes in ionization state of these residues regulate membrane function 20. 

Soluble domains were found to contain a higher frequency of R/K residues. Our analysis 

indicated that 20355 (78%) soluble domains could theoretically generate tryptic 

peptides, based on the presence of more than one tryptic cleavage sites on the domain 

loops and a single tryptic cleavage sites on the N- and C- terminal strands.  

Figure 4: Multi-TMD 

containing proteins that can 

generate peptides qualifying 

the current MS-based PE1 

guidelines set by the HPP. The 

ability of the multi-TMDs 

containing proteins to generate 

in silico uniquely mapping non-

nested tryptic peptides from 

their soluble domains 

(excluding TMDs) and full-

length protein sequence 

(including TMDs) at different MS stringencies was employed to obtain the peptidome 

differences at each stringency levels. 2479/2814 (88%) TMD-containing proteins could 

generate peptides qualifying HPP PE1 assignment guidelines.  
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MPs from their soluble domains. Our analysis indicated that 2479/2814 (88%) multi-

TMD containing proteins could generate peptides qualifying the current HPP PE1 

criteria. The gradual relaxation of the stringency requirements to a single uniquely 

mapping non-nested peptide of seven AA in length led to the identification of 2744/2814 

(97.5%) proteins that can theoretically generate peptides at that stringency level. In 

silico digestion of complete sequence of multi-TMD containing proteins resulted in the 

identification of 2785/2814 (99%) multi-TMD-containing proteins that can generate 

peptides qualifying HPP PE1 guidelines, lowering the stringency requirement increases 

the number of proteins to 2810/2814.  

 

Discussion  

HPP has been successful in the identification and characterization of multiple proteins 

over the last decade. However, assignment of PE1 status on multiple proteins groups 

including membrane proteins remains problematic due to intrinsic technical challenge 

presented by i) sample limitations that require membrane enrichments, ii) trouble in 

proteolytic cleavage to solubilize the hydrophobic domains, iii) requirement of multiple 

cleavage sites on domains loops to release a peptide and iv) analysis of resulting 

hydrophobic peptides that do not fragment well on MS. Promotion of MS data sharing 

through MS data repositories has increased the availability of MS data. Communal 

reanalysis of these data, like those performed annually by PeptideAtlas 21, is bound to 

characterize additional MPs in days to come. We anticipate the release of updated HPP 

data interpretation guidelines from current v2.1, which might change the number of 

proteins that can generate peptide as per the PE1 assignment criteria. This analysis 

was performed based on UniProt annotations for TMDs and may differ from other TMD 

database or TMD predictions tools.  
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1.4 Conclusions 

HPP has provided an international platform for coordinated proteomics research, 

leading to the identification and characterization of multiple MPs. Progressive 

assignment of PE1 status to various proteins was observed during the last decade 30. 

neXtProt lists 2129 proteins as missing, representing 10% of all human proteins. 

Identification of some specific proteins groups has been insignificant, particularly 

membrane proteins. Limited expression levels, finite R/K sites, restricted tryptic activity 

on hydrophobic environment and requirement of more than one R/K sites restricts 

soluble peptides generation that is identifiable on a conventional MS approach 32. Non-

conventional methods such as; use of heated columns and adaptation of confetti 

approach have the potential to identify previously undetected peptide regions and aid in 

the subsequent characterization of MPs 42,43. As per the HPP data interpretation 

guidelines, MS-based PE1 assignment requires the protein to generate two or more 

experimental uniquely mapping non-nested peptides that are nine or more aa in length. 

The upcoming update of HPP data interpretation guidelines (v 2.3, to be announced) 

will allow the use of nested peptides provided the combined length is 11 aa or more. 

However, not all proteins can generate MS identifiable peptides at the stringency criteria 

set by the HPP. HPP has a provision of “exclusions criteria” for such proteins and these 

proteins can be assigned PE1 status on a case by case basis with relaxed stringency 

requirements. Inclusion of antibody-based evidence and neXtProt GOLD binary 

interaction data have allowed assignment of 1096 (~5 %) proteins as PE1s, that do not 

have any MS evidence.  
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Chapter 2: Mass Spectrometry based 

Proteomics  

2.1 Overview 

A proteome can be defined as the assembly of all proteins temporarily and spatially 

encoded by a genome under any given circumstances 1. Protein synthesis is a highly 

regulated process in the human body, and in any given proteome the expression levels 

of proteins are tuned to match the demand of the signalling events that govern biological 

and functional characteristics in those cells and tissues. Alterations in protein 

expression levels and functions are associated with a range of human diseases 2. The 

proteomics analysis aims at high-throughput identification, characterization and 

quantitation of all proteins in a proteome, including associated modifications, protein 

complexes and interactions between these proteins 3,4. High-throughput proteome 

analysis allows one to decipher disease-related physiology, pathophysiology and effects 

of the treatment-induced signalling change 5. In recent years, bottom-up shotgun mass 

spectrometry (MS) has evolved as the preferred proteome analysis tool and is often 

utilised to better understand disease processes, as well as being used in the 

development of diagnostics and prognostic markers 6. Availability of cost-efficient 

genomic sequencing technologies and databases has further aided in the adoption of 

the technique as most of the proteomics applications rely heavily upon the pre-existence 

of a highly-curated genome sequence 7. 

Despite current MS instruments reaching an impressive level of detection (LOD), down 

often to levels approaching one attomole of a non-complex sample 8,  2,129 out of 

20,399 human proteins of the human proteome do not contain sufficient MS evidence. 
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These proteins in the human proteome are colloquially referred to as the “missing 

proteins” 9,10. The outcome of a proteomics analysis is heavily dependent on efficiency 

and method used for sample preparation, adopted workflow, choice of MS instrument 

and what types of informatic stringency is applied to any data.  
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2.2 MS-based proteomics  

Proteins modulate the expressed phenotype through dynamic crosstalk with a range of 

biomolecules. The proteome is characterized by substantial variations all of which 

influence the biology 11, including the; 

i. intra- and extracellular protein abundance levels,  

ii. cell type/s and subcellular compartment/s, 

iii. temporal expression changes, 

iv. stimuli-dependent expression signature, and  

v. presence/abundance of various different protein isoforms (proteoforms), post-

translational modifications (PTMs) and splice variants (SVs).  

The presence of these variables makes precise analysis of any comprehensive 

proteome particularly challenging. MS has provided a platform to determine an unbiased 

map of abundance, interactions, sequence modifications, PTM, splice variants and 

subcellular localization of thousands of proteins in tandem 12.   

In detail, a typical MS-based proteomics analysis involves; 

i) protein extraction and preparation, 

ii) chromatographic separation and MS analysis, 

iii) identification and quantification, and  

iv) exploration of the biological relevance of the MS data (see Fig. 2.1).  

 

Availability of multiple types of mass analysers has made an investigation of human 

proteome feasible 13,14. Two fundamental MS acquisition strategies exist - namely, 

discovery and targeted proteomics. Discovery-based proteomics aims to identify 

proteomics perturbations at the global level where peptide ion fragmentation is selected 

automatically, mainly based on signal intensities. On the other hand, targeted 
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proteomics deals with the identification of proteins of interest using a predefined peptide 

ion fragmentation model 15.  

The MS workflow is further classified into top-down or bottom-up approaches. Bottom-

up proteomics (also termed “shotgun proteomics”) involves proteolytic digestion of 

proteins by proteases (e.g. trypsin, lys-c, chymotrypsin) into peptides and their 

subsequent identification by LCMS analysis. The identification is based on matching the 

experimental spectra with the theoretical spectra, commonly referred to as a peptide-

spectrum match (PSM). On the other hand, a top-down approach involves an analysis 

of intact proteins by MS, allowing enhanced precision regarding the identification of the 

primary structure of proteoforms and where data is obtained without the prior use of 

various proteolytic agents 16.  

 

2.3 MS workflow 

2.3.1. Sample processing 

Choice of the proteomics sample preparation influences overall MS sensitivity and 

accuracy 17. Sample preparation methods are tailored for optimal protein extraction and 

optimal processing from a range of biological samples. These involve a multi-step 

process starting with extraction and solubilization of proteins followed by denaturation, 

reduction, alkylation and finally proteolytic digestion 17. Trypsin is most widely utilized 

for protein digestion in bottom-up approaches, due to its high specificity for C-terminal 

proteolytic cleavage next to arginines (R) and lysines (K) 18. Introduction of the multi-

protease digestion (i.e., colloquially termed Confetti), such as by a combination of Lys-

c and trypsin digestion 19 has claimed to produce more comprehensive peptide 

coverage of a proteome when compared to single enzyme digestion 20. Sample loss is 
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unavoidable during sample preparation, giving rise to different methods that allow 

completion of sample preparation in a single reactor cell, minimizing sample loss 17,21. 
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Figure 2.1: MS-based bottom-up proteomics analysis workflow. Proteins from a 

biological source are digested into peptides and introduced to LC-MS/MS analyses. 

Experimental peptide spectra from MS analysis are matched to their respective 

theoretical spectra for peptide spectrum matching (identification), which acts as a 

surrogate for protein inference and protein quantification. The differences observed in 

proteome number and individual protein abundances provide a measure of systemic 

proteome changes.  
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Many known protein biomarkers (e.g., CEA, PSA, cytokines, growth factors, 

interleukins) are present in low concentrations 22. Analytical challenges introduced by 

an observed broad dynamic range in protein concentration can be addressed by 

numerous fractionation techniques, that allow the separation of protein or peptide 

subpopulations based on their physio-chemical characteristics (e.g., hydrophobicity, 

charge at a given pH, mass and globular shape). During traditional bottom-up MS 

approaches, highly abundant ion species mask low abundance ion species. 

Protein/peptide fractionation facilitates an increase in the proteome coverage by 

decreasing sample complexity. It is particularly crucial in samples with high dynamic 

range, such human plasma that has a concentration range of ≥12 log orders of 

magnitude 23. Various fractionation methods such as high pH fractionation, isoelectric 

focussing, strong cation exchange are available, that aid to decrease sample complexity 

24. In addition, the presence of specific contaminants like detergents, salts and polymers 

lead to suppression in fragmentation efficiency and peak intensity during MS 25. Sample 

clean-up procedures followed by the protein digestion allows removal of residual salts 

and detergents that may inhibit ionization efficiency during MS. Sample loss during 

sample preparation and the inability of MS instruments to characterize entire proteome 

results in the identification of high abundant proteins (Figure 2.2). 
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Figure 2.2: Representation of a quantifiable proteome fraction during MS analysis. 

Proteome is characterized by the large variation in protein concentration that spans across 

multiple orders of magnitude. Protein loss during sample preparation and the masking of 

low abundant proteins by higher abundant proteins are the major challenges during MS 

analysis, leading to the decrease in proteome coverage. These effects are further 

pronounced in MS analysis of samples with high dynamic range of concentration (e.g., in 

identification and quantification of low abundant proteins from plasma), during analysis of 

low abundant proteins (e.g., Olfactory receptors that has limited sample availability and 

expression levels) and analysis of low abundant protein modification (e.g; estimation of 

tyrosine modifications). Specific protein depletion, enrichment and fractionation of 

protein/peptide techniques are available to enhance the proteome coverage through 

reduction of sample complexity.  
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2.3.2 MS instrumentation 

In proteomics, all MS instruments measure the mass-to-charge ratio (m/z) of a parent or 

fragmented “daughter” peptide species, which act as a surrogate for protein identification 

from complex protein mixtures in bottom-up approaches 14. Peptide identity is derived 

from the mass and the fragmentation pattern, whereas parent ion intensity provides a 

basis for quantitation. MS instruments operate in two modes to obtain this spectrum-

specific information. Mass and intensity profiles of co-eluting peptides are obtained during 

MS mode, whilst a fragmentation pattern is recorded upon fragmentation of the peptides 

along their peptide bonds during MS/MS mode 12. The speed and sensitivity of modern 

MS instruments allow fragmentation and the quantitation of intensity for thousands of ion 

species within a fraction of a second 12. 

Multiple fragmentation methods exist that are applicable to different MS workflows. Most 

common of these fragmentation techniques are;  

i) collision-induced dissociation (CID),  

ii) electron capture dissociation (ECD),  

iii) electron transfer dissociation (ETD) and  

iv) higher-energy collisional dissociation (HCD) 12.  

The linear ion trap (LIT)-based CID technique fragments peptides upon collision with a 

low-pressure inert gas, generating a series of b- and y- ions. LIT increases the internal 

energy of peptides through excitation with an electric field, leading to peptide-bond CID 

cleavage. This CID fragmentation technique generates obscure spectra during neutral 

loss. Identification of such obscure spectra requires additional fragmentation modes on 

any MS workflow 26.  
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HCD fragmentation, on the other hand, is performed in a collision cell where ions are 

transported to a c-trap for high-resolution analysis in the Orbitrap™ 27. Although analysis 

of HCD spectra in an Orbitrap™ instrument produces high-quality spectra, spectral 

acquisition times are increased due to the requirement of Fourier transform-based 

detection, compared to electron-multiplier-based detection in CID. Routine 

implementation of HCD-based fragmentation has been made possible with the 

development of efficient HCD collision cells with enhanced performance  28.  

During ECD and ETD fragmentation, the electron transfer from a “radical anion to a 

protonated peptide” 29 increases the internal energy, thereby neutralizing one of the 

positive charges 30,31. This induces fragmentation of peptide along a peptide-bond, results 

in c- and z- series ions. PTMs that are labile by CID are retained in ETD mode. Hence 

this fragmentation is preferred for PTM analysis, 29 using quadrupole detectors 32.  

MS fragmentation can be achieved in a positive or negative ion mode. During positive ion 

mode, the analyte is fragmented at low pH to allow the formation of positive ions whereas, 

analysis is carried out at higher pH to deprotonate ion species during negative ion mode 

33. Peptide sequences can be deduced by concatenating the increasing size of fragments 

derived from the N-terminus (b-ions) towards C-terminus (y-ions), based on successive 

amino acid-specific mass differences of fragments 34. 

A typical MS instrument contains an ion source, mass analyser and detector. Modern MS 

instruments are coupled to an additional online separation component that provides a 

continuous separation dimension for enhanced peptide separation efficiencies, such as 

an HPLC LC system 35 or ion mobility component 36. Shotgun proteomics primarily utilizes 

linear ion trap (LIT)-OrbitrapTM and Quadrupole-Time of flight (TOF) configurations for 
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selection, fragmentation and detection of ion species 12. On Quadrupole-TOF 

configurations, the Quadrupole mass filter allows transmission of entire ion species in MS 

mode or selected transmission of ion species around a precursor mass range in MS/MS 

mode. TOF analyses the fragmented ions generated in a collision cell. Quadrupole-TOF 

instrument achieves separation when peptides pass through the first Quadrupole or TOF, 

where only selected mass-range ion species maintain a stable trajectory to reach the 

detector, usually referred to as peptide separation “in space”. In contrast, ion trap 

instruments fragment peptides by application of an electrostatic field, where only selected 

peptide fragments within a certain mass-range maintain stability within a trap and this is 

referred to as peptide separation “in-time” 37. In an Orbitrap™ mass analyser, a mass 

spectrum is generated from a frequency of oscillation of peptide ions around a “ central 

spindle-shaped electrode” using Fourier transformation 38,39. The ion species axial 

oscillation frequency is directly proportional to the square root of m/z. High precision 

determination of the oscillation frequency leads to the accurate measurement of m/z in 

an Orbitrap™ instrument 40. 

Some MS instruments house combinations of low-resolution LIT and high-resolution 

Orbitrap™. These are commercially available as LTQ-Orbitrap™ and have been widely 

adopted in proteomics applications. In MS mode, the LIT collects the peptide population 

and transfers to an intermediate c-trap that injects ions into Orbitrap™ for analysis at high-

resolution. During MS/MS mode, LIT performs precursor isolation, fragmentation and 

mass scan at low resolution. LTQ-Orbitrap™ allows a combination of high-resolution MS 

and low-resolution MS/MS scan in tandem 41,42,  as exemplified in the Thermo Orbitrap™ 

Velos and Thermo QExactive™ instruments. The label-based proteomics analysis in 
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Chapter 4 of this thesis was performed in such QExactive™ instrument. The recent 

introduction of tri-hybrid architecture, commercially available as the Thermo Orbitrap 

Fusion™ Tribrid™ with integrated Quadrupole-Orbitrap™-LIT analysers has enabled MS 

to reach the unprecedented resolution of 500,000 at 200 m/z. Also, the Thermo Orbitrap 

Fusion™ Tribrid™ instrument is available with an optional ETD source 43. The 

architecture is flexible enough to perform complex MS acquisition in the presence of 3 

mass analysers, where simultaneous peptide fragmentation in one mass analyser and 

detection at other two mass analysers at different accuracy and resolution is possible 44. 

The tri-hybrid architecture is compatible with multiple fragmentation strategies, as 

described above, at any MSn level 45.  

 

2.3.4 Protein identification  

The assembly of identified peptides into assumed proteins has been previously referred 

to as protein inference. This is a significant component of any MS-based proteomics 

workflow 46. MS analysis is a data-intense application, usually generating thousands of 

MS/MS spectra. Manual interpretation of such a large number of spectra is no longer 

feasible and requires a dedicated computational pipeline for automated PSM assignment 

47. Computational algorithms for protein inference are required to solve a “many-to-many” 

relationship between peptide and proteins due to the possibility of the generation of same 

peptide sequence from different proteins (i.e., degenerate peptides) upon proteolytic 

digestion 48. Peptides are the surrogate in the process of protein inference, but only a 

selected few peptides provide the capability of being able to distinguish corresponding 

proteins. Recently, for example, neXtProt has introduced the definition of “peptide 
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uniqueness” to allow the segregation of peptides that can definitively aid in high-

stringency protein identification from peptide sequences 49. The so-called neXtProt 

peptide uniqueness checker tool performs a series of analysis to interpret the uniqueness 

of any peptide 50. Usually, peptides of longer amino acid (AA) length incorporate a higher 

probability of being specific and unique to any given protein. Previous studies have shown 

that peptides with seven or more AAs in length are more informative during protein 

inference determinations 48.  

The Human Proteome Project (HPP) has defined in their HPP MS Data Interpretation 

Guidelines v2.1 for new PE1 identification of previous PE2-4 missing proteins that the 

protein identification should be based upon the identification of two or more uniquely-

mapping, non-nested peptides of nine or more AAs in length with matching synthetic 

peptide fragmentation patterns. These are considered to be one of the highest stringency 

requirements that definitively confirm the presence/identification of a corresponding 

protein by MS 51.  

Multiple database search algorithms exist that perform PSM assignment, adopting either 

probabilistic or heuristic approaches 52. Mascot 53, SEQUEST 54, X!Tandem 55 and 

Andromeda 56 are the most widely used database search algorithms for PSM assignment. 

Protein inference with PSM alone is ambiguous due to the existence of degenerate 

peptides and what has been colloquially called ‘one-hit-wonder’ peptides 57. Hence, 

validation of PSM assignment is mandatory during protein inference protocols 58. Figure 

2.3 contains a method for one of such peptide validation technique. 
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Figure 2.3: Estimation of the reliability of the peptide identification through the FDR 

approach. During a target-decoy approach, the ratio of the decoy match against a target 

match provides a measure for FDR. Decoy PSMs correlates to the incorrect PSM 

assignments.  

 

Target-decoy approaches (TDA) are widely used in proteomics for FDR estimation 59. 

These assume the likelihood of the occurrence of a random match is similar between the 

target database and corresponding decoy databases (i.e., reversed, shuffled or 

randomized). So, the decoy database match provides a measure of the expected random 

match to the target database. FDR estimation for peptides is derived from the number of 

targets that match the decoy and target databases respectively. Counts of target and 

decoy match above a certain threshold can be used to control FDR levels (figure 2.3) at 

both the protein or peptide level 52.  

Heterogeneity of proteomics data presents a considerable challenge in confidently 

assigning a PSM from the fragment ion spectra obtained from an MS 60. The complexity 
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of FDR assignment increases with any increase in the number of peptide spectra or the 

database size and multiplicative tendencies of FDRs should be taken into consideration 

when combining multiple datasets 60. FDR estimation based on TDA primarily focuses on 

peptide level and cannot ensure quality-control at the protein level. MAYU presented the 

capability to quantify the definition of FDR on protein levels based on the assembly of 

PSM at certain FDR threshold 60. In contrast to the TDA approach that applies a single 

FDR threshold to a dataset, p-value based confidence scoring reports the p-value for 

individual PSMs. The method fits the score distribution with a parametric model to define 

the p-value and utilize spectra properties to increase the accuracy of confidence scoring 

58. 

2.3.4 Protein quantification 

MS-based protein quantitation is widely used to determine changes in protein abundance 

differences between diverse cellular states and/or after perturbation. Quantitation 

methods rely on the quantification of any MS feature that provides a measure of protein 

abundances, such as intensity, area-under-curve (AOC) and spectral count 61. 

Quantitative proteomics can broadly be classified into; 

i) label and label-free methods, and 

ii) relative and absolute quantification 18.  

Label-based quantification is achieved via incorporation of heavy isotopologues into a 

peptide or a protein through chemical or metabolic processes 62. MS instruments can 

differentiate the isotopic variant induced by labelling, hence allowing the combination of 

multiple samples in any single MS run.  
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Metabolic labelling is achieved by supplementation of a heavy isotope during the growth 

phase of a cell or organism, thereby achieving selective labelling only on newly 

synthesized proteins 63. Chemical labelling incorporates isotopomeric tags onto protein 

or peptides, thereby allowing multiplexing of different samples in a single MS run 3. 

Chemical labelling with multiple isotope variants in a single experiment is routinely 

utilized in regular proteomics analysis for quantitative analysis. Examples of most 

widely adopted techniques include; iTRAQ 64, TMT 65, dimethyl labelling 66 and SILAC 

67.  

2.2.5.1 Manuscript 3 Context: Label-free quantification. 

Label-free quantification adopts 

i) comparative spectral counting that compares the number of acquired 

fragment ion spectra of a peptide from different experiments 68 and 

ii) quantification based on chromatogram intensity or AOC measurement. 

Correlation between fragment ion spectra and the peptide concentration 

provides a measure of quantification during spectral counting based 

quantification 69.  

Modified spectral counting approaches that take peptide properties such as peptide 

length and physicochemical properties of a peptide (e.g., normalized spectral 

abundance factor (NSAF) 70 and absolute protein expression (APEX) 71 have been 

shown to increase the accuracy of spectral counting-based quantification. Extracted 

ion chromatogram (XIC) as a function of monoisotopic mass and retention time 

provides a measure of AOC. AOC correlates linearly to protein abundance, providing 

a feasible quantification strategy.  
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MS data requires post-processing upon data acquisition to achieve accurate 

quantification to overcome run-to-run MS variations. Combinations of retention time 

alignment, feature detection, normalization of MS intensities and definition of intensity 

threshold and noise allow controls over the quality of quantitative analysis 72. 

Integration of known concentration of a reference peptide during MS analysis allows 

quantification of endogenous peptides based on the principle of relative quantification, 

providing a basis for absolute quantification. Peptide level quantification can then be 

extrapolated to the protein level 73. 

The manuscript is attached after the reference section of this chapter.  

2.3.5 Interpretation of biological relevance of MS data.  

MS analysis results in multivariate quantitative proteomics data that contains identification 

and quantification information for many thousands of proteins. Exploration of the 

biological data associated with these proteins requires a multi-step informatics approach 

74. In this regards, HUPO’s Proteomics Standards Initiative (PSI) defines the MS data 

format required to enable cross-platform data-compatibility 75. Multiple tools that assist in 

the process of biological data interpretation are available, which require the proteins IDs 

and data to be in a specific format. For example, UniProt accession is a widely accepted 

protein identifier format and UniProt ID conversion tools allow interconversion between 

protein identifiers 76. 

Ontology enrichment is one of the preliminary analysis performed on the MS data. This 

evaluates the biological function, molecular process and subcellular localisation of any 

identified/quantified proteins. The Gene Ontology (GO) consortium provides different 

ontology identifier based on controlled vocabularies 77. Ranking of these ontologies 
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provides an overview of the proteome complement identified from any MS analysis 78. 

Ranking of identified proteins and their ontologies based on the likelihood of occurrence 

on a specific pathway and superimposition of identified proteins on predefined pathways 

or network provides a premise for pathway analysis. Pathway analysis provides a 

capability to map the signalling events and predict upstream and downstream regulators 

79. PANTHER 78 and DAVID 80 are well adopted GO analysis tools. STRING 81, IntAct 82 

and BioGRID 83 provide protein-protein interaction (PPI) information, expansion of which 

generates the interactome map. The Proteomics Standard Initiative Common QUery 

InterfaCe (PSICQUIC) allows simultaneous PPI query across multiple database, through 

the web-based interface or query language 84. Reactome is the largest open-source web-

based pathway analysis tool 85, based on KEGG pathways 86. Cytoscape allows 

visualization of the pathway maps and standalone protein-protein interactions 87. UniProt 

maintains a collection of protein sequence and annotations sourcing from multiple 

databases, including PPI resources mentioned above and is the largest knowledgebases 

of its kind 76.  

2.4 Conclusion 

The dynamic range of individual protein content on a complex proteome range between 

multiple orders of magnitude, significantly higher than the dynamic range of identification 

achievable on modern MS instrument 88. This has translated to the neXtProt confirmation 

of only 16,598 PE1 proteins of a total of 20,399 human genome coding proteins by MS 

approach, as per the current neXtProt v2.22.8 release statistics 9. Increasing the 

proteome coverage requires minimization of biological and technical variabilities 88. 

Studies have shown that intra-laboratory proteomics of the same sample produces 
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different results 89,90 suggesting a need for communal proteomics analysis standards. The 

outcome of any MS analysis should require validation with some orthogonal approach, 

particularly for results associated with low-resolution and modified peptides 34. Reliability 

and reproducibility are paramount when using high-throughput technologies (like MS-

based proteomics). The recent focus on MS data sharing through repositories should 

increase the transparency of MS analysis (see section 1 for MS data repositories). HUPO 

has been advocating for common data standards 75 and data interpretation guidelines 51. 

PeptideAtlas performs an annual reanalysis of selected MS data with high MS data 

stringency 91.  
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Chapter 3: Role of uPAR in Colorectal 

Cancer  

3.1 Overview 

Significant cancer-related deaths associated with substantial financial and social burden 

have made the development of cancer management strategies a research priority. 

Establishment of novel prognostic and diagnostic biomarkers that abrogate cancer 

metastatic progression and relapse is a prominent research challenge.  

Most current prognostic markers are only appropriate in late-stage cancer settings when 

treatment options for aggressive late-stage metastatic cancers are not as effective, as the 

tumour cells have already metastasised to distal organs. Late-stage cancer metastasis 

can be the primary cause of cancer-related deaths 1. However, at early cancer stages 

(e.g., American Joint Committee on Cancer (AJCC) stages I/II), a combination of surgical 

resection with chemo-, radio-, targeted- and immune-therapies are mostly curative as the 

tumours are confined within its site of origin (i.e. histologically with no metastasis).  

Our research team at Macquarie University has an interest in the study of the biologies 

that drive CRC metastasis, especially with regards to contributions made by different 

proteases, growth factors and integrins in CRC pathobiology.  

Our team have made an extensive contribution over the last decade in deciphering the 

role of the urokinase plasminogen activator receptor (uPAR) and uPAR interactome 

components in CRC metastasis; including uPAR, urokinase plasminogen activator (uPA), 

and most recently integrin αvβ6 and transforming growth factor β1 (TGFβ1). 
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This chapter specifically explores the role/s of uPAR in CRC metastatic progression. 

uPAR is a pleiotropic cell surface receptor protein known to be overexpressed during 

inflammation, wound healing and in many epithelial cancers (carcinomas). uPAR can only 

actuate signalling cascades through interaction with a reported range of multiple lateral 

partners, primarily because its glycophosphatidylinositol (GPI) membrane anchor lacks 

both transmembrane and intracellular protein domains 2.  

uPAR initiates several hallmarks of cancer (HoC) by activation of extracellular proteolytic 

cascade modulated through the plasminogen activation system (PAS) or non-proteolytic 

mechanisms after interactions with membrane proteins like a variety of integrins and 

extracellular proteins like vitronectin (Vn) 2.  

To identify uPAR ligands, their respective binding sites on uPAR and the biologies driven 

by these interactions, I performed a systematic analysis of human uPAR interactome 

based on the published literature. Analysis of the binding site location to identify 

competitive ligands was also performed. Classification of the known uPAR ligands based 

on the method utilized to decipher the interaction provided different levels of confidence 

regarding reported uPAR interactors. The literature identifies 111 potential binary uPAR 

interactions, among which 12 interactions contained specific data-binding site location 

that could be superimposed on the uPAR structure. Integrin signalling was one of the 

most significant pathways that emerge upon this type of enrichment analysis of possible 

uPAR interactomes.  

In a collaborative study with other members of our team, I further investigated the 

systematic effects of decreased uPAR expression levels (↓ by ~43%) on the CRC uPAR-
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driven metastasome with the aid of comprehensive membrane proteome analysis of a 

stable anti-sense uPAR CRC cell model (modified cell line called HCT116ASuPAR) 3. 

Pathway analysis with Ingenuity pathway analysis (IPA) 4 and a recently released Cancer 

Hallmarks Analytics Tool (CHAT) 5 showed that the decreases in the level of the uPAR 

protein suppressed many metastasis-related pathways illuminated through analysis of 

several HoCs.  

Figure 3.1: CRC Age-standardized prevalence rate during 2018. Hungary had the 

highest prevalence rate at 137.9 per 100,000, followed by Norway at 132 per 100,000. 

Australian prevalence rate stands at 111.9 per 100,000. CRC incidence and prevalence 

pattern aligns with the HDI, the role of meal selection and sedentary lifestyle has been 

linked to the CRC incidence. CRC mortality rates have decreased over the last decade. 

However, CRC remains the most significant contributor to cancer-related deaths due to 

the lack of early-stage diagnostic and late-stage prognostic markers. The data was 

obtained from GLOBOCAN 2018 6, IARC (http://gco.iarc.fr/today), World Health 

http://gco.iarc.fr/today
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Organization. Permanent link for the data is available at https://tinyurl.com/CRC-

prevalence-2018.  

3.2 CRC Incidence, Prevalence and Mortality 
Globally, 1.8 million new cases of colorectal cancer (CRC) were reported in 2018. Of 

these, 75% of patients are predicted to die due to the disease within five years. CRC 

results in the second-highest cancer-related deaths in Australian men and women. 

Australians have an elevated risk of being diagnosed with CRC, which currently stands 

at 10% in men and 6% in women respectively by the age of 85 7. An age-standardized 

rate for the same year for the Australian population stands at 36.9 per 100,000 of 

population 6 (Fig 3.1).  

High CRC prevalence is observed in selected European countries, Korea, Japan, 

Australia and Canada, as demonstrated in Figure 1. CRC prevalence pattern aligns with 

the human development index (HDI). Hungary has the highest CRC prevalence rate at 

137.9 per 100,000 population, followed by Norway at 132 per 100,000 population. CRC 

prevalence is lowest in Gambia and Guinea at 1.5 and 2.6 per 100,000 population 

respectively. Australian CRC prevalence rate stands at 111.9 for the year 2018. CRC 

incidence and mortality rates coincide with prevalence rates (Fig 3.2). 

Australia has the highest age-matched CRC incidence and mortality rates. Average 

incidence and mortality rate between male and female population during 2018 was 36.9 

and 11.2 per 100,000 population respectively. Data (Fig 3.2) shows that men have higher 

CRC incidence and mortality compared to women. The Australian CRC mortality rate has 

decreased over the last decade, aided by the rise in bowel screening and improved CRC 

management strategies. The Australian government has initiated a National Bowel 

https://tinyurl.com/CRC-prevalence-2018
https://tinyurl.com/CRC-prevalence-2018
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Cancer Screening Program (NBCSP) that provides a complimentary bowel screening for 

people without CRC symptoms starting at the age of 50 through to age 75. The screening 

was based on the FOBT test (now on FIT) followed up by confirmatory or exclusion 

colonoscopy on any replicated positive FOBT test. By the year 2020, the program aims 

to screen eligible Australians aged 50-74 every two years, which could potentially save 

500 Australian lives annually 8. 

 

Figure 3.2: Worldwide age-matched CRC mortality and incidence rates per 100,000 

population during 2018. This data was obtained from GLOBOCAN 2018 6, IARC 

(http://gco.iarc.fr/today), World Health Organization. Permanent link for the data is 

available at: https://tinyurl.com/CRC-incidence-and-mortality. 
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3.2 CRC staging 
Stratification of cancer into distinct clinical AJCC stages (or other older staging systems 

e.g., Dukes’) facilitates the efficient delivery of cancer management strategies. Accurate 

staging is crucial for the implementation of efficient treatment options. Definition of the 

universal staging system streamlines the worldwide efforts for the development of novel 

prognostic and diagnostic CRC markers. American Joint Committee on Cancer (AJCC) 

classification is the latest iteration of the CRC clinical and pathological staging. AJCC 

(also referred to as TNM based staging) considers several parameters for CRC stage 

classification, including; 

i) size and levels of tumor spread (T),  

ii) presence of the tumors in the local lymph nodes (N), and  

iii) the severity of distal metastasis on the distal organ (M) 9. 

 

The AJCC system replaced the previous Dukes’ staging CRC system. Most tissue 

biobanks previously have relied on Dukes’ staging. Dukes’ classified CRC into four stages 

(A, B, C and D). The Dukes’ staging system stratified CRC tumors that were;  

i. confined tumor within mucosal or sub-mucosal walls,  

ii. tumor penetration through the mucosa to muscularis propria,  

iii. tumor spread into the lymph node, and  

iv. distal metastasis 10. 
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Figure 3.3: AJCC-TNM CRC staging: CRC is classified into distinct stages according to 

the severity of the CRC metastasis based on T-N-M system. The staging accounts for 

tumor size (T), diffusion to the lymph nodes (N) and distal metastasis (M) during staging. 

The staging system provides a premise for treatment strategies, survival rate and a 

measure of the tumor spread from its site of origin. TNM classification is crucial in 

deciding the appropriate treatment options. Figure reproduced from 

https://tinyurl.com/TNMstaging-SA . 

https://tinyurl.com/TNMstaging-SA
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3.3 CRC screening 
Late-stage diagnosis is the primary factor in CRC-related deaths. Surgical resection, in 

combination with adjuvant therapies, is curative for most early-stage patients, with a 5-

year survival rate above 90%. However, the 5-year survival rate falls to near 10% when 

diagnosed at later stages 11. CRC diagnostic approach primarily employs biochemical 

tests and visual examination. The faecal occult blood test (FOBT) was one of the first 

biochemical diagnostic tests for CRC. It measures traces of blood haemoglobin (Hb) in a 

patient stool sample. The test utilizes the detection of the peroxidase activity between the 

Hb-derived heme group and guaiac chemical groups. However, the test may report false-

positive results in the presence of non-CRC related upper gastrointestinal (GI) tract 

bleeding, recta/anal anatomical lesions (e.g., haemorrhoids) and/or the presence of 

dietary peroxidases and antioxidants 12. The sensitivity of the FOBT test has been found 

to range between 12.9% and 79.4%, whereas the specificity ranges between 87% and 

98% 13. The immunoassay-based fecal immunochemical test (FIT) has enhanced 

screening specificity, compared to FOBT primarily due to the reliance on an antibody that 

is highly specific to Hb. FIT can detect bleeding from the lower GI tracts associated with 

CRC and non-neoplastic lesions 14. The FIT test is now more commonly utilized in CRC 

screening than older FOBT tests 13. Sensitivity and specificity of FIT are reported to be 

79% and 86% respectively, based on 113,360 patients, including 437 patients with 

colonoscopy confirmed CRC 15,13. The recent introduction of reformulated multitarget 

stool DNA tests (MT-sDNA) that measures multiple CRC mutations has been reported to 

possess a sensitivity range between 53% and 73 %. The MT-sDNA technique can 

achieve higher sensitivity than FIT but suffers from lower specificity 16. 
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Diagnostic visual examination of CRC involves the identification of polyps and CRC 

lesions. Colonoscopy is the technique of choice for positive CRC diagnosis for patients 

positive on a FIT test. The sensitivity of the procedure in the hands of a trained medical 

professional is up to 96 % on lesions less than 6 mm and the sensitivity increases to 98% 

for lesions of size greater than 1 cm 17. Colonoscopy fails to identify lesions located on or 

around the sharp turns such as anatomical hepatic and sigmoid flexure and flat 

adenomas. Despite the excellent specificity, unease to patients before (bowel cleaning), 

during (sedation, potential bleeding associated with bowel rupture) and after (recovery 

taking some days) the procedure may enhance CRC co-morbidity 17. When colonoscopy 

is not feasible, computerized tomographic colonography (CTC) is recommended for 

diagnostic purposes. However, the procedure has limited specificity of up to 75% when 

compared to colonoscopy 18. Surgical resection of adenomas is the most efficient method 

for CRC management. However, patients with advanced aggressive carcinoma require a 

combination of surgical resection and systemic therapy to enhance survival 19. 

Combination of colonoscopy and surgical resection can be curative during initial stages 

I/II of CRC. 
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3.4 CRC metastasome 
Genetics plays a key role in CRC inception and progression. The biologies behind cancer 

progression can be summarized into a common framework termed as HoCs, introduced 

and recently modified by Hanahan and Weinberg 20,21. The ten HoCs are; 

i. sustaining proliferative signalling,  

ii. evading growth suppressors,  

iii. avoiding immune destruction,  

iv. enabling replicative immortality,  

v. tumour-promoting inflammation,  

vi. activating invasion and metastasis,  

vii. inducing angiogenesis,  

viii. genome stability and mutation,  

ix. resisting cell death and  

x. deregulating cellular energetics 

 

These HoCs recapitulate characteristic phenotypes involved in cancer progression and 

are based upon a combination of patho-phenotypic and genomics perspectives. HoCs 

provides a rational framework for understanding the various biologies behind the 

progression of neoplastic disease, including CRC 21. Multiple mutations enable CRC 

metastasis to gain and retain cellular proliferative ability (e.g., RAF, RAS, MYC), elude 

growth suppression (e.g., RB, TGFβ, TP53), oppose apoptosis (e.g., Bcl-2 family, TP53), 

enable perpetual replication (e.g., telomerase, TERT),  enhanced angiogenesis (e.g., 

TSP, VEGF) and metastasis followed by the migration and invasion (e.g., β-catenin, 

MMPs, uPAR, BCF4) 20,21. 
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Patterns of somatic mutation involved in the transformation and progression of 

hyperplasia to metastatic carcinoma have already established, few of those include 

mutations in adenomatous polyposis coli (APC), RAS-family genes and TP53  22. CRC 

can also be associated with pathogenic germline variants in CRC oncogenes. Germline 

mutation in DNA mismatch repair genes is evident in non-polyposis and APC 23. 

Identification of key germline and somatic mutations have proven helpful in improving our 

understanding of carcinogenesis and will allow us to better design and develop 

diagnostic, therapeutic and preventive strategies against CRC 22. 

Sequential events leading to the transformation of the colon mucosa towards 

adenocarcinoma have been well documented 24 and are linked to alterations in key genes 

like epidermal growth factor receptor (EGFR), p53, mitogen-activated protein kinases 

(MAPK), TGFβ and WNT signalling pathways 25. Many of these pathways are responsible 

for maintaining colon homeostasis and/or are involved in colon epithelial cell oncogenic 

transformation 26. 

Around 60-80% of CRC patients express EGFR, where overexpression usually reflects 

poor prognosis along with aggressive histological and clinical phenotypes 27. 

Hyperactivation of the WNT pathway is believed to be a key oncogenic driver in most 

CRC 28. Mutations in transcriptional regulator β-catenin or APC are thought to initiate 

WNT signalling. In healthy cells, β-catenin is controlled by a protein complex containing 

APC, disruption of this complex by the WNT receptors leads to the downstream 

activation of WNT target genes 24. 

MAPK is a serine/threonine kinase involved in regulating cell proliferation through the 

activation of protooncogenes and growth factors. Extracellular signal-regulated kinase 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7157
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(ERK) cascade is involved in maintaining homeostasis, crucial multiple growth factors and 

oncogenes promote growth and differentiation through this pathway. Three major MAPK 

subfamilies mediate MAPK signalling; i) extracellularly signalling kinases (ERK and 

RAS/Raf1/MEK/ERK), ii) c-Jun N-terminal kinase (JNK) and iii) MAPK14 29. 

Ras/Raf/MEK/ERK regulates cell survival and invasion and is usually deregulated in 

about 30% of the CRC. Activation of this signal cascade enables cells to acquire the ability 

to differentiate and migrate 30. MEK followed by ERK activation is induced by protein 

kinase C (PKC) or Ras triggering the ERK pathway 29.  

TGFβ signalling mediates multiple cellular processes including cell adhesion, 

differentiation, proliferation and migration 31,32. Mutational inactivation of the TGFβ 

signalling is observed during CRC progression through inactivation of TGFβ receptors 

(TGFβR1 and TGFβR2) or inactivation of SMAD regulators (SMAD4, 

SMAD2 and SMAD3). Reversal of the TGFβ activity inhibits cell proliferation and 

tumorigenicity, indicating its tumor suppressor roles 32. TGFβ signalling also acts as a 

negative regulator of the metastasis through conditioning stromal cell 33. However, 

elevated levels of TGFβ in serum is associated with poor patient outcome in clinical 

settings. TGFβ signalling in CRC is ‘good early and bad late’. In epithelial cancers 

including CRC that allow TGFβ expression, it induces epithelial-mesenchymal transition 

(EMT) and signalling changes to switch genes that are responsible for invasion and 

migration 33.  
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Figure 3.4. CRC gene signalling network: CRC is characterized by multiple gene 

mutations in CRC oncogenes and tumor suppressor genes. Multiple genomic instabilities 

are reported in CRC metastasis, primarily driven by microsatellite Instability (MSI), 

chromosome instability (CIN) and chromosome translocations (CT). MSI and CIN 

mutations result in alterations of WNT, EGFR, TGFβ, prostaglandins, epithelial cadherin 

signalling which facilitates the CRC progression 34–36. Figure reproduced from KEGG 37 

colorectal cancer gene signalling network (hsa05210) weblink 

https://www.genome.jp/kegg/pathway/hsa/hsa05210.html. 

 

 

https://www.genome.jp/kegg/pathway/hsa/hsa05210.html
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Of many biologies driving CRC metastasis, the role of proteolytic systems in general, 

including the plasminogen activation system (PAS) proteolytic cascade is implicated in 

driving CRC metastasis 38,39. uPAR is a multidomain protein anchored to the cell 

membrane via a glycosylphosphatidylinositol (GPI) anchor and plays a central role in the 

PAS dependant proteolytic cascade and is considered a “systems organizer” with roles 

in activation plasminogen, growth factors and pro-metalloproteases (pro-MMP). These 

have all been implicated in epithelial cell proliferation, invasion and migration 40. Elevated 

uPAR expression levels are associated with a poor prognosis in most epithelial cancer 41. 

Involvement and overexpression of uPAR in late-stage metastasis have attracted 

research interest, particularly in the development of uPAR-based diagnostic imaging and 

prognostic targets for late-stage CRC treatment. uPAR is a potential target in late-stage 

metastasis of many epithelial cancers including CRC 42,43. 

 

3.5 Role of uPAR in CRC metastasis 

3.5.1 uPAR interactome analysis to identify uPAR-ligand binding sites and their 

interaction confidence levels: Manuscript 4 

uPAR is a cell surface protein which functions as a receptor for serine protease uPA. 

Binding of twin chain uPA to uPAR in the proximity of abundant circulating or cell-bound 

plasminogen allows activation of plasminogen to plasmin, which in turn mediates 

extracellular matrix (ECM) degradation. uPAR expression is elevated during inflammation 

and wound healing 40. Epithelial carcinomas are characterized by overexpression of 

uPAR, and it has been implicated in cancer proliferation, invasion, adhesion, migration 

and subsequent metastasis.  
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uPAR can modulate a range of intracellular signalling upon interaction with multiple lateral 

partners. CRC mutational landscape significantly overlaps with the downstream uPAR 

signalling 2.  

Identification of uPAR ligands and specific binding sites on uPAR allows exploration of 

novel therapeutic avenues for antagonism of signaling derived from various uPAR 

interactome/s. Antagonization of the specific uPAR-ligand interaction or alteration of 

expression levels of the key molecules involved in metastatic signalling has the potential 

to abrogate metastasis.  

We have previously demonstrated that transfection of the CRC cell model SW480 cells 

with vector inducing integrin αvβ6 increased cellular proliferation and invasion, compared 

to cells containing an empty vector 44. SW480 cells lack endogenous αvβ6 expression. 

Similarly, decreasing expression levels of uPAR on CRC cell models has been shown to 

inhibit multiple cancer metastatic phenotypes (Section 3.5.2: Supplemental manuscript 

1).   

Understanding uPAR signalling and elucidating roles in the CRC metastasis requires a 

thorough investigation of uPAR interactomes. To identify uPAR ligands and their 

respective binding sites on the uPAR, I performed a systematic text-mining study, to 

extract uPAR protein-protein interaction data from publicly available resources. Analysis 

of uPAR interactomes provided some information on uPAR binding “hotspots” involved in 

uPAR downstream signalling. Confidence in any mentioned uPAR-ligand interaction was 

measured based on the methods utilized to deduce interactions. Interactions identified by 

high stringent methods, such as crystallography were provided higher scores compared 

to low stringent methods such as genomics. The analysis generated a comprehensive 
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uPAR interactome with 111 potential binary interactions, among which specific residue 

binding sites for 12 interactions were mapped to the level of uPAR crystal structure 

surfaces.  

Citations on the manuscript are formatted as a part of the manuscript.  
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Abstract 
Urokinase plasminogen activation receptor (uPAR) is a pleiotropic 

glycosylphosphatidylinositol (GPI)-anchored, cell surface receptor capable of binding 

inactive single-chain urokinase plasminogen activator (sc-uPA) or active twin-chain (tc-

uPA). It drives several hallmarks of cancer (HoC) that were originally identified by cancer 

researchers Douglas Hanahan and Robert Weinberg in cell and recently revised by the 

same authors. These changes in HoC biologies mediated by uPAR are achieved through;  

i) activating the plasminogen activation system (PAS) and causing substrate 

proteolysis (e.g., extracellular matrix (ECM) proteins, zymogen growth factors) 

through either plasmin and additional downstream plasmin-activatable 

proteases (e.g., matrix metalloproteases; MMPs), and/or 

mailto:mark.baker@mq.edu.au
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ii) non-proteolytic process (e.g., signal transduction) upon interaction with various 

lateral partners, including integrins and vitronectin (Vn).  

The level of uPAR expression is enhanced during inflammation, tissue remodelling and 

in epithelial carcinoma. Abnormal spatiotemporal uPAR expression has shown to indicate 

poor prognosis in cancer.  

uPAR lacks transmembrane or intracellular domains and thus requires interaction with 

alternative lateral plasma membrane components (i.e., other proteins) to exert effects on 

downstream signalling. The ability of the uPAR to interact with major membrane protein 

families, (e.g., integrins, G-protein-coupled receptors (GPCRs) and receptor tyrosine 

kinases (RTKs)) give rise to an extensive uPAR interactome, that is involved across 

multiple biological pathways/systems. Protein-protein interaction (PPi) analysis of the 

uPAR interactome based on the open-source PPI database revealed 111 potential binary 

interaction partners. Re-classification of this set of proposed interactions based upon the 

stringency of particular technologies utilized for uPAR interaction inference was 

undertaken in order to score likely confidence in any particular uPAR-protein-ligand 

interaction. Among 111 potential binary interactions, the amino acid primary sequence 

residue responsible for uPAR binding was identifiable for 12 ligands - which allowed 

mapping of binding “hotspots” on the uPAR structure. 
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Introduction 
Most cancer patients with aggressive carcinomas face a terminal illness driven by distal 

metastasis. This leads to reduced survival rates when compared to earlier benign stages 

of the disease. Most late-stage patients succumb to their disease due to the lack of late-

stage clinical treatment options 1.  

Initiation of primary tumor motility from their site of origin to distal metastasis is a multi-

step process, referred to as the “invasion-metastasis cascade” 1. These sequences of 

events can be characterized by the tumor cells acquiring metastatic phenotypes such as; 

an ability to proliferate, invade and eventually migrate to distal locations 2,3. Neoplastic 

epithelial cells degrade the extracellular matrix (ECM) as the epithelial-mesenchymal 

transition (EMT) drives cells towards increased motility and invasiveness. EMT signalling 

is triggered and regulated by the heterotypic signal originating from the tumor stroma 4. 

EMT degradation is a representative process in embryonic development, fibrosis, wound 

healing, regeneration, and in multiple cancer phenotypes 5. Loss of ECM integrity upon 

cleavage of cell-cell contact, change in  
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Figure 1: Components of the PAS. Binding of the uPA-uPAR induces plasmin activation 

along the cell membrane which activates matrix metalloproteases (MMPs) and induce 

the release of growth factors. Plasmin induces tissue proteolysis via fibrin activation and 

ECM degradation. PAS-dependent cell proliferation, invasion, adhesion and migration is 

modulated by the interaction of uPAR with its multiple ligands, whereas plasmin activation 

is inhibited upon binding of plasminogen activator inhibitor 1 (PAI-1) or PAI-2 to the active 

tc-uPA-uPAR complex. Regulation of the PAS is modulated by internalization and 

redistribution of the uPAR-uPA-PAI-1 complex by low-density lipoprotein (LDL) receptor-

related protein (LRP). Collectively, PAS system modulates ECM proteolysis, cellular 

proliferation and migration, tumor signalling, invasion and metastasis. Apical-basal 

polarity and reorganisation of actin, intermediate filaments and tubulin cytoskeleton 

network imparts migratory and invasive behaviour in tumor cells 6. Tumor stromal 

components; fibroblasts, chemokines, growth factors and host tissue lymphoid cells 



120 
 

mediate EMT through interleukins, transforming growth factor-beta (TGFβ) and Wnt 

signalling. Distal metastasis is facilitated by circulating tumor cells invading into the 

vasculature 4.  

The urokinase plasminogen activator (uPA)-driven PAS is one of the primary factors 

driving the EMT during cancer metastasis 7,8. In detail, PAS is composed of the serine 

protease urokinase plasminogen uPA, uPA receptor (uPAR), the plasminogen activator 

inhibitor serine protease inhibitors (SERPINS) and PAIs. PAS converts plasminogen to 

plasmin and aids in subsequent activation of various MMPs and growth factors. The 

process is mediated by tPA and uPA. tPA and uPA are endogenously inhibited by the 

PAI-1 and PAI-2, whereas the SERPINS α2-antiplasmin and α2 -macroglobulin inhibit 

plasmin activation 9–11. 

 

uPAR 
 
uPAR is a 335 amino acid (AA) long cell membrane receptor 12 encoded on chromosome 

19q13 13. It is constituted by three extracellular domains named as D1, D2 and D3 and 

where D2-D3 is interconnected by a linker region 12. The right-handed orientation of a 

three-fingered glove-shaped uPAR generates a globular receptor with an opening 

between the D1 and D3 domains creating a central cavity suitable for lateral interactions 

with other ligands 14. The C- terminus of uPAR D3 anchors uPAR to the plasma 

membrane by a GPI moiety, which determines the uPAR localisation and its conformation 

in the cell plasma membrane 15.  

uPAR GPI anchor can be cleaved by phosphatidylinositol-specific phospholipase D, 

plasmin and cathepsin, releasing soluble forms of uPAR (suPAR) into blood plasma 15. 
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The presence of suPAR in plasma allows for non-invasive detection of uPAR from the 

blood, where levels can act as a surrogates activation of the PAS system 16. Given the 

intricate role of uPAR in PAS, the study of uPAR signalling and interruption of processes 

associated with the PAS proteolytic cascade may provide novel avenues for cancer 

therapeutic intervention 17. 

The lack of transmembrane and cytoplasmic domains necessitates uPAR to establish 

interaction with lateral partners such as integrins and Vn for the process that do not 

depend upon uPA-induced PAS activation. The uPAR crystal structure reveals that it is 

capable of simultaneous interaction with the uPA ATF domain along with other ligands 

capable of facilitating downstream signalling 14.  

 

uPAR-based drug targets 
 
Due to the intricate role of uPAR in modulating the multiple HoC, uPAR interactome can 

be potentially targeted to achieve anti-metastatic effects 8,18. Modulating the levels of the 

uPAR with the aid of RNA antisense technologies has been employed to quantitate the 

systematic effects of uPAR on invasion and metastasis. Rreduced uPAR levels on colon 

cancer cell line models negate multiple phenotypic characteristics associated with cancer 

metastasis 19,20. Likewise, a decrease in uPAR expression using antisense transfection 

resulted in decreased pulmonary metastasis in mouse models and inhibition of 

tumorigenesis in human glioblastoma cell lines 22-21. Similarly, RNA interference (RNAi) 

based on short interfering RNAs (siRNA) resulted in a reduction of pre-established 

prostate tumors in mice with no evidence of secondary tumors 22. 
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The establishment of uPAR as “systems organizer” has led to the development of anti-

uPAR agents targeting the uPAR interactome. Many developed anti-uPAR agents are 

based on small molecules, antibodies and/or peptides 23 that antagonize a particular 

uPAR-ligand interaction. Monoclonal antibodies (mABs) targeting uPAR have been 

characterized. For example, the ATN-658 antibody is targeted against integrin αM and it 

can inhibit migratory and invasive behaviour of tumor cells in vitro and demonstrates 

strong anti-tumour activity in solid tumor xenografts. ATN-658 inhibits many uPAR-

derived signals involved in regulating proliferation and metastasis 24. Utilization of small 

molecules targeting the uPAR interactome has proved equally popular. The inhibition of 

extracellular-signal-regulated kinase (ERK) activity upon antagonization of uPAR-α5β1 

was achieved with 2-(Pyridin-2-ylamino)- quinolin-8-ol and 2,2'-(methylimino) di (8-

quinolinol), a molecule generated computationally using a molecular docking strategy 25. 

Equally, small molecule antagonism of the uPA-uPAR interaction using IPR-456 inhibits 

both tumour cell migration and invasion 26. 

Apart from roles as a prognostic agent, overexpression of uPAR at cancer invasive fronts 

allows it to be a diagnostic imaging target – where it can be employed to identify the 

location, severity and aggressiveness of tumor lesions 27. For example, multiple positron 

emission tomography (PET) targets have been developed against uPAR with either Cu64 

28, Ga68 29 and F18 30 probes conjugated to uPAR-specific peptides.  
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Method 
A meta-analysis of uPAR interactomes 
 
The range of uPAR PPIs was queried with the search term “Q03405” in BioGRID 31, IntAct 

32 and STRING 33 databases through the PSICQIC  platform 34. This search retrieved 111 

unique interactions. Interactions were then annotated based upon the 

type/quality/stringency of the protein-protein interaction evidence and were used to assign 

a score for uPAR interaction confidence. Interactions identified from detailed structural 

studies (e.g., those using x-ray crystallography and/or NMR) were ranked higher 

compared to lower confidence methods (e.g., genomics and/or co-cellular or tissue 

localization studies). The details of all methods and scoring criteria are presented in 

Supplementary file S 3.1, whereas binding site data for 12 interactors are present in 

Supplementary file S 3.2. uPAR sequence alignment was performed against identified 

uPAR binding site regions. 
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Figure 2: Method adopted for identification of uPAR interactors and their respective 

binding sites on uPAR. uPAR interactors were extracted and consolidated from open-

source BioGrid, IntAct and STRING PPI database via the PSICQUIC platform. Text 

mining was performed to identify the binding sites of uPAR ligands on uPAR.  

Results 
uPAR binding site locations 
 
Binding site location analysis of uPAR interaction partners indicates potential binding site 

hotspots along the uPAR sequence. uPA was identified to be the most significant binding 

partner followed by Vn based on the number of uPAR residues involved in binding to 

these respective molecules (fig 3.3). uPA and Vn were found to share a common uPAR 

binding site, indicating potentially competitive inhibition 35. The uPA-uPAR interaction is 

known to induce conformational changes in uPAR, leading to the exposure of the SRSRY 

region responsible for other G-protein-coupled receptors (GPCR) interaction 36. The 

SRSRY motif is chemotactically active and has been widely studied in terms of how it 

affects/induces other uPAR biologies. Vn binding on the SRSRY motif inhibits uPAR-

induced GPCR signalling and as a consequence suppresses uPA-induced cell migration 

37. 

uPAR Interactors  Text mining uPAR 

PS
IC

Q
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Identification of ligand 

binding sites on uPAR 



125 
 

 

 

 

Figure 3: Binding site location of multiple uPAR ligands on uPAR. Sequence alignment of 

the binding site location on uPAR allows identification of the ligand “hotspots” on the 

uPAR. Multiple ligands were found to compete with the uPAR chemotactic sequence 

SRSRY. uPA was identified as the most significant uPAR interaction partner, covering 

most of the uPAR sequence region. 
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uPAR ligands  
 
uPAR interacts with multiple cell surface partners 20,38. In the absence of transmembrane 

and intracellular domains, uPAR promotes signalling activity via interaction with co-

receptor integrins, RTK, GPCRs and multiple effector molecules like Akt, focal adhesion 

kinase (FAK) and Src 39,40.  

uPAR can promote tumorigenesis independent of PAS-dependent proteolysis. uPAR 

suppression is associated with a decrease in phosphorylation levels of extracellular-

signal-regulated kinase (ERK) 1/2, FAK, c-Jun N- terminal kinases (JNK), and p38 

mitogen-activated protein kinases (MAPK), each inhibiting cell migration 41. uPAR 

downregulation suppresses Notch-1-associated gene expression levels. Notch-1 

regulates cancer metastasis through cross-talk with ERK, NF-κB and phosphoinositide 3-

kinase (PI3K)-AKT-mTOR pathways. Equally, uPAR promotes the EMT via activation of 

ERK, PI3K-AKt, Rac1 and Src pathways 42. 

ECM proteins, integrins and their ligands like vinculin and FAK are involved in establishing 

ECM focal contacts. These focal contacts contain multi-protein complexes that form a 

physical link between the ECM and intracellular actin tubules 43. The presence of the 

uPAR on focal contacts corroborates a role, particularly for uPAR-integrin interactions. 

uPA enhances cytoskeletal induced cell motility changes upon activation of Rac, a Rho 

family GTPase 44. Additionally, uPAR has been found to co-immunoprecipitate with actin, 

α-actinin, Janus kinase (JAK), signal transducers and activators of transcription (STAT), 

protein kinase C (PKC) and vinculin. In addition, uPAR has been shown to promote cell 

migration via stimulation of tyrosine kinase 2 (TK2) with subsequent PI3K activation 20. 
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Low-density lipoprotein (LDL) receptor-related protein (LRP) regulates tumor cell 

migration via uPA-PAI-1 dependent internalization of uPAR. Similarly, mannose-6-

phosphate (M6P) binds to the uPAR D2-D3 fragment that initiates lysosomal-dependent 

degradation. Subsequently, uPAR recycling allows;  

i) the salvation of uPA:uPAR:PAI-1 complexes; 

ii) lowering of uPAR availability on the cell surface inhibiting uPAR-dependant 

proteolysis,  

iii) redistribution of principally unused unoccupied uPAR to the cell surface, and  

iv) dissociation of various uPAR-ligand interactions, inhibiting associated 

downstream signalling events 13. 

 

Figure 4: Functional enrichment of the uPAR interactors. uPAR interactors are involved 

in RTK signalling, multiple metabolic processes, neutrophil degranulation and regulation 

of proliferation, these processes have known role in inflammation and metastatic cancer 

progression.  
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Soluble ligands  
uPA 
 
uPA is the most significant uPAR ligand. It is responsible for regulating proteolysis and 

metastasis 45. uPA and its tissue type homolog (tPA) activate plasminogen to the serine 

protease plasmin, and mediate degradation of fibrin and ECM components causing 

extracellular proteolysis and cell migration 11. uPAR binds the zymogen, pro-single-chain 

form of uPA which is converted into active twin-chain uPA at which point it mediates the 

proteolytic cascade 41.  

Plasmin degrades fibrin and other ECM protein components directly or through activation 

of MMPs 46. uPA and uPAR interaction initiate PAS and subsequent ECM degradation, 

and release of growth factors 47. Components of the PAS (i.e., uPA, uPAR and inhibitor 

PAI-1) have been implicated in an array of tissue homeostasis processes such as 

extracellular proteolysis through activation of cell surface plasminogen and enhanced 

adhesion and signalling via interaction with matrix protein vitronectin 48.  

The uPA-uPAR system is inhibited by a series of SERPIN family proteins, including PAIs. 

PAI-1 induces uPAR recycling through cleavage and internalization of uPA-uPAR in the 

presence of LRP. LRP binds with both uPAR and epitopes of the relaxed serpin 

conformation of-PAI-1 49. The uPAR induced proteolytic cascade is inhibited upon the 

formation of PAI1-uPA-uPAR complexes, which are eventually internalized for uPAR 

recycling and re-distribution to the plasma membrane 20. 
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Figure 5a: Classification of uPAR ligands by the subcellular location and uPAR 

interaction confidence levels. uPAR interactors were derived from BioGRID, IntAct and 

STRING via PSICQIC platform and clustered into groups based on their subcellular 

location and methods utilized to infer the interaction. Mass spectrometry (MS) analysis 

contributed to the identification of most of the uPAR ligands. Most of the identified uPAR 

ligands were in the cytoplasmic region.  
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Figure 5b: Overlap of proteins 

identified across multiple methods. 

Most of the identified proteins were 

unique to the method utilized.  Mass 

spectrometry contributed to the 

identification of the highest number of 

proteins.  

 

 

 

Vitronectin (Vn) 
 
Binding of the Vn SMB domain to uPAR residues has been elucidated because of the 

availability of a uPAR crystal structure 50. The direct interaction between uPAR and Vn 

promotes cell adhesion and tumor growth 51. Tumor cells that have acquired uPAR 

induced proliferative phenotypes spread towards the ECM protein Vn and activate 

integrin-dependent signalling, leading to cytoskeletal reorganization and cell shape 

changes 49. uPAR mediated Vn signalling regulates intracellular signalling via MAPK in 

multiple cell lines 52.  

uPAR simultaneously binds with uPA and Vn, phosphorylation of the Vn by the protein 

kinase casein kinase-2 (CK2) regulates the uPA-induced migration and adhesion to Vn 

49. Binding of VN to PAI-1 inhibits cellular motility, mediated by the antagonization of the 

Vn-integrins interaction 50. PAI-1 is thought to modulate the integrin-uPA-uPAR 

interaction since the affinity of PAI1 for Vn decreases by ~100 fold when it binds with 



131 
 

proteases (e.g., uPA), thereby allowing the interaction between Vn, uPAR and integrins. 

Additionally, Vn plays a significant role in uPAR-dependent differentiation of monocytes 

to macrophages, where the adhesion induced by uPAR-Vn binding is essential for 

subsequent cellular differentiation. PAI-1 suppresses both Vn-dependent adhesion and 

differentiation processes, whereas uPA acts as an inducer 20. 

 

High molecular weight kininogen 
 
High molecular weight kininogen (HK) is a plasma protein that signals during inflammation 

and fibrinolysis process 53. HK is a central molecule of the kallikrein-kinin system (KKS) 54. 

The KKS is composed of serine proteases that are primarily involved in the production of 

kinin peptides (i.e., Lys-bradykinin (kallidin) and bradykinin) 55. KKS has a role in 

physiological processes such as inflammation, coagulation, vasodilation, fibrinolysis and 

control of blood pressure 56,57.  

Six HK domains form a complex with prekallikrein in plasma 58. Plasma kallikrein cleaves 

HK upon activation of the factor XII (FXII) generating a cleaved HK (HKc) and releasing 

pro-inflammatory bradykinin 59. Bradykinin release results in the generation of twin chain 

HK (HKa) which induces apoptosis upon interaction with uPAR, HKa competitively inhibits 

the binding of uPAR with integrins αvβ3 and αvβ5. HKa shares an LRP binding site on 

uPAR, suggesting that it may have a role in the modulation of uPAR internalization and 

redistribution. HKa signals downstream via inhibition of uPA-dependent ERK 

phosphorylation 60, stimulation of EGFR signalling and enhancing VEGF expression 61. 

uPAR, along with cytokeratin 1 and globular C1q-receptor (gC1qR, p33) are the 

endothelial cell receptors for factor XII (FXII) 62. FXII stimulation drives cyclic adenosine 



132 
 

monophosphate (cAMP) accumulation and phosphorylation of ERK and AKT, leading to 

the enhanced cellular proliferation 63. Integrin β1 and αMβ2 modulate the interaction of 

FXII with uPAR 64.  

 

Lateral partners 
 
In the absence of transmembrane and intracellular domains, uPAR promotes its signalling 

via its coreceptors integrins, RTK and GPCRs 38. Integrins are the most widely studied 

and potentially the most significant uPAR binding partners 65. 

 

Integrins 
 
Integrins are thought to be the most significant uPAR coreceptors. uPAR is localized 

within integrin-containing adhesomes and found to co-precipitate with integrins and 

molecules involved in integrin signalling (e.g., FAK and Src) 20. uPAR-integrin interactions 

have been implicated in wound healing, inflammation and across multiple epithelial 

cancers 66. 

Integrins are heterodimer transmembrane receptors composed of non-covalently linked 

α- and β- glycoprotein subunits. Eighteen different α subunits and eight different β 

subunits are known to be expressed in metazoans exclusively. Up to 24 distinct 

combinations of these subunits have been discovered thus far 67. They collectively serve 

as receptors for ECM components, such as collagens, fibronectins and laminins and do 

so with widely different affinities 65.  
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Integrins serve as transmembrane linkers facilitating interaction between cytoskeleton 

and ECM, where the β subunit tail binds with various intracellular anchor proteins through 

its c-terminal domain. These anchor proteins can either bind directly to actin filaments or 

other anchor proteins, thus indirectly linking integrins with cellular actin filaments. Linking 

of integrins and actin filaments lead to the formation of focal adhesion that can be followed 

by integrin clustering 65. Integrin clustering influences proteins involved in cytoskeletal 

organization. Many lines of evidence point to the role of integrins in uPA- and uPAR-

induced cellular migration. Interestingly, uPA-uPAR complexes are found in cellular focal 

contacts in the presence of integrins, but these are much more diffuse over the cell-

surface in the absence of integrins 49. Integrins laterally interact with receptors other than 

uPAR, forming complexes which in turn recruit additional signalling ligands via these 

complexes 68.  

Integrins enable uPAR to modulate multiple signalling pathways by providing signal 

specificity, as each uPAR-integrin partnership signals through different pathways. For 

example, uPAR-β1 is primarily involved in ERK and FAK activation, whereas the uPAR-

β3 interaction is involved in Rac activation 20. Similarly, integrins are known to interact 

with multiple partners. For example, αMβ2-uPAR promotes uPA-dependent adhesion and 

migration upon complexation with fibronectin, α5β1-fibronectin interaction induces FAK 

phosphorylation and subsequent activation of Ras-ERK signalling. Integrin α3β1-uPAR 

interaction is known to enhance Src signalling induced by subsequent binding of the 

integrin with laminin. Equally, the integrin α3β1-uPAR interaction is responsible for 

switching on ERK signalling upon activation of EGFR and FAK 13. Co-precipitation of 

uPAR with EGFR suggests a role for uPAR in EGFR-integrin α5β1 physiology. EGFR-
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dependent ERK signalling enhances cell proliferation, driven by the integrin α5β1-uPAR 

interaction, where proliferation is inhibited by EGFR kinase inhibitors or by 

downregulation of uPAR expression 13. 

Our team has made significant contributions to the roles of uPAR and the integrin αvβ6 

in human cancer. Elevated expression of integrin αvβ6 in epithelial carcinomas is 

generally accepted as a marker of poor prognosis 69 due to its role in the enhancement 

of tumor invasion, EMT and distal metastasis 70. 

 Roles for uPAR and integrin αvβ6 in cancer has been established and strong evidence 

exists regarding direct binding of uPAR with αvβ6. This evidence is primarily based on 

co-immunoprecipitation, proximity ligation assay, peptide array and in silico structural 

modelling data 71. We have previously established that downregulation of integrin αvβ6 

inhibits tumor growth and MAPK activity in vivo 72. Integrin αvβ6 was identified as a 

component of the uPAR interactome during pull-down studies using human ovarian 

cancer cell lines and inhibition of uPAR and αvβ6 equally suppressed ERK 

phosphorylation. The data showed the uPAR signals through the formation of the multi-

protein complex 73. Similarly, enhanced levels of integrin β6 in human colon cancer cell 

models results in increased proliferation, migration and invasion, compared to cells 

lacking the β6 subunit 74.  

 

G-protein-coupled receptors 
 
GPCRs are one of the most significant cell surface protein families. Each GPCR structure 

contains seven transmembrane-spanning domains (TMDs). GPCRs transduce a wide 

array of extracellular stimuli driven by ligands like amines, hormones, peptides, photons, 
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nutrients, ions and odorants. GPCR signalling is involved in many diverse physiological 

processes, including the chemosensory perception of smell and taste, neurotransmission, 

cellular metabolism and embryogenesis 75,76. Their involvement in multiple physiological 

functions and the presence of accessible membrane druggable sites have made these 

proteins a significant subset of approved drug targets 77. GPCR expression in proliferating 

cells has a role in tissue modelling, embryogenesis and inflammation 78–80. For example, 

the fMet-Leu-Phe (fMLP) receptor family of proteins are involved in the PAS-induced 

proteolytic cascade, they are composed of the formyl peptide receptor (FPR) and its 

homologues FPR1 and FPR2. FPR is involved in chemotaxis 81, whereas FPRL1 

activation upon binding to the suPAR SRSRY sequence induces cellular migration. 

FMLP-dependent cell proliferation and migration are driven by uPAR expression, 

whereas cell migration dependent on uPA requires the expression of FPRL1 82. FMLP 

receptors bind to uPAR through the D2-D3 linker sequence SRSRY to induce cell 

proliferation, migration and adhesion. However, the sequence can independently 

antagonise uPAR-Vn interactions and subsequent uPAR-dependent adhesion 82. 

 

Mannose 6 Phosphate receptor 
 
Mannose 6 phosphate receptor (M6PR) is a single TMD-containing glycoprotein that is 

ubiquitously expressed in human tissues 83,84. M6PR is a multifunctional receptor with 

diverse ligands and is considered a tumor suppressor in multiple human malignancies. 

M6PR-dependent ECM remodelling is driven by uPAR-induced latent TGFβ1 and plasmin 

activation 85. Enhanced expression of the M6PR leads to the proteolytic cleavage of 

uPAR, releasing its D2 and D3 fragments. These uPAR fragments bind to multiple uPAR 
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ligands generating downstream signalling. M6PR inhibits cell proliferation and invasion 

via a type of regulation of integrin αv and cleavage of uPAR, resulting in the dissolution 

of uPAR binding sites for uPA, VN and integrins 86. 

 

Conclusion 
 
uPAR regulates multiple cancer metastatic signatures, both uPA and uPAR have been 

suggested as potential diagnostic, prognostic and theranostic biomarkers in the breast, 

colon, rectal, pancreas, lung, kidney, prostate, ovary and liver cancers 87,88,47. However, 

the predictive capacity and prognostic value of these markers have not yet been 

translated into clinical practice. Targeting components of the PAS restrain metastatic 

progression and prolong lifespan in animal models. However, prioritisation of the diverse 

role of the PAS and the uPAR interactome present a challenge. Alternate proteases can 

potentially compensate for many functions of the PAS rendering this target obsolete, one 

of such proteases is MMP which have similar pathological and physiological roles in 

cancer.  

Characterization of quantitative differences in the expression of PAS components, (uPA, 

uPAR and PAI-1) in tumor tissues and blood plasma has potential diagnostic value in 

cancer. Quantitation may aid in stratification of disease from healthy patients or may allow 

for the stratification of patients at various clinical stages of cancer.  

Notably, antagonization of the uPAR interactome has shown to suppress the cancer cell 

migration and induce apoptosis. Selective inhibition of the uPAR interactome with i) small 

molecules 89,90, ii) peptides 71,91 iii) antibodies 92,93 and iv) gene silencing, 94,95 has a 

potential to curb late-stage metastatic phenotypes. Strong preclinical data on inhibition of 
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the PAS driven metastasome with targeted approach against uPAR interactome is bound 

to define new diagnostic and prognostic strategy against cancer in clinical settings. 
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3.5.2 Proteomics reveals cell-surface urokinase plasminogen activator receptor 

(uPAR) levels impact most hallmarks of cancer: Supplementary Manuscript 1  

I also investigated the role of uPAR in CRC metastasis through a systemic proteomics 

analysis on CRC cell model that allowed decreased uPAR expression (by ~43%). 

Reduction in uPAR levels leads to suppression many proteins associated with the 

metastasis-related components of the uPAR interactome (e.g., caveolin, EGFR, integrin 

β4, vitronectin) as validated by Ingenuity pathway (IPA) analysis and use of the new 

Cancer Hallmarks Analytics Tool (CHAT) 5. The study, for the first time, demonstrated 

that reduction in uPAR expression negates many HoCs when these are superimposed 

on a particularly common CRC mutational background. Comprehensive proteome depth 

was achieved by a combination of membrane enrichment combined with peptide-

fractionation strategies and these allowed me to decipher proteome changes not 

previously seen in other CRC models.  
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Chapter 4: Antagonism of metastasis in late-

stage Colorectal Cancer (CRC) 

4.1 Overview 

Urokinase plasminogen activator receptor (uPAR) and integrin αvβ6 independently play 

an important role in metastatic progression, they are widely accepted as a marker for poor 

prognosis in most of the epithelial carcinoma 1. We have discovered multiple evidence 

supporting membrane protein-protein interaction between uPAR and integrin αvβ6 2–5. 

We identified six prospective binding sites on uPAR for the integrin αvβ6 binding, by 

proximity ligation, peptide array and in silico structural modelling 4. Synthetic peptides 

from these binding regions were generated and utilized as an interference peptide 

(iPEPs) against the cancer biologies that are reportedly driven by uPAR and integrin 

αvβ6.  

Treatment of the CRC cell model expressing both integrin αvβ6 and uPAR demonstrated 

only two of the six iPEPs were able to bind to the cell surface and induce morphological 

changes 3. High throughput mass spectrometry (MS) analysis was utilized to quantify the 

proteome altered by these two proteins in a CRC cell model.  

Preliminary results on iPEPs binding activity to the cell surface and their ability to induce 

morphological changes were a part of PhD thesis submitted previously by our team 

member 3. 
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Abstract  
Urokinase plasminogen activator receptor (uPAR) and integrin αvβ6 independently play 

essential roles in cancer metastasis. These proteins have both been implicated in the 

epithelial-mesenchymal transition (EMT), during which cancer cells acquire the ability to 

escape from their site of origin and spread to distal locations. The acquisition of the EMT 

phenotype significantly impacts the metastasis, that is responsible for most cancer-

related deaths. A range of different biochemical evidence has been used to confirm the 

interaction between uPAR and the epithelially-restricted integrin αvβ6 (referred to 

mailto:mark.baker@mq.edu.au
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forthwith as uPAR-αvβ6), including cellular fluorescence co-localisation, in vitro functional 

proteomics analysis and in silico structural modelling studies. Synthetic peptides derived 

from the putative primary sequence found in proposed binding sites to integrin αvβ6 were 

utilized here as interference peptide (iPEPs) against cancer biologies reportedly driven 

by uPAR and αvβ6 individually or collectively. With the aid of high-resolution quantitative 

data-dependant acquisition (DDA) mass spectrometry (MS)-based proteomics, we also 

demonstrated that iPEPs interfering with uPAR-αvβ6 formation could “repurpose” many 

cellular biochemical pathways expressed during invasion and metastasis.  

 

Introduction  
Colorectal cancer (CRC) is the fourth most common cancer worldwide 1. Although CRC 

is curative with colonoscopy in combination with adjuvant therapies (chemo-, radio- or 

immuno-) in the earliest AJCC stage I/II clinical early stages, a lack of population-

compliant, early-stage diagnostic screening moieties results in later-stage III/IV diagnosis 

where cancer has already metastasized to lymph nodes and/or distal organs 2.  

CRC is initially characterized by a series of mutations in genes involved in cellular 

proliferation and migration, eventually allowing cancer cells to acquire a metastatic 

phenotype. Mutations in adenomatous polyposis coli (APC) genes, RAS-family genes 

and TP53 3 are commonly observed in CRC metastasis. These have been linked 

biochemically to alterations in the mitogen-activated protein kinases (MAPK), epidermal 

growth factor receptor (EGFR), p53 and transforming growth factor-beta (TGFβ) 

signalling pathways 4. It is also well established that the RAS-family mutational landscape 

in CRC correlates with downstream signalling partially driven by the urokinase 

plasminogen activator receptor (uPAR) interactome 5,6. uPAR confers downstream 
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signalling via i) proteolytic pathways dependent on plasminogen activation system (PAS) 

and ii) proteolysis cascade independent pathways mediated through interaction with 

lateral membrane located protein partners. Correlation of elevated uPAR levels during 

inflammation, tissue remodelling and in many epithelial carcinomas has been clinically 

established 7. Elevated uPAR levels are proposed to be a prognostic indicator of poor 

CRC survival 8,9. 

uPAR’s fundamental and best established biochemical role is to act as a multi-domain 

GPI-anchored cell surface membrane receptor for the zymogen serine protease 

urokinase plasminogen activator (uPA) 10. uPAR is composed of three domains (D1, D2 

and D3) forming a globular structure, with the D2 and D3 domains interconnected by a 

short linker region. External uPAR D2 and D3 domain structures on the reverse backside 

of the protease-binding central cavity are primarily involved in all lateral interactions 11. 

uPAR is universally accepted to playing a vital role in the PAS-mediated proteolytic 

cascade. PAS-dependent plasminogen activation to plasmin induces the EMT, enhances 

the release of growth factors and activates pro-metalloproteases that collectively 

contribute to increased cellular proliferation, invasion and migration 12. uPAR can also 

signal via proteolysis-independent pathways upon interaction with ancillary proteins like 

vitronectin (Vn) that prime cells for EMT 13. Similarly, uPAR regulates cell survival and 

distal metastasis through interaction with transmembrane ligands such as integrins, G-

protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs) 13.  

We have recently demonstrated the central role of uPAR in CRC by superimposing a 

comprehensive proteome data onto a unifying cancer framework proposed by and 
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recently revised by cancer researchers Douglas Hanahan and Robert Weinberg. This 

framework is universally known as the Hallmarks of Cancer (HoCs) 14,15.  

Proteomics analysis was performed to quantify uPAR-dependent signalling changes 

between CRC HCT116 wild type cells expressing basal uPAR levels and HCT116uPARAS 

cells carrying a uPAR antisense construct resulting in decreased (↓~43%) uPAR 

expression levels. The data shows that reductions in uPAR expression negate many 

cancer-related signalling pathways, some responsible for metastasis. In particular, this 

data supports a major contribution of uPAR in mediating multiple HoCs, particularly 

associated with; (i) invasion/metastasis, (ii) resisting cell death and (iii) sustaining 

proliferation. Furthermore, the decrease in uPAR was found to suppress many 

metastasis-related components of the uPAR interactome, including caveolin, EGFR, Vn 

and integrin β4 16.  

Integrins are a group of 24 covalently linked heterodimers composed of 18 α and eight β 

subunits 17 Integrin αvβ6 is a spatially and cell-restricted heterodimer consisting of both 

the αv and β6 subunits. Integrin β6 subunit, levels of which are determined by 

transcriptional activity of β6 integrin gene (ITGB6) are exclusively expressed in the 

epithelial cells (e.g., during wound healing, tissue remodelling and cancer) and is 

responsible for the regulated formation of the αvβ6 integrin heterodimer  18. 

Extracellular and transmembrane domains of integrin αvβ6 are involved in activation of 

TGFβ and initiation of EMT respectively, whereas the αvβ6 integrin’s cytoplasmic domain 

regulates proliferation, migration and downstream production of matrix metalloproteinase 

(MMPs) 19. Integrin αvβ6 interacts with disintegrin and the MMP family of proteins and 

RGD motif-containing extracellular ligands such as Vn, fibronectin and tenascin-C. 
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Interaction of integrin αvβ6 with these proteins mediates cell-cell and/or cell-ECM 

adhesion, which confers traction to a cell during cell motility 20. Expression of the integrin 

αvβ6 promotes signalling pathways associated with cell proliferation, migration, invasion 

and metastasis 19. Similar to uPAR, integrin αvβ6 levels increase during inflammation, 

tissue remodelling and epithelial carcinomas. Integrin αvβ6 expression in CRC, ovarian 

and breast cancer is correlated with the poor patient survival 21,19.  

We have previously corroborated multiple evidence on the involvement of integrin αvβ6 

in CRC. Our past studies have shown the presence of strong expression of integrin αvβ6 

throughout late-stage CRC tumors by immunological histopathological analysis, where 

expression of integrin αvβ6 was restricted to the surface of epithelial cells, at the invasive 

front on both benign and malignant tumors 22,23. We further investigated the role of integrin 

αvβ6 signalling in CRC metastasis by establishing a direct link between integrin αvβ6 with 

extracellular signal-regulated kinase (ERK2) signaling in the colon cancer cell and animal 

models 24. Downregulation of β6 was responsible for inhibition of MAPK activity and tumor 

growth in vivo. ERK2 bound only to integrin β6 subunit in CRC cells expressing integrin 

αvβ6, similarly deletion of the ERK2 binding site resulted in inhibition of tumor growth 24.  

We further identified multiple components of the CRC metastasome with pull-down 

assays. Integrin αvβ6 was found to be co-immunoprecipitated along with uPAR in human 

ovarian cell line OVCA429. Reverse co-immunoprecipitation with the integrin β6 subunit 

antigen identified uPAR as one protein associated with integrin αvβ6. Inhibition of uPAR 

and integrin αvβ6 using monoclonal antibodies suppressed uPA-dependent ERK1/2 

phosphorylation and cell proliferation. This data suggests some role for the interaction 

between integrin and uPAR mediating uPA-dependent cell proliferation. Likewise, uPAR 
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was found to signal through the formation of an active multi-protein complex that included 

integrin αvβ6 25. Subsequent to those studies, we further investigated the systemic effects 

of enhanced αvβ6 expression. This study showed inducing integrin αvβ6 in the cell-like 

SW480 that lacked endogenous β6,  with a β6 vector construct enhanced cellular 

proliferation, invasion and migration, compared to a mock cell line lacking β6 expression 

26. This provides convincing evidence on a biochemically relevant interaction between 

uPAR and αvβ6. Our earliest data on co-immunoprecipitation of uPAR and αvβ6 provided 

proof these proteins act as a complex 25. Then we substantiated the αvβ6 integrin-binding 

site for uPAR. Finally, we employed crystal structure analysis of uPAR-αvβ6 uPAR 27,28 

even though we could only model αvβ6 on a close protein analogue, namely αvβ3. Hence, 

we performed an in silico structural modelling based on separate uPAR and integrin αvβ6 

structure co-ordinates, to identify putative residues involved in uPAR-αvβ6 29. The 

putative binding sites for uPAR-αvβ6 were further experimentally verified based on a 

peptide array approach and proximity ligation studies, leading to the identification of 6 

putative binding sites for αvβ6 to uPAR sequences 30. Synthetic uPAR peptides generated 

from these six uPAR αvβ6 binding sites were utilized as an interference peptide (iPEPs) 

to examine their ability to antagonize uPAR-mediated metastatic biologies. Of these six 

iPEPs selected, two iPEPs (iPEP2 and iPEP6) bound explicitly to and induced actin 

spicule morphological changes CRC SW480 cells carrying a stable β6 vector construct 

and referred to as SW480OE when compared to the cells lacking β6, namely SW480 cells 

carrying an empty “mock” vector construct referred to as SW480mock. In detail, iPEP2 and 

iPEP6 inhibited cell proliferation by up to 60% and they decreased cell migration and 

invasion by ~25% when compared to SW480mock cells as controls. Many iPEP2/6-induced 
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changes appear to be driven by a switch in TGFβ signalling where cells switch from being 

SMAD-dominant (canonical TGFβ signalling) to MAPK-dominant (non-canonical TGFβ 

signalling) 31.  

In this study, I extended previous knowledge regarding the role of iPEPs-induced 

signalling changes on CRC metastatic phenotypes, with the aid of high-resolution MS 

analysis. Combinations of tandem-mass-tag (TMT), immobilized pH gradient isoelectric 

focusing (IPG-IEF) fractionation based on high-resolution isoelectric focussing (HiRIEF) 

32 and high-resolution MS analysis of iPEP-treated CRC cells allowed us to reach 

unprecedented depth in proteome coverage. Data complement results from previous 

cellular assays. The combination of TMT-HiRIEF-LCMS has previously been utilized for 

in-depth high-throughput quantitation of the cellular proteome 32–34.  

 

Materials and Methods 
Cell lines 
The SW480 CRC cell line lacking endogenous β6 expression was established by 

Leibovitz et al. 35. Derivatives of this cell line containing either a stable full-length β6 

construct (i.e., SW480β6OE) or an empty vector (i.e., SW480Mock) transfection were 

obtained from our collaborator Prof. Michael Agrez, University of Newcastle. These cells 

were utilized to assess the ability of iPEPs to inhibit uPAR and integrin αvβ6 processes.  
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Interference peptides 
Two rationally-designed iPEPs (iPEPs 2 and iPEPs 6) based on our previous data 

regarding the putative binding site of integrin αvβ6 on uPAR were utilized for the 

antagonism of uPAR-αvβ6 biologies. Biotinylated iPEPs and respective randomly 

“scrambled” iPEPs isoforms were sourced commercially from AUSPEP, Melbourne, 

Australia.  

 
Interference peptides (iPEPs) treatment.  
All SW480 cell lines (SW480β6OE, SW480Mock) were incubated in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% foetal bovine serum (FBS), containing 

500µg/mL selective agent geneticin (G418 sulphate) and grown until 80% confluent. Cells 

were washed twice with 1xPBS, followed by 12hr starvation in serum-free DMEM media 

containing 500µg/mL geneticin (SF media). Upon starvation, cell lines were washed twice 

with 1X PBS and treated in triplicate with either 10µM iPEP2 or iPEP6 supplemented on 

SF media, 10µM scrambled iPEP2 or iPEP6 supplemented on the SF media or were 

untreated controls. All treatments were performed for 6 hr at 37oC in 5% CO2 generating 

a total of 30 samples. 

 

Proteomics sample preparation  
Upon treatment for 6hr, cells were washed twice with ice-cold 1X PBS and lysed with 

whole-cell sodium deoxycholate lysis buffer (100mM TEAB, 1% sodium deoxycholate) 

under a probe sonicator (Branson Sonifier 450; 10 bursts at 40% amplitude, output 2 

setting, repeated 3x). Lysates were heated to 95°C for 5 min to inactivate proteases. 

Sodium deoxycholate was removed by precipitation upon acidification of lysates to a final 
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concentration of 0.1% formic acid (FA) and centrifuged twice at 14,000g for 10 mins. Cell 

lysates were reduced (final 5mM DTT for 30mins at 60°C) and alkylated (final 14mM IAA 

for 30mins at RT on dark) prior to tryptic digestion. The lysates were digested with trypsin 

overnight at 37°C/800 rpm with a 1:30 ratio of trypsin and total protein. Digested peptides 

were acidified to a final concentration of 0.1% FA, dried and stored at -80°C until MS 

analysis.  

 

TMT labelling and HiRIEF IPG-IEF fractionation  
MS analysis was performed at the Clinical Proteomics Mass Spectrometry facility, 

Karolinska Institutet/ Karolinska University Hospital/ Science for Life Laboratory. Thirty 

different samples obtained from iPEPs study were labelled with 3 sets of TMTs 10plex 

(Thermo Scientific) as per the manufacturer’s recommendations. TMT labelling was 

performed using 30µg peptides in each channel and pooled TMT labelled peptides 

(300µg) were separated on a 24cm pH3-10 IPG-IEF strip utilizing HiRIEF as previously 

described 32. A plastic cast with 72 linear wells was placed over the pI-IPG separating 

strip, and peptides were transferred from the pI-IPG strip to the solvent front upon 

incubating in Milli-Q water for 30mins. Peptides were transferred to 72 well plates using 

a prototype liquid handling robot (GE Healthcare BioSciences AB). Robotic extraction 

was repeated twice with i) 35 % ACN and ii) 0.1% FA in ACN respectively. Extracted 

peptides were dissolved in 3% ACN and 0.1% FA for LC-MS/MS application, upon drying 

in a Speed-Vac.  
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LC-MS/MS analysis  
Peptide separation was performed on the Ultimate 3000 RSLC nano system coupled to 

a Q-Exactive (QE) MS (Thermo Fischer Scientific, San Jose, CA, USA). Acclaim PepMap 

nanotrap column (C18, 3μm, 100Å, 75μm x 20mm, Thermo Scientific) was utilized as a 

pre-column, and peptide separation was performed on a similar column 75μm x 50cm 

inner diameter containing 2 µm C18 beads. Peptides were eluted from the column on a 

gradient ranging between 6% and 37% of mobile phase B (90% acetonitrile (ACN), 5% 

dimethyl sulfoxide (DMSO), 0.1% FA) for 30 to 90 mins at a flow rate of 0.23 µL/min, 

depending on the IPG-IEF sample complexity. Mobile phase A contained 5% DMSO in 

0.1% FA. QE was operated on a data-dependent mode with a survey scan at a resolution 

of 70,000 between 400-1600m/z. Maximum injection time was set at 100ms for a target 

of 1x106 ions. Precursor fragmentation of the top 10 precursors was performed by higher-

energy collisional dissociation (HCD). HCD fragments were generated with 30% 

normalized collision energy and AGC of 1x105 at an injection time of 140ms. 

 

Data processing and statistics  
RAW MS data files were searched with SEQUEST-HT node 36 on Proteome Discoverer 

(v 2.3) (Thermo Scientific) against the SwissProt human dataset containing 20,431 

sequences. Precursor mass tolerance of 10 ppm and fragment mass tolerance of 0.2 Da 

was applied for tryptic peptides search. The search was filtered to define protein 

identification based on minimum two unique, non-missed cleaved tryptic peptides of that 

contain a minimum of seven amino acid residues. Percolator 37 based target-decoy 

strategy was utilized to set protein level FDR at 1%. Quantitative analysis was performed 
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with the proteome discoverer quantification module with quantification ratios normalized 

against the total peptide amount.  

Differentially-expressed proteins between iPEPs treated and non-treated on both 

SW480β6OE and SW480Mock cells were quantified by unpaired t-test using p-value 

thresholds of <0.05 and fold change limits of >1.5 up- or down-regulation for each protein. 

The Cytoscape 38 plugin ClueGO 39 and CluePedia 40 were used to perform pathway and 

cellular localization enrichment. DAVID 41 was utilized for pathway analysis and 

superimposition of the differentially expressed proteins in the KEGG 42 pathways.  

 

Results 
Previous work from our collaborative team has established the role of integrin β6 subunit 

in CRC metastatic progression 31. Expression of integrin β6 subunit alone (in SW480β6OE 

cells) increased cell proliferation, migration and invasion by 65%, 159% and 100% 

respectively when compared against basal wild-type SW480mock cells. Integrin β6 was 

found to mediate these effects in a ligand-dependent manner. Treatment of the 

SW480β6OE cells with the ligand zymogens (i.e., latent TGFβ (binds to v 6), and 

plasminogen; Plg (binds to cell-surface Plg receptors)) further enhanced proliferation, 

migration and invasion (i.e., latent TGFβ alone ↑ 24%, Plg alone ↑ 12% and latent 

TGFβ+Plg together ↑ 21%) when compared to the SW480mock cells lacking integrin β6 

subunit expression 31. Based on our studies on the biological relevance of uPAR and αvβ6 

in CRC, we have highlighted that these biological alterations are likely mediated by the 

uPAR·αvβ6 interactome 26,29–31,43. 

Furthermore, we demonstrated that the uPAR·αvβ6 interactome in the presence of active 

TGFβ or active plasmin increased proliferation, migration and invasion of CRC cells 
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(SW480β6OE) 31. Antagonism of TGFβ or plasmin activity using either the antagonist 

SB431542 or aprotinin, respectively, significantly reduced proliferation in SW480β6OE 

cells. The antagonist SB431542 inhibited pro-invasive properties of plasmin and/or TGFβ 

31. Interestingly, in that study, treatment with either iPEP2 and/or iPEP6 also inhibited 

proliferation of CRC cell (i.e., the iPEP2 and iPEP6 significantly inhibited ligand-

dependent proliferation in SW480β6OE cells compared to the untreated or scrambled 

peptide treatment controls) 31. Additionally, iPEPs were able to nullify β6 integrin subunit 

mediated pro-invasive effects. Collectively, antagonization of the uPAR·αvβ6 association 

by iPEPs has been demonstrated by our team to inhibit proliferation, migration and 

invasion of CRC cells in a manner that appears to reflect similar changes exerted by 

TGFβ antagonists 31.  

 

HiRIEF enables high-throughput quantitation of proteomic changes in uPAR·αvβ6 
metastasome 
With the evidence of reduced patient survival upon co-expression of the uPAR·αvβ6, I 

sought to antagonize the association with the aid of antagonist peptides. For this purpose, 

six (6) rationally-designed iPEPs were synthesised based on our previous work 30 and 

were utilized to assess antagonism of uPAR·αvβ6. Binding of these peptides on cell 

surfaces and subsequent changes in cell morphology was visualized by fluorescence 

microscopy. Fluorescence microscopy demonstrated that only iPEP2 and iPEP6 bound 

to the cell surfaces while the remaining 4 iPEPs and all scrambled iPEP controls did not 

bind or affect cell morphology 31. 

Similarly, iPEP2 and iPEP6-induced changes in the distribution of actin-cytoskeleton 

produced subsequent morphological changes. Both iPEP2 and iPEP6 were able to 
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independently induce a more stellar (“star-like”) morphology only on cells expressing both 

the proteins uPAR and the integrin β6 subunit, but not in cells lacking integrin β6 subunit 

expression or integrin β6-expressing cells treated with scrambled iPEPs. We have 

evidence some evidence concerning the role of TGFβ and proliferative MAPK signalling 

as potentially driving many of these changes 31 however, the complete systems-level 

molecular mechanism driving these changes has yet to be established.  

To determine how iPEP2 and iPEP6 induce overall proteome changes, a quantitative 

proteome analysis was performed after exposing CRC cells to iPEP2 and/or iPEP6 or 

their respective scrambled peptides. IPG-IEF-based HiRIEF proteomic methods enable 

high-throughput quantitative analysis through the significant reduction of peptide 

complexity 32–34. In our study, a combination of isobaric TMT 10-plex peptide labelling and 

HiRIEF-LC-MSMS allowed us to identify a total of 7,618 proteins across all iPEP-treated 

and non-treated SW480 cells. Of the total HiRIEF-based protein identifications 3,752 

(49%) proteins were membrane related proteins (supplementary table 4.1), which 

confirms that HiRIEF is capable of efficient peptide fractionation of the incredibly complex 

plasma and other membrane proteomes. This ability to identify membrane proteins 

without enrichment allowed us to perform an in detail analysis of the interactome linked 

to the membrane protein-protein association between uPAR and integrin αvβ6.  

 

Integrin αvβ6 mediates metastatic behaviours in this CRC cell model 
In an effort to identify the proteome altered by the integrin αvβ6 expression, we performed 

pathway enrichment using the Cytoscape 38 plugins ClueGO 39 and CluePedia 40. Three 

hundred and seventy-nine significantly altered proteins were identified between 

SW480β6OE and SW480mock cells lines, based on a fold change of ±1.5 times when 
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significance p<0.05 was considered (supplementary table 4.1). This analysis was found 

to possess pathways enriched for behaviours including cell migration, regulation of 

programmed cell death, embryogenesis, regulation of cell communication and other 

signalling pathways, as shown in figure 1 by colour coded network node annotations. 

Each process is represented by a different node colour in the network.  

 

 

Figure 1: Functional analysis of the proteome levels associated with integrin β6 

expression: Differentially expressed proteins between SW480β6OE and SW480mock cells 

were enriched with Cytoscape plugin ClueGO. Processes associated with 

embryogenesis, regulation of cell communication, regulation of programmed cell deaths, 
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cell migration, immune response, response to stimulus and metabolic processes were 

found to be altered in SW480β6OE cells compared to SW480mock cells, as represented by 

the colour coded node annotations.  

Processes associated with morphogenesis, cell communication and cell migration were 

identified to be the most significantly altered pathways between SW480β6OE and 

SW480mock cells (supplementary table 4.2) as shown in figure 2. The enrichment 

analysis pairs with previous observations concerning the role of integrin αvβ6 in driving 

multiple metastatic phenotypes such as proliferation, migration and invasion in functional 

cell assays. This recapitulated previous observations 31 and extended them using more 

comprehensive proteome analysis. 

 

Figure 2: Overview of the pathways altered by the integrin αvβ6 expression: Integrin 

αvβ6 primarily alters the processes associated with the cell morphological studies, cell 

communication and cell migration. The observation aligns with previous observations by 

Cantor et al., 31 using cell-based assays, which confirmed the involvement of integrin β6 

with an increase in basal level proliferation, migration and invasion.  
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Among 379 differentially-expressed proteins, 27 proteins were found to exhibit a minimum 

3 fold change in SW480β6OE cells, with 23 upregulated and 4 downregulated 

(supplementary table 4.1). The highest fold changes associated with the SW480β6OE cell 

proteome was observed in the integral membrane protein GPR180 (↑ 8.47 fold change, 

GPR180, UniProt: Q86V85) and Granzyme B (↓ 8.33 fold change, GRAB, UniProt: 

P10144), when compared against the proteome of SW480mock cells.  

GPR180 gene is primarily expressed in the vascular smooth muscle cell biology and is 

thought to be involved in vascular remodelling 44. Recently the GPR180 gene has been 

identified to be critically involved in breast cancer 45. Similarly, GRAB is serum protease 

that induces apoptosis via activation of caspase cascades during cell-mediated immune 

response 46. GRAB-mediated apoptosis is utilized by the natural killer cells and cytotoxic 

T lymphocytes to eliminate tumorous, virally-infected and/or allogeneic cells 47 and loss 

of individual granzymes is associated with increased cancer risk 48.  

KEGG 42 pathway enrichment of differentially expressed proteins in/on SW480β6OE 

against SW480mock cells identified retinol metabolism (hsa00830), metabolic pathways 

(hsa01100), tyrosine metabolism (hsa00350) and fatty acid degradation (hsa00071) as 

the top four (4) pathways involved in GRAB signalling, compared to SW480mock cells. 

 

Antagonization of the uPAR-αvβ6 mediated by iPEPs 2/6 alters processes 
associated with metastatic phenotypes in CRC cell model 
 
Proteome differences between individual iPEP2- and iPEP6-treated SW480β6OE cells was 

quantified against the proteome of SW480mock cells. iPEP2-treated proteomes were found 

to contain 273 differentially-expressed proteins at a minimum 1.5 fold change and p-



209 
 

values <0.05 (supplementary table 4.1). These proteins were found to be associated 

with epithelial cell migration, axon development, artery morphogenesis, cell-substrate 

adhesion, wound healing responses and negative regulation of proteolysis, as shown in 

colour node annotation in figure 3.  
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Figure 3: Processes associated with the differential proteome expression in 

SW480β6OE cells upon iPEP2 treatment. Differentially expressed proteins between 

iPEP2 treated SW480β6OE and SW480mock cells were enriched to identify the processes 

altered with the proteome changes. Analysis with 273 differentially expressed proteins 

(min. 1.5 fold change and p <0.05) enriched the processes associated with “cell migration, 

axon development, artery morphogenesis, cell-substrate adhesion, response to wound 

healing and negative regulation of proteolysis activity”. Each colour in the network 

represents a separate process, while coloured node annotation represents the primary 

process.  
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DAVID-based pathway enrichment analysis41 of differentially-expressed proteins 

identified proteoglycans in cancer (KEGG: hsa05205), focal adhesion contacts (KEGG: 

map04510), ECM-receptor interactions (KEGG: hsa04512), complement and coagulation 

cascades (KEGG: map04610) and HIF-1 signalling pathway (KEGG: map04066) as the 

top 5 pathways affected (supplementary table 4.3). It comes as no surprise that most of 

these pathways are independently and intimately involved in metastatic cancer biologies. 

For example, proteoglycans are key tumor microenvironment cell surface and pericellular 

molecular effectors involved in processes long-associated with tumor progression 49,50. 

Similarly, the formation and turnover of focal adhesions play an essential role in cell 

migration and invasion during cancer where they form specialized contact points between 

the cell and the extracellular matrix, where actin filaments bundles are anchored to the 

transmembrane integrin receptors. Focal adhesion signalling culminates in actin 

cytoskeletal reorganization which facilitates cell motility 51,52. Proteoglycan and integrin 

mediate cell and ECM interactions was another enriched pathway that mediates the direct 

or indirect regulation of the adhesion, migration, invasion and apoptosis processes 19. 

Likewise, the complement system contains a number of central serine proteolytic 

cascades which mediate innate immunity 53. Recent discoveries in the function of the 

complement system have identified roles in cell-cell and cell-extracellular communication, 

cell migration and proliferation in cancer 54–56. Equally, hypoxia-inducible factor 1 (HIF-1) 

modulates cell signalling by activating transcription of genes involved in glucose 

metabolism that allows metastatic cells to fulfil their increased glucose uptake 

requirements 57.  
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Figure 4: Processes altered by the treatment of iPEP6 on SW480β6OE cells. 

Differentially expressed proteins upon iPEP6 treatment on SW480β6OE cells against 

SW480mock cells were enriched to identify the processes associated with the altered 

proteome. Enrichment of 464 differentially expressed proteins (min. 1.5 fold change and 

p <0.05) generated an enrichment network specific to the processes associated with “cell 

migration, regulation of peptidase activity, versicle mediated transport and regulation of 

a. 

b. 
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proteolysis”, represented as a node annotation in colour (4a) and the pie chart (4b). 

Enrichment network constitutes subprocess for all applicable processes.  

Quantitative proteome analysis identified 464 significant proteins (minimum ± 1.5-fold 

change and p-value<0.05) out of 7,618 proteins, from iPEP6-treated SWS480β6OE cells 

against non-treated SW480mock cells (supplementary table 4.1). iPEP6 treatment altered 

processes associated with cell migration, regulation of proteolysis/peptidase activity, 

vesicle-mediated transport, as shown in figure 4. Twenty-four of these proteins were 

characterized by a minimum 3 fold change in protein levels against non-treated 

SW480mock controls. Similar to the iPEP2 study, GPR180 was identified as the top 

upregulated (↑ 9.6) protein, whereas GRAB (↓ 9.6) was the most downregulated protein 

upon iPEP6 treatment.  

Importantly, DAVID-based pathway analyses identified that iPEP2 and iPEP6 treatment 

affected a common set of biological processes. In detail, the top five (5) processes altered 

by iPEP6 treatment were ECM-receptor interaction (KEGG: hsa04512), proteoglycans in 

cancer (KEGG: hsa05205), complement and coagulation cascades (KEGG: hsa04610), 

glutathione metabolism (KEGG: hsa00480) and focal adhesion (KEGG: hsa04510) 

(supplementary table 4.4). Glutathione (GSH) metabolism was identified to be a 

significantly altered process only in the iPEP6-treated CRC cell line proteome. GSH 

metabolism is primarily involved in maintaining cellular redox homeostasis and nutrient 

metabolism. However, roles in cellular processes like differentiation, proliferation and 

migration have been established and disturbances in reduced GSH homeostasis has 

been linked to cancer progression 58,59. 
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Discussion 
Expression of the integrin β6 subunit repurposes signalling events based on cellular 

assays leading to enhanced proliferative signalling 31. Our previous study has established 

that cells expressing full-length integrin β6 subunit display increased endogenous ERK2 

phosphorylation. This is not surprising given it is one of integrin αvβ6 key signaling ligands 

and equally an end-product of MAPK proliferative signalling 24. Significant increases in 

ERK 1/2 phosphorylation were observed upon expression of full-length integrin β6, and 

phosphorylation levels were further enhanced after treatment with latent TGFβ1 and or 

Plg 24. This evidence suggests the presence of non-canonical signalling involved in the 

translation of the TGFβ and plasmin activity leading to the enhanced phosphorylation of 

ERK 1/2.  

Likewise, integrin β6 subunit expression also enhanced basal SMAD2 and Akt1/2/3 

phosphorylation levels, however latent TGFβ and Plg were able to inhibit the 

phosphorylation, indicating a switch in MAPK-dependent proliferating signalling to 

SMAD/Akt signalling. This data demonstrates the uPAR·αvβ6 metastasome contributes 

to trans-activation of the MAPK pathway 31.  

These proliferative effects are further exacerbated in the presence of the uPAR-αvβ6 

interactome, interactome ligand zymogens like latent TGFβ and/or Plg. This enhanced 

proliferative signalling is inhibited either by the zymogen inhibitors or interference iPEPs. 

Previous studies by Cantor et al., in our team have conclusively identified signalling 

changes are mediated via non-canonical MAPK proliferative signalling pathways 31.  
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HiRIEF aids in the generation of high-stringency MS data  
We have performed a comprehensive proteomic analysis to observe effects of rationally-

designed interference peptides on biological effects of the uPAR·αvβ6 interactome. A 

well-established IPG-IEF based HiRIEF analysis was utilized for TMT label-based 

quantitative proteomics analysis identifying 7,618 proteins and high MS stringency 

criterion applied for identification of proteins (i.e., minimum of two no miss-cleaved 

peptides of at least seven amino acid residues length, as peptides of longer length, tend 

to result in low false discovery rate (FDR)). Peptides identified with the stringency 

standards are more specific and unique to a protein, elimination of the missed cleavages 

and requirement of two peptides further increases the FDR sensitivity 60. Increase in the 

stringency levels decreases the number of the protein identified from MS analysis 

however, the number does not translate into the biological relevance of the data. Number 

of protein identified from a proteomics data is a dynamic value that is highly dependent 

on the protein search metrics and applied FDR, as exemplified previously in the 

identification of olfactory receptors 61.  

 

High-Quality proteomics data reveal new insights into critical interactions.  
A significant 3,752 (49%) proteins identified with HiRIEF were found to be membrane 

proteins. A comprehensive peptide fractionation into 72 subsets adopted by HiRIEF 

decreased proteome complexity by orders of magnitude, allowing identification of many 

low abundance and hydrophobic proteins. The HiRIEF methodology has previously been 

utilized in the identification of a significant percentage of the human proteome using 

proteogenomics 32,33,62,63.  
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The ability of HiRIEF to achieve in-depth proteome coverage allowed high-throughput 

identification of proteome changes induced by integrin β6 subunit expression and 

subsequent treatment with interference iPEPs. A comparison of the proteome levels 

between SW480β6OE and SW480mock cells proteome enriched pathways associated with 

focal adhesion, ECM receptor, Wnt signalling and proteoglycan cancer biology (figures 1 

and 2). It is interesting to speculate that the observed focal adhesion and regulation of 

the actin cytoskeleton changes might be linked to the observation of a more ‘stellar’ 

SW480β6OE morphology. The regulation of focal adhesion and ECM-receptor interaction 

processes is known to mediate integrin-dependent adhesion, activation of growth factors 

and inhibition of apoptosis which subsequently contribute to cell proliferation, invasion 

and migration 64.  

Similarly, iPEP2 and iPEP6 treatment altered common biological processes including 

“proteoglycans in cancer (KEGG: hsa05205), focal adhesion (KEGG: map04510), ECM-

receptor interaction (KEGG: hsa04512), complement and coagulation cascades (KEGG: 

map04610)”. HIF-1 signalling pathway was identified as one of the top 5 processes only 

in iPEP2 treatment whilst glutathione metabolism (KEGG: hsa00480) was only identified 

on iPEP6 treated proteome. Collectively, these processes are known to be involved in 

cell proliferation, adhesion, migration, invasion and distal metastasis, which are 

commonly involved in metastatic carcinoma. These signalling changes align with a 

previous cell treatment assays performed by Cantor et al. 31, who identified the role of 

integrin β6 in inducing the metastatic phenotypes which are eventually nullified in the 

presence of iPEPs.  

 



217 
 

 

iPEPs as potential clinical agents against metastatic progression 
Whilst the iPEP-induced proteome displays a characteristic signature of the inhibited 

metastasome that pairs with the previous cell assay 31. However, iPEPs cell treatment 

was performed at a final concentration of 10μM in cell culture media, and further studies 

are required to assess their activity at lower concentrations. Similarly, processes induced 

by iPEP treatment should be validated with orthogonal methodologies to complement MS-

based data. Likewise, the ability of iPEPs to resist proteases upon oral administration or 

intravenous injection, internalization into the tumor cells and ability to inhibit pro-

metastatic effects in vivo has to be studied to establish iPEPs as a potential agent 

targeting late-stage metastasis.  

 

Conclusions 
In summary, the study presents the pro-metastatic role of integrin αvβ6 in CRC cell model, 

which can eventually be nullified by interference iPEPs. This data substantiates iPEPs as 

an attunable potential therapeutic agent against late-stage CRC metastasis potentially by 

antagonizing association between membrane proteins like uPAR and integrin αvβ6.  
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Chapter 5: Thesis Discussion and Future 

Directions 

This thesis contributes in the generation of new knowledge regarding a number of discrete 

initiatives under the aegis of the Human Proteome Project (HPP), namely the 

chromosome-centric HPP (C-HPP) and biology/disease HPP project (B/D-HPP). 

Contributions to C-HPP knowledge was achieved through; 

i) an update on the status of the past and current missing proteins (MPs; 

PE2+PE3+PE4 proteins) defined by neXtProt 1, and 

ii) determining one potential explanation for the paucity of MS-based PE1 

identifications for multi-transmembrane domain-containing human proteins 

(i.e., >2 transmembrane domains; TMDs), where a higher proportion 

(880/2,129 or 41%) are currently PE2-4 MPs.  

Analysis of the neXtProt missing proteins over the years allowed the identification of 

multiple protein families that have failed to obtain sufficient MS evidence for their PE1 

assignment. Differentiation of the missing protein families based on their rate of 

identification will aid in designing targeted MS approach for their potential PE1 

assignment. The analysis concluded that ORs were the largest group of missing proteins 

that lack any MS evidence. In silico analysis of multi-TMD containing proteins indicated 

that membrane hydrophobicity and distribution of proteolytic sites play a role in restricted 

identification of these protein groups. This signifies the requirement of either adoption of 
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non-conventional MS approach or relaxation of the stringency requirements for specific 

missing proteins as per the HPP “exceptions committee” criteria for PE1 assignment. 

During the in silico analysis, multiple missing proteins failed to generate theoretical 

peptides qualifying the HPP PE1 guidelines.  These missing proteins are the probable 

candidates qualifying the PE1 assignment, based on the exceptions committee criteria. 

Overall, contribution to the C-HPP would aid in the identification of the missing proteins 

groups that lacked significant PE1 assignment, prediction of the theoretical peptidome of 

any multi-TMD containing proteins and identification of potential missing proteins 

candidate that could qualify for PE1 assignment based on upcoming exceptions criteria.  

 

Contributions to the B/D-HPP was substantiated through antagonism of a putative cancer 

metastasis-related membrane protein-protein interaction between urokinase 

plasminogen activator receptor (uPAR) and integrin αvβ6. There, rationally designed 

uPAR interference peptides (iPEPs) based on the primary sequence binding sites of 

uPAR for integrin αvβ6 were utilized to assess their ability to abrogate the metastatic 

progression and to determine what proteome changes they affected. The analysis was 

complemented with identification of the uPAR interactome via a text mining approach to 

better understand the uPAR signalling networks.  

uPAR interactome revealed its pleiotropic nature, interacting with different classes of 

proteins. Role of uPAR interaction with many of these partners has already been identified 

in inflammation, wound healing and metastatic cancer progression. Reduction in the 

levels of the uPAR in CRC cell model was found to impair metastatic signalling signatures. 

Moreover, the definition of the epitope binding site of ligand on the uPAR resides could 
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be exploited for antagonization studies aiding in the precision treatment. In this effort, 

antagonization of uPAR interactome was exemplified by a synthetic peptide derived from 

the binding site of integrin αvβ6 on the uPAR. Disruption of uPAR and integrin αvβ6 

interaction by the synthetic peptide resulted in the inhibition of several metastatic 

phenotypes in colon cancer cell model. Comprehensive proteomics analysis 

demonstrated that either reduction of the uPAR expression levels or antagonization of the 

uPAR interactome with the aid of synthetic peptides negates multiple hallmarks of the 

metastatic progression. This presents uPAR as an attenable target against CRC and 

epithelial cancer metastasis and uPAR and integrin αvβ6 interaction as a potential clinical 

target against late-stage metastasis.  

The thesis offers future directions for the field on the improved strategies for membrane 

protein solubilization, utilization of “confetti” approach for membrane digestion, 

optimization of LCMS strategies to attain more in-depth coverage, and adoption of 

communal analysis of publicly available MS data for identification of novel MS peptides. 

The thesis also emphasizes the need for identification and validation of novel markers. 

Finally, the thesis presents iPEPs as imaging probe and therapeutic agent, applicable to 

multiple epithelial carcinomas. 

 

5.1 Challenges in identification of multi transmembrane domain-containing 

proteins by high stringency mass spectrometry 

Identification of multi-TMD-containing membrane proteins with high stringency MS 

remains problematic, primarily due to technical challenges on solubilization, proteolytic 

digestion, chromatographic separation and MS identification of at least two 9 or more 

amino acid containing unitypic non-nested cleaved peptides from the N- and C-termini, 
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inter-TMD loops and TMDs 2,3. Equally, incompatibility of with a traditional shotgun MS 

workflow results in the under-representation of peptides originating from the TMD regions, 

when compared to the peptides derived from the soluble loop and strand domains 4. 

Due to the improbable tryptic peptide generation from TMD regions, we hypothesised that 

the experimental tryptic peptide yield from TMD-containing proteins should be 

comparable to the theoretical (in silico) peptides originating from concatenated soluble 

domains (i.e., N- and C- terminal strands and loop domain). To test my hypothesis, I 

performed an in silico analysis to construct a tryptic peptide repertoire derived solely from 

the TMD and soluble domains of all 404 human seven TMD-containing olfactory receptors 

(OR). ORs are the ideal protein family on which to perform in silico analysis as they 

entirely lack HPP MS-based evidence to support their protein existence and the in silico 

analysis could potentially decipher the reasons behind this paucity in MS-based 

identification. Analysis of the tryptic peptidome revealed that only 235/404 (58%) ORs 

were able to generate tryptic peptides that could meet the current  HPP guidelines for 

protein existence 1 (PE1) assignment (i.e., generate a minimum two or more uniquely-

mapping, non-nested, experimentally-derived peptides that are of 9 or more amino acid 

residues in length). 

Manuscript 1 presents an in silico analysis on seven TMD-containing ORs to assess 

their ability to generate peptides qualifying the PE1 assignment criteria from their 

concatenated soluble domains 5. The inability of specific ORs to the generate peptides 

qualifying HPP criteria, from their complete sequence (i.e., including TMDs) presents the 

definitive rationale behind the paucity in the identification of ORs by an MS approach. The 

biological facts that ORs have low transcription rates are expressed in a limited number 
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of cells and that each cell only expresses any single (i.e., 1/404) OR at a given time further 

complicates the search for ORs by MS.  

In Manuscript 2, I expanded previous OR family analysis to all human multi-TMD 

containing proteins. Analysis of the TMD number, length, hydrophobicity and presence of 

the arginine and lysine (R/K) residues was performed to assess their ability to generate 

suitably long and unitypic tryptic peptides. The in silico tryptic peptide repertoire of multi-

TMD containing proteins identified a subset of proteins that are also not able to generate 

peptides as per HPP MS-based PE1 assignment requirements. Future PE1 assignment 

of these proteins by MS data may require the adoption of non-conventional MS analysis 

methods, i.e.,  utilization of alternate protease/s digestion or inclusion of these proteins 

under the “exceptions” committee now considering these types of proteins.  

5.2 Mass spectrometry-based proteomics analysis 

The HPP has recognized MS as one of its fundamental resource technology pillars along 

with antibody/affinity, knowledgebase and pathology pillars. MS is an indispensable 

component of current high-throughput proteomic analysis which enables determination of 

an unbiased map of protein abundances, interactions, sequence modifications and splice 

variants 6, 7. MS-based proteomic analysis can broadly be classified into i) discovery 

approaches that aim at identification and characterization of a complete proteome from a 

protein sample, and ii) targeted approaches that aim at the identification of specific 

proteins of interest utilizing predefined peptide model 8.  

MS analysis can either be performed with i) top-down or ii) bottom-up approaches. A top-

down approach involves an analysis of intact proteins for protein identification allowing 

discernment of the proteins’ primary structure, as the data generation does not involve 
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proteolytic agents 9. Bottom-up proteomics (also referred to as “shotgun”) involves 

proteolytic digestion of the proteins to peptides and their analysis by LC-MS/MS. Protein 

identification from shotgun data is often performed by matching theoretical spectra with 

experimental spectra, commonly referred to as peptide-spectrum-matches (PSM) 10.  

The PSM method provides a qualitative and quantitative measure for protein abundances 

across samples either using a label-free or label-based methods 11. Label-based methods 

rely on the incorporation of isotopologues into peptide or protein which can be 

distinguished by MS. Label-free techniques adopt a comparative analysis based on the 

number or intensity of the acquired ion spectra 12, different label-free quantification 

strategies along with a workflow for targeted analysis in Skyline 12 is described in 

Manuscript 3. Label-free quantification was applied in Supplementary Manuscript 1 to 

decipher the systemic proteome changes associated with a decrease in uPAR levels in 

wild-type and genetically-modified CRC cell line (HCT116). Quantitative proteomics 

analysis was performed between cells carrying a uPAR antisense construct and wildtype 

cells expressing high basal levels of uPAR 13.  Comprehensive proteomics study 

demonstrated for the first time that reduction in uPAR expression levels negates multiple 

hallmarks of cancers (HoCs) associated with metastasis upon suppression of uPAR 13.  

Similarly, label-based high-throughput proteomics was performed in Manuscript 5, which 

adopted a combination of tandem mass tagging (TMT), immobilized pH gradient 

isoelectric focusing (IPG-IEF) fractionation based on high-resolution isoelectric focusing 

(HiRIEF) methods with liquid chromatography and LC-MS. This analysis aimed at the 

identification of proteome differences associated with exposure of cells to rationally 

designed interference peptides (iPEPs). CRC cells that either express (SW480β6OE) or 
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lack integrin β6 (SW480mock) were examined. Since SW480 cells lack endogenous 

integrin β6 expression, overexpression of the integrin β6 in SW480β6OE cells also allowed 

us to study the uPAR and integrin αvβ6 mediated signalling in CRC metastasis.  

5.3 Identification of membrane and low abundant proteins  

The mass-to-charge (m/z) ratio of parent and daughter ions acts as a surrogate for protein 

identification during bottom-up approaches. Intensity and mass of coeluting peptide 

species are recorded in the MS mode whereas, the fragmentation pattern is identified 

during the MS/MS mode 14. Mass and fragmentation pattern provides the peptide identity, 

whereas intensity on parent ion provides a measure of abundance 14.  

MS has a remarkable sensitivity and resolution in the identification of high abundant ion 

species. However, the identification of low abundant proteins is challenging due to the 

masking effects imparted on low abundant proteins by the high abundant proteins 15. The 

phenomenon is more pronounced in data-dependent approaches (DDA) approach, where 

only selected number of most intense parent peptide species are selected for MS/MS 

fragmentation to generate daughter ions. The process results in bias favouring high 

abundant peptide species 15. The identification of low abundant peptide species could be 

enhanced by either i) enrichment strategies to remove specific high abundant proteins or 

by ii) fractionation strategies which reduce sample complexity by dividing the proteome 

over multiple subsets.  

 

5.4 Colorectal cancer (CRC) 

Globally 1.8 million patients were diagnosed with CRC during 2018; 75 % of these 

patients are predicted to succumb to the disease by the end of 5 years 16. CRC is more 



233 
 

often diagnosed during the later stages of the disease when cancer has likely spread to 

distal organs 17.  

CRC, like most other cancers, is characterized by multiple gene mutations that allow 

cancer cells to acquire a metastatic phenotype. A series of gene mutations responsible 

for the transformation of the benign polyps to adenocarcinoma and metastatic cancer has 

been characterized. Multiple signalling and proteome level changes associated with these 

mutations are thought to define the CRC metastatic phenotypes. Of the many proteins 

families involved in the CRC progression and metastasis, integrins (e.g., αvβ1, αvβ3, 

αvβ4 and αvβ6), proteolytic enzymes (uPA, uPAR, PAI-1, MMPs), growth factors (TGFβ, 

EGFR, VEGF), components of the MAPK signalling (ERK 1/2, RAS, JAN), components 

of the Notch and Wnt signalling are thought or known to be the primary mediators of CRC 

metastasome 18, 19.  

 

5.4.1 Urokinase plasminogen activator receptor in CRC  

Of the multiple pathways involved in CRC metastasome, plasminogen activation system 

(PAS) mediated proteolysis is thought to be a significant factor driving the CRC 

metastasome. PAS is driven by urokinase plasminogen receptor (uPA) and uPAR 

interactome 20. Elevated uPAR expression level is evident during tissue remodelling, 

inflammation and epithelial carcinoma. It is thought that uPAR promotes tumorigenesis 

either by participating in i) PAS dependent proteolytic cascade or ii) proteolysis 

independent cascade upon interaction with its lateral partners 13,21,22. The uPAR 

interactome consists of multiple lateral partners that are involved in metastatic carcinoma 

and was discussed in manuscript 4.  A text-mining approach was adopted to identify 
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uPAR partners, their subcellular locations and the methods utilized to decipher 

interactions. Of the total 111 uPAR interactions extracted from the PSICQIC 23 platform, 

binding site data for 12 uPAR ligands were identified and mapped on the uPAR primary 

sequence. Binding site analysis showed that uPA was likely and not unexpectedly the 

most significant uPAR partner followed by the vitronectin.  

A further observation was that integrins were a significant component of the uPAR 

interactome as they provide uPAR with signal specificity. Similar to uPAR, integrin 

expression is elevated during the inflammation, tissue modelling and multiple epithelial 

carcinomas 24. Integrins facilitate linkage of the cytoskeleton and ECM upon the formation 

of focal contacts, which are involved in cytoskeletal reorganization and cell motility 25. 

 

5.4.2 Functional association between integrin αvβ6 and uPAR in CRC 

Modulating the expression levels of either uPAR or the integrin αvβ6 has a profound effect 

on cell behaviour. For example, elevated levels of the integrin β6 in CRC cell model 

carrying β6 construct (SW480 cells carrying β6 construct, referred as SW480OE) shows 

enhanced proliferation, invasion and migration, compared to a cell lacking the β6 

expression 26. Similarly, decreasing the expression levels of the uPAR in CRC cell model 

(HCT116 cells carrying uPAR antisense construct) results in the inhibition of the uPAR 

interactome components involved in CRC metastasis 13.  

The Baker research team at Macquarie University has made a significant contribution to 

defining the independent and related roles of uPAR and integrin αvβ6 in human cancer. 

Our previous study has confirmed the strong expression of integrin αvβ6 during late CRC 

stages based on a tissue immunohistochemistry 27,28. Co-purification of uPAR from an 
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ovarian cell line (OVCA429 cell) by reverse immunoprecipitation with the integrin β6 

antigen provided evidence for uPAR and integrin αvβ6 functioning together in the CRC 

metastasome 29. Our continued interest in investigating a direct interaction between uPAR 

and integrin αvβ6 lead us to examine the precise epitope binding site of integrin αvβ6 with 

uPAR. In silico structural modelling based on uPAR crystal structure and models of 

integrin αvβ6 enabled us to discern a putative binding site location between these two 

proteins 30. These binding site identifications were experimentally confirmed with the aid 

of peptide array and proximity ligation assays identifying six putative binding sites 

between uPAR and αvβ6 31.  

 

5.4.3 Antagonization of the uPAR and integrin αvβ6 interaction.  

Synthetic peptides generated from the putative binding site of integrin αvβ6 on uPAR 

were utilized as interference peptides (iPEPs) to antagonize the uPAR and integrin αvβ6 

interaction. Two iPEPs (iPEP2 and iPEP6) were able to induce morphological changes in 

SW480OE cells. Similarly, iPEP2 and iPEP6 treatment decreased cell proliferation, 

migration and invasion in SW480OE cells, when compared to SW480mock cells. These 

SW480 cells lack endogenous β6 expression, as previously shown by Cantor et al. 26. 

In the study associated with manuscript 5, high-resolution MS analysis in combination 

with TMT and HiRIEF was performed to identify if these iPEPs induced proteome changes 

in SW4806OE cells and control SW480mock cells. Comparative quantitative proteomics 

analysis was performed between the proteome of non-treated SW480mock and SW4806OE 

cells. iPEPs were found to mediate signalling associated with embryogenesis, cell 

differentiation, apoptotic signalling and wound healing. These results are congruent with 
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previous biochemical and signalling analysis performed by our team, which demonstrated 

that iPEPs induced morphological changes and inhibited proliferation, invasion and 

migration on these same cell lines.  

5.5 Future directions  

5.5.1 Characterization of the complete human proteome  

The HPP aims to “generate a map of the protein-based molecular architecture of the 

human body and become a resource to help elucidate biological and molecular function 

and advance diagnosis and treatment of diseases” (https://hupo.org/human-proteome-

project). The HPP has achieved considerable progress in the identification and 

characterization of multiple proteins over the years. However, paucity in the identification 

of membrane proteins has hindered the HPP goal of characterizing the complete human 

proteome by MS. We have identified several multi-TMD containing proteins that cannot 

generate peptides required for PE1 assignment. These proteins are unlikely to be 

identified by conventional MS approaches and would require specialized and targeted 

approaches for PE1 assignment. Strategies that could aid in the identification of these 

missing membrane proteins are summarized below;  

i) strategies for optimization of membrane proteins solubilization 

ii) utilization of proteases compatible with the membrane preparations, such as 

CNBr or the so-called “confetti” multi-protease digestion 32  

iii) membrane enrichment prior to LCMS 13 

iv) optimization of the LCMS strategy to suit identification of the MS methods; such 

as multidimensional protein or peptide fractionation to achieve more in-depth 

https://hupo.org/human-proteome-project
https://hupo.org/human-proteome-project
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coverage 33, utilization of heated chromatography 34, adoption of targeted 

approaches 

v) informatics approach: communal reanalysis of the publicly available MS data 

to identify novel peptides from MPs or through the combination of “stranded 

peptides” from multiple MS repositories 35  

vi) identification of the proteins that are not theoretically capable of generating 

peptides as per the HPP guidelines 5 and assigning them exceptions criteria or 

define the existence based on non-MS evidence 

In summary, many missing proteins cannot generate peptides qualifying the HPP MS-

based PE1 criteria, any attempt to identify these proteins by traditional MS strategy may 

not be purposeful. However, assignment of alternate stringency criteria like “exceptions 

lists” as defined by HPP or their identification by non-MS methods such as genomics or 

interactomics may result in subsequent PE1 assignment of these “distinctive” proteins. 

Similarly, MS-based identification of proteins that can theoretically generate the peptides 

qualifying PE1 status can be enhanced with membrane enrichment, optimization of MS 

and other protein inference strategies.  

 

5.5.2 Validation of the CRC metastatic markers  

Whilst the results from iPEPs quantitative proteome changes correlate with the literature 

and previous cell-based assays from our team, further confirmation with orthogonal 

technologies is needed to validate these findings. These assays will aid in the elucidation 

of the role of uPA, uPAR, integrin αvβ6 independently and in when they act in concert. 
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Rational avenues that could be utilized in the validation of iPEP-induced biology has been 

exemplified below 

 

5.5.2.1 Dose-dependent zymogen treatments 

We performed the iPEPs treatment of the CRC cell model at a concentration of 10µM 

iPEPs and scrambled iPEPs supplemented in the media. Although the treatment resulted 

in the identification of plausible biomarkers, achieving the concentration in vivo is not cost-

effective. iPEPs bound to the SW480OE when they were treated with 10µM iPEP in the 

growth media; the concentration was adopted to assess the quantitative proteome 

differences. Proteome changes associated with the lower concentrations of the iPEPs 

needs to be studied.  Moreover, additional studies are required to recapitulate the 

biological system in vivo with the inclusion of agonists and antagonists of the uPAR 

interactome in iPEPs treatment.  

 

5.5.2.2 Imaging the course of tumor action  

Expression of the uPAR interactome in late-stage CRC can be utilized as an imaging 

target apart from its role as a putative therapeutic target. Anti-uPAR peptides conjugated 

with the radiolabelled probe allows imaging the severity of the metastatic progression. 

Multiple radio probes exist that are targeted against uPAR and have shown promising 

results in mouse models 36. 

5.5.2.3 Establishment of a mouse model  

Validation of the iPEPs biology will require translation of the treatment to an animal model. 

Mouse model carrying the CRC phenotypes could be utilized to assess the suitability of 
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the iPEPs to function in vivo. Examination on the viability of the iPEPs upon intravenous 

injection should be performed to confirm their stability in vivo. Analysis of the immune 

system activation should be monitored for any immunogenic response on the host system 

to control co-morbidity.  

 

5.6 Summary 

This thesis has demonstrated  

i. The importance of the membrane topology in high-stringency MS 

identification of the multi-TMD containing proteins.  

Multi-TMD containing proteins are composed of TMDs, extracellular and intracellular 

domains. Among these domains, TMDs are characterized by the sparse distribution of 

tryptic sites located within the membrane hydrophobic environment, which restricts trypsin 

activity and subsequent peptide generation for MS analysis.  

Non-TMD domains generate most of the peptide complement during experimental MS 

analysis. However, they require a minimum of two proteolytic sites to release peptides 

upon proteolytic digestion, with an exception for N- and C-terminal strands.  Lack of two 

proteolytic sites in the domain loop results in the formation of “stranded peptides” that 

remain anchored to the membrane and is not available for MS analysis.  

We have identified multiple membrane proteins that cannot generate peptides qualifying 

the HPP MS-based PE1 assignment, these proteins may never be identified at standard 

HPP MS stringency requirements. PE1 assignment of these proteins requires derivation 

of protein existence information from non-MS techniques such as genomics and protein-

protein interaction.  
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ii. Role of uPAR in driving multiple hallmarks of cancer 

Comprehensive membrane proteome analysis of a CRC cell model with reduced uPAR 

expression demonstrated that uPAR is involved in multiple processes associated with the 

hallmark of cancer, particularly those involved in the metastatic progression, resisting 

apoptosis and enhanced proliferative signalling. Components of these signalling networks 

can be utilized in defining novel targets against metastatic progression. uPAR interactome 

remains as a promising target against diagnostic and prognostic markers in multiple 

epithelial carcinomas.  

iii. The capacity of a rationally designed interference peptide in abrogating 

metastatic phenotypes 

Antagonization of a putative membrane protein-protein interaction between uPAR and 

integrin αvβ6 by iPEPs alter the proteome towards inhibition of metastatic phenotypes. 

IPEPs altered proteome is involved in processes associated with cell embryogenesis, 

differentiation, wound healing and inhibition of apoptotic signalling. Similarly, results from 

our previous studies showed the capability of iPEPs to induce changes in cell morphology 

and inhibit proliferation, invasion and migration. These results collectively present iPEPs 

as an attunable therapeutic target against CRC and multiple other epithelial cancers.  

In summary, this thesis has demonstrated an informatics approach to predict the ability 

of any multi-TMD containing proteins to generate peptides as per the current MS-based 

PE1 assignment criteria. Similarly, the thesis presents the utility of high-throughput 

proteomics analysis in identification and antagonization of uPAR interactome to define 

novel late-stage CRC biomarkers.  
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Findings of this thesis will aid in i) formulating strategies for identification of current 

missing proteins and ii) providing a framework for future initiatives on detection and 

treatment of CRC.  
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