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Abstract 

The blood protein plasminogen circulates as an inactive precursor of the serine 
protease plasmin. Plasmin prevents aberrant formation of blood clots and protects 
individuals from vascular/tissue damage. Plasmin is also an extracellular proteolytic agent 
that is often exploited by malignant cancers to facilitate their escape from the confinements 
of the extracellular matrix. The initiation of invasion and metastasis by cancer cells has 
been linked to epithelial to mesenchymal transition (EMT). EMT prompts cancer cells to 
lose epithelial proteins and acquire versatile characteristics thereby permitting 
mesenchymal migration and movement. The invasive process often associates increased 
plasminogen activation with mesenchymal cancer cells. However, the two distinct 
processes of plasminogen activation and EMT are not yet functionally linked. The first 
objective of this dissertation was to characterize differentially-expressed components of 
the plasminogen activation system in lung cancer cells undergoing EMT. This objective 
was addressed using various models of epithelial-like and mesenchymal-like cells. 
Specifically, we demonstrated that the plasminogen receptor S100A10, the plasminogen 
activator receptor uPAR and the plasminogen activation inhibitor PAI-1 were differentially 
regulated in epithelial vs. mesenchymal cells. The expression and localization of these 
proteins modulated plasminogen activation at the cell surface. Importantly, we 
demonstrated that epithelial cells and not mesenchymal cells display marked levels of 
plasminogen activation. The second objective was to assess genes involved in 
plasminogen activation as potential predictors of patient outcome in non-small cell lung 
cancer using hierarchical clustering strategies in merged patient cohorts. We identified a 
list of candidate markers of which four genes (PLAUR, PLAU, ANXA2 and S100A10) 
emerged as strong predictors of overall survival. The third objective was to study the 
biological and clinical implications of S100A10 in pancreatic cancer. We showed that 
pancreatic carcinoma overexpressed S100A10 compared to early-stage lesions, stroma and 
normal tissues. S100A10 mRNA levels were also predictive of overall and recurrence-free 
survival in pancreatic cancer patients. The expression of S100A10 was largely driven by 
the oncogene KRAS and by DNA methylation of its promoter region. Together, these 
findings delineated a fundamental role of plasminogen activation, particularly that of 
S100A10 in lung and pancreatic carcinomas. 
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Chapter I: INTRODUCTION  

1.1 Subchapter 1: Cancer and Implications on the Patient 

1.1.1 Cancer 

Cancer is a global health concern with approximately eight million deaths 

worldwide [1][2]. In Canada, cancer is the leading cause of death (30% of all deaths) with 

approximately 210 deaths every day [1]. In the USA, Cancer follows heart disease as is the 

second leading cause of death with 595,690 deaths in 2016 [3]. Beyond statistics, the word 

“cancer” usually invokes a series of emotions among the public characterized by fear, 

helplessness and a consensus on the lack of cure. These emotions are driven and rendered 

complex by the fact that cancer is personified and villainized by the patients and the people 

around them.  

A simplistic definition of cancer is cell proliferation in an uncontrolled manner to 

form a tumor mass. To the biologist, cancer is a “sped up” version of evolution and a 

powerful example of Darwinism. In a seminal publication in 1976, Peter Nowell utilized 

his observations of cellular clonality in blood cancers to generate the theory of clonal 

evolution and explain cancer initiation and progression [4]. Clonality gives rise to 

populations that hijack growth signals, evade programs that suppress growth and resist cell 

death within a supportive primary tumor microenvironment [5]. However, the potential for 

primary tumor cells to metastasize is what warrants heightened concern and not the mere 

formation of a primary tumor. 
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Douglas Hanahan and Robert Weinberg published the original widely-known 

review “The hallmarks of cancer” in 2000, where they illustrated the complex nature of 

cancer biology in the form of six hallmarks that still stand true to this day. These hallmarks 

are self-sufficiency in pro-growth signals, unresponsiveness to anti-growth signals, 

inhibition of apoptotic signals, unlimited replication capacity, angiogenesis, invasion and 

metastasis [6]. This partly reductionist hallmark approach was triumphant during the early 

2000s until the complexity, the unpredictability and the heterogeneity of cancer toppled 

such simplistic approach. Not surprisingly, these hallmarks were later expanded in their 

2011 review to include two more hallmarks. These two additions include evasion of the 

immune response and the hijacking of cellular metabolism along two enabling 

characteristics in the form of genomic instability and highly-inflammatory tumor-

promoting microenvironment [5]. Weinberg addressed the issue of trying to simplify the 

disease as being caused or enabled by six or eight key processes and a select group of driver 

genes by stating that the attempt to reduce causality into one or two assailants is always 

met with endless complexity [7]. 

Understanding the underlying molecular mechanisms of the disease is crucial due 

to the high prevalence of cancer. Despite the efforts to delineate the cellular and molecular 

mechanisms in cancer, knowledge gaps still plague the disease. Cancer cell dissemination 

represents a key process and a turning point in cancer progression. Once cancer cells 

become invasive and gain the ability to metastasize, patient prognosis and treatment 

efficacy decrease drastically. Establishing a complete model of the major signaling 

pathways involved in invasive escape would present a major advancement in the field of 
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cancer research and therapeutics. The goal is to attain a reasonable improvement in patient 

outcomes whilst maintaining an adequate quality of life. 

1.1.2 Determinants of Patient Outcome 

In 1993, the health services research committee of American Society of Clinical 

Oncology (ASCO) redefined the outcomes of pediatric and adult cancer patients and their 

responses to treatment. ASCO’s guidelines are constantly refined considering new 

adjustments in current health care systems and new treatment modalities in the era of 

precision medicine [8]. These fundamental guidelines describe methods of assessing 

survival, quality of life, treatment toxicity, cost effectiveness as well as measures of patient 

response to treatment. Other guidelines address issues related to prioritization of patient 

outcome (i.e. what dictates how to proceed with treatment, patient quality of life vs. cancer 

response), the need to use multiple outcome measures to determine prospective treatment 

modalities and concerns regarding how to justify the benefit of treatment to patients, 

physicians and policy makers. 

1.1.2.1 Survival 

Patient survival is the most important determinant of patient outcome. Survival is 

represented through several measurements (summarized and defined in table 1) which 

include: overall survival, cancer-specific survival, event-free survival, progression-free 

survival, recurrence-free survival, median survival, disease-free survival, metastasis-free 

survival and others. Here, an important distinction must be made between survival of one 

patient and survival of a patient cohort. For instance, survival of a patient is a discrete 



  4 

measure of how long that patient survives from diagnosis until an event occurs (e.g. death 

after 12 months from diagnosis). In contrast, the survival of a patient cohort, also dubbed 

survival “rate”, is the percentage of patients that have not experienced an event within a 

specified duration of time after their diagnosis (e.g. 40% of patients are alive after 12 

months of follow-up). This distinction in understanding survival is best explained using the 

Kaplan Meier estimator [9] (discussed next) (figure 1). Importantly, the larger a patient 

cohort size, the more representative is the survival function to that of the entire population 

of patients. Under such situation, the survival rate becomes equivalent to the probability of 

a patient experiencing an event (e.g. death) after a certain period of time has passed since 

diagnosis. Using the above example, a patient who survived to 12 months after diagnosis 

has a 40% chance of surviving their cancer.  

As listed in table 1, examples of survival include cancer-specific survival rate which 

is the probability of a patient dying from their cancer within a period after diagnosis. Most 

common periods are one-, three- and five-year cancer-specific survivals (figure 1). Event-

free survival is related to the absence/presence of any event or outcome related to the 

disease such as relapse, remission, death etc. [10]. Disease-free survival is the time between 

response to treatment (or surgery) and the recurrence or relapse of a tumor. Relative 

survival is a non-parametric measure that compares the number of events one would expect 

since the previous event if there was no difference between groups [9](table 1).  Measures 

such as disease-free survival is relevant in the adjuvant setting to assess whether surgical 

and/or therapeutic interventions have been effective in preventing relapse. In contrast, 

progression-free survival is important in monitoring patients that have developed or at risk  
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Table 1. Measures of survival as determinants of patient outcome. Definitions of 
various types of survival as per clinical standards of a cancer patient. In clinical trials, 
these definitions are known as oncology endpoints. 
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Survival Description (*in the context of cancer)

Overall survival A measure of how long a cancer patient survives until 
death regardless of the cause of death (cancer or unrelated 
cause)

Relative survival A measure of overall survival of a cancer patient relative 
to overall survival of a cancer-free individual in a similar 
population

Cancer-specific
survival

A measure of survival until patient death due to cancer

Median survival A measure of the time at which half of patients have died

One-, three- and five-
year survival

A measure of survival after one-, three- and five years post 
diagnosis 

Disease-free survival A measure of how long a cancer patient remains cancer-
free after therapeutic intervention

Progression-free
survival

A measure of how long a tumor remains stable (tumor-free 
or non-progressing tumor) after therapeutic intervention

Recurrence-free
survival

A measure of how long it takes for a tumor to recur 
(relapse) after therapeutic intervention

Metastasis-free 
survival

A measure of how long it takes before a patient develops 
metastatic disease (including a recurring metastatic tumor)

Event-free survival A measure of how long it takes for a patient to be subject 
to a pre-determined event (e.g. recurrence, therapy 
resistance, side effect etc).
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of developing metastases [11]. Improvement in all types of survival is favorable and 

sufficient to justify further treatment while considering quality of life and cost. 

1.1.2.2 Kaplan Meier Estimator 

The Kaplan Meier (KM) estimator is a non-parametric test that estimates the 

survival function over time. The survival function on a KM plot offers information on the 

specific survival of a patient of interest and the percent of patients alive (or event-free) over 

time or at a particular point in time. The latter is equivalent to the probability of 

experiencing death (or any event) at that particular time point or over an extended period 

[12]. The figure legend contains specific information on how to read a KM plot (figure 1).  
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Figure 1. The Kaplan Meier (KM) estimator. The graph represents a overall survival 
function of a cohort of patients (178 pancreatic cancer patients in this case). The graph 
shows the probability of survival of this patient cohort at a designated time interval. The 
larger a patient cohort is, the closer is the survival function of this cohort (178 patients) to 
that of the entire population (i.e. all pancreatic cancer patients). Each tick represents a 
patient and is a measure of his/her survival (on x-axis) at the time of last follow-up. The 
declining shape of the curve is contributed by event occurrence (death in this case). There 
are concrete survival definitions that are displayed by a Kaplan Meier plot such as one-, 
three- and five-year survival of this patient cohort. The percentage of patients that survived 
is at the point of interception between the curve and a particular time point. Median survival 
is the time at which half (50%) of the patients in this cohort are still event-free (i.e. alive). 
The 95% confidence limits of the survivor function are shown. In practice, there are usually 
patients who are lost to follow-up or alive at the end of follow-up, and confidence limits 
are often wide at the tail of the curve, making meaningful interpretations difficult. 

 



  9 

 

 

 

 

  

0 20 40 80 10012 36 60
0

20

40

60

80

100

50

Overall Survival (Months)

Pe
rc

en
t s

ur
vi

va
l

95% confidence
intervals

one-year 
survival

three-year 
survival

five-year 
survival

Patient
(red tick)

% of patients 
alive after one year

% of patients 
alive after three years

% of patients 
alive after five years

median 
survival



  10 

1.1.3 Quality of Life 

The quality of life for a cancer patient is an important concern that not only 

addresses the 1) physical effects of cancer treatment but also the 2) psychological and 3) 

social aspects [13]. Physical effects are any symptoms caused by the cancer or by the 

toxicity of treatment. Toxicity considers multiple dimensions which include the frequency, 

duration and severity of the treatment and it may invoke disruptions to daily activities such 

as walking, talking, exercise etc. A classic example is the cardiotoxicity of anthracyclines 

where the acute and chronic cardiac dysfunction and the appropriate time frame for 

administering cardio-protective treatments should be considered [14]. The psychological 

effects are defined as any changes in the cognitive and emotional state of the patient due to 

cancer or treatment toxicity (depression, anxiety, stress etc.). Social effects are related to 

changes in social behavior and interpersonal relationships at home, workplace, school or 

community at large.  

Although quality of life measurements are often subjective and a concrete scale 

may be impractical [15], focusing on the psychological and overall well-being of every 

individual is important. The term quality-adjusted survival is widely used in clinical trials 

and accounts for treatment side effects and overall cost. Cost-effectiveness is also a relevant 

“outcome” and is often represented as the cost per year of life saved (LY) or cost of quality-

of-life-adjusted year of life saved (QALY). Cost-effectiveness evaluates the monetary cost 

of a cancer treatment and compares it to alternative treatment options whilst considering 

the effect on survival and quality of life [16]. Various methods of measurements have been 

developed to assess quality of life; these include EORTC (European Organization for 
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Research and Treatment of Cancer) quality of life questionnaire core 30 items (QLQ-C30), 

functional assessment of chronic illness therapy (FACIT) measurement system, Rotterdam 

symptom checklist (RSCL) and others [17] [18]. These measures are held to high standards 

of validity and reliability and are normally assessed prior to, during and after a treatment. 

These tests are also meant to be palpable to the patient and are easy to read and complete 

while remaining sensitive to subtle changes [19]. Quality of life of a cancer patient can also 

be affected by co-morbid conditions and their respective treatments. For instance, diabetic 

pancreatic cancer patients who are receiving anti-diabetic medications are at higher risk of 

dying from their cancer compared to diabetic cancer patients not receiving anti-diabetic 

medications [20]. Therefore, assessment of quality of life is fundamental in both 

randomized (Phase III) and non-randomized (Phase I and II) clinical trials [19]. 

1.1.4 Measure of Cancer Response to Treatment 

A measure of a tumor’s response to treatment is considered a hallmark of disease 

progression. These measures include degree of tumor remission (partial or complete) and 

time to disease progression. For that purpose, multiple cancer biomarkers have been used 

to monitor cancer response (discussed later). Although many studies demonstrated that 

there is a positive correlation between increased quality of life and a favorable cancer 

outcome [18], the aforementioned treatment-induced toxicity can have a negative impact 

on quality of life despite tumor remission. 
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1.2 Subchapter 2: Cancer Research in the Era of “Big Data” 

The most notable success stories which triggered drastic improvements in the 

outcome of cancer patients emerged from studies that identified a unique and targetable 

cancer-causing gene or event (e.g. BRAF mutations in melanoma patients) [21]. Early 

studies had utilized sanger sequencing and comparative genomic hybridization to identify 

a manageable number of cancer-causing events [22]. Such personalized treatments 

flourished upon the finalization of the human genome project in 2003 [23]. However, the 

subsequent advent and prompt availability of high-throughput high-resolution microarray 

and next generation sequencing revolutionized the unveiling of the genomic landscape of 

cancers and gave rise to the era of “big data”. The big data era resulted in an arguably 

overwhelming body of genomic information that is now globally used to identify cancer-

causing and cancer-promoting alterations to predict patient outcome and to better guide 

treatment regiments. The new era has also pushed aside the idea of dealing with a “single-

gene” disease with small sample sizes and largely inaccessible clinical data. Rather this era 

has introduced accessibility to an expanding number of patient cohorts and a series of well-

annotated clinical data. It should be noted that the broad term “genetic alterations” 

encompasses single nucleotide variants (SNVs), single nucleotide polymorphisms (SNPs), 

chromosomal translocations and aberrations, somatic copy-number aberrations (CNAs), 

transcriptional profiles and epigenetic changes. These alterations have revealed a 

significant degree of tumor divergence among and within individuals, as well as divergence 

in different stages of tumor development. This heterogeneity is not easily addressed by 

standardized clinical tests resulting in hindrances in the applicability of new personalized 

approaches in cancer treatment.  
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1.2.1 Types of Genomic Data 

1.2.1.1 Genomics and Transcriptomics  

The advent of whole genome sequencing or targeted sequencing of enriched regions 

enabled us to detect many of the aforementioned genetic alterations. While whole genome 

DNA sequencing produces a detailed snapshot of the genomic landscape of patient tumors, 

it is a time-consuming process especially with a large sample size. In contrast, targeted 

sequencing (e.g. exome sequencing of only the protein coding region of genomic DNA) 

offers a lower resolution by sequencing enriched regions using pre-determined primers. At 

the RNA level, microarray analysis offers new insights into the gene expression levels 

without sequencing the coding regions but is capable of extracting information about both 

gene expression and copy number aberrations. Microarrays revolutionized the 

classification of cancer into multiple subtypes with unique expression profiles and clinical 

behaviors [24]. Recently, the advent of RNA sequencing (RNA-Seq) in 2009 enabled 

researchers to not only quantify gene expression of non-coding and coding RNA but also 

to detect single nucleotide polymorphisms, copy number aberrations, post-transcriptional 

modifications, gene fusions and alternative splicing [25]. RNA-Seq and other next-

generation sequencing (NGS) tools encouraged cancer scientists worldwide to examine 

thousands of tumors from most cancer types from various parts of the world. The need to 

share data among researchers was confined by geographical boundaries and the 

ineffectiveness of the physical storage of data. Consequently, multiple initiatives were 

taken to improve data accessibility. These efforts culminated in the formation of 

international consortia such as the Cancer Genome Atlas (TCGA), International Cancer 
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Genome Consortium (ICGC) and the European Molecular Biology Laboratory –European 

Bioinformatics institute (EMBL-EBI) [26]. TCGA contains genomic profiles of over 

11,000 late-stage tumor samples from 33 different cancer types. These genomic profiles 

include copy number aberrations, somatic mutations, DNA methylation, mRNA expression 

(both microarray and RNA-Seq), miRNA (microRNA) as well as protein expression. 

Analysis of these databases allowed researchers to decipher genetic events and signaling 

pathways that drive malignancy in patients. The genomic profiles and signaling events have 

helped understand the molecular mechanisms of malignant disease, address molecular and 

genetic heterogeneity and identify biomarkers for cancer diagnosis and progression, 

response to treatment and outcome predictors. Table 2 summarizes examples of such 

resources and databases, the type of analyses provided and the strengths and limitations of 

each resource (table 2). One limitation of the TCGA cohorts is that tumors are 

predominately late stage tumors, which minimizes the ability to study early events during 

cancer development or relapse and importantly undermines findings that may not be 

applicable to early-stage patients. For that purpose, a new initiative dubbed the Pre-cancer 

Genome Atlas is ongoing, which encourages genomic profiling of pre-cancerous lesions 

and the surrounding microenvironment [27].  

1.2.1.2 Epigenomics  

Chromatin is the macromolecular complex consisting of DNA and histones. It 

packages DNA into a compact form, sustains mitosis, prevents DNA damage and 

modulates DNA replication and gene expression. The fundamental functional unit of 

chromatin is the nucleosome which contains 147 base pairs enfolded by four pairs of the 
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histones H2A, H2B, H3 and H4. At any given time during the cell’s lifetime, chromatin 

exists in 2 forms. These 2 forms include: 1) heterochromatin that is a highly condensed 

form containing inactive genes inaccessible to transcription factors and 2) euchromatin, 

which maintains an open structure accessible to transcription factors. Both components of 

the nucleosome, DNA and histones are subject to biochemical modifications mediated by 

chromatin-modifying enzymes in a tightly-orchestrated process [28]. 

In 1956, in a publication in the journal Evolution, Conrad Waddington first used 

the term epigenetics to describe heritable modifications that affect cellular functions 

without affecting the DNA genomic sequence. He exposed eggs of Drosophila 

Melanogaster eggs to environmental stimuli in the form of ether. This exposure assimilated 

the bithorax complex phenotype (doubling of wings, thorax and stomach) in less than 30 

generations without changes in DNA [29]. Up until 1982, many research groups had 

observed that gene silencing was linked to DNA methylation in various tissues [30]. 

However, the first observation of epigenetic modifications in cancer was reported in 1983 

by Andy Feinberg and Bert Vogelstein who demonstrated using southern blotting that CpG 

dinucleotides in many DNA sequences were hypo-methylated in tumor tissues compared 

to normal tissues [31]. Later that year, Gama-Sosa et al. utilized high performance liquid 

chromatography to show that the overall amount of 5-methylcytosine (5mC) was reduced 

in tumors, a phenomenon called “global hypo-methylation” [32]. Subsequent studies 

revealed that the high frequency of hypo-methylation at CpG sites is seen across many 

cancer types including cancers of the pancreas [33], colon [34], lung [35] and stomach [36]. 
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Table 2. Online resources for genome-wide analyses of tumor biology and patient 
outcome. The table summarizes select examples of resources and databases available for 
cancer researchers, the type analyses that could be performed as well as strengths and 
limitations of each resource. 
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Database Genetic analyses 
available

Description

International 
Cancer Genome 
Consortium 
(ICGC) 

- mRNA
- microRNA 
- Mutations
- Gene-copy number 

Methylation

- Requires prior knowledge in bioinformatics and 
manipulation of large files. 

Cbioportal - mRNA 
- microRNA 
- Mutations
- Gene-copy number 
- Methylation

- Includes analyses of 1000s of tumor samples from 
various cancer types.

- Offers interactive easy-to-use interface.

Oncomine - mRNA 
- Gene-copy number

- Offers unique comparisons between tumor and 
normal tissues.

- Allows inclusion of comparison of several tumor 
features (e.g. drug resistance, recurrence vs. primary, 
primary vs. metastasis).

Firebrowse - mRNA - Offers unique visual comparisons between tumor 
and normal tissues and across tumors.

- Has limited input and does not allow data download 
and analysis.

MEXPRESS - Methylation 
- mRNA

- Allows visualization of overall methylation profiles 
across multiple patient cohorts.

MethHC - Methylation 
- mRNA - Allows visualization AND analysis of overall 

methylation profiles across multiple patient cohorts.
Wanderer 
maplab

- Methylation 
- mRNA

OncoLnc Kaplan Meier survival
analysis based on 
mRNA and miRNA 
expression

- Requires predetermined expression cut-offs to plot 
survival curves.

Cancer Cell
Line 
Encyclopedia 
(CCLE)

- mRNA 
- microRNA
- Mutational
- Gene-copy number 
- Methylation

(Cell lines only)

Contains build-in resources:
- Integrative-genomics viewer (IGV): visualization 

tool for interactive exploration of large integrated 
datasets.

- Differential expression analysis
- Gene co-expression
- Gene Set Enrichment Analysis (GSEA): analysis of 

curated pathways that correlate with gene/s of 
interest.
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Since then, multiple epigenetic alterations have been described including 4 

modifications affecting DNA [37] and 16 affecting histones [38][39]. These modifications 

can not only change chromatin structure by affecting the non-covalent interactions between 

nucleosomes but also form novel binding sites for proteins that are specific for the modified 

regions. Examples of DNA modifications include: methylation, hydroxymethylation, 

formylation (addition of formyl group), and carboxylation (addition of carboxyl group). In 

contrast, histone modifications are more diverse and consist of: acetylation, methylation of 

lysine and arginine, phosphorylation of serine/threonine or tyrosine, ubiquitination, ADP 

ribosylation, sumoylation, deamination, crotonylation, proline isomerization, 

propionylation, butyrylation, formylation, hydroxylation and O-GlcNAcylation of 

serine/threonine [37]. DNA methylation and histone acetylation will be discussed next due 

to their relevance in cancer and relatedness to the dissertation objectives.  

1.2.1.2.1 DNA Methylation 

The importance of hypo-methylation in cancer is manifested through reactivation 

of proto-oncogene expression, which would normally be methylated in non-neoplastic 

tissues [40](figure 2).  5mC is the most studied form of DNA methylation where the carbon 

at position 5 of the nitrogenous base cytosine is subject to methylation or demethylation 

(figure 3). Details of the chemical reactions involved in the methylation and demethylation 

of cytosine are discussed in the figure legend of figure 3. Modifications of methylation can 

not only affect protein-coding genes but also non-protein coding genes such as microRNAs 

(miRNA) and long-non-coding RNAs (lncRNA) that play key roles in oncogenesis [37]. 

5mCs that are part of CpG dinucleotides aggregate in gene promoters forming CpG islands 
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directly influencing gene expression (figure 4). Over two thirds of mammalian promoters 

contain CpG islands highlighting the relevance of DNA methylation in modulating gene 

expression [37] [41]. Up to 10% of unmethylated CpG islands in gene promoters exhibit 

hyper-methylation in cancers. CpG shores which are upstream or downstream of CpG 

islands and are highly conserved sequences have also been implicated in regulating gene 

transcription. Unlike methylation in CpG islands, CpG shore hyper-methylation is usually 

linked with increased gene expression indicating that spatial and contextual methylation is 

to be considered while studying gene regulation [37]. Spatial representations of the CpG 

islands, shores and shelves are depicted in figure 4 ((figure 4). 

DNA methyltransferases are responsible for the addition or removal of methyl 

groups; 3 of them have been characterized in eukaryotic cells. DNMT3A and DNMT3B 

are de novo methyltransferases that add methyl groups to unmethylated DNA. DNMT3A 

mutations are found in 25% of patients with AML where the mutation affected the catalytic 

domain responsible for the addition of methyl groups [42]. In contrast, DNMT1 is a 

maintenance DNA methyltransferase which recognizes hemi-methylated (cytosine 

methylated on one strand) sequences generated during DNA replication and adds a methyl 

group to the newly-synthesized cytosine on the opposite strand [43]. DNMT3A and 

DNMT3B are also involved in the sustenance of the tightly-regulated methylation 

processes during embryonic development [44]. Methylated DNA generates new docking 

sites for methyl-binding proteins such as the methyl-CpG binding protein 2 (MeCp2) and 

the methyl-CpG binding domain proteins MBD1, MBD2, and MBD3. These proteins 

further recruit histone-modifying proteins (e.g. histone deacetylases), which in turn trigger 

chromatin remodeling, gene silencing and inaccessibility [45].   
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Figure 2. Impact of CpG island methylation on gene expression. Unmethylated CpG 
islands permit binding of transcription factors to the promoter regions to initiate 
transcription. In contrast, methylated CpG islands hinder transcription factor binding and 
consequently repress gene expression. CpG islands are often found within the promoter 
regions upstream of the gene TSS.  
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Figure 3. Cytosine methylation and demethylation. DNMT3A and DNMT3B are de 
novo methyltransferases that add methyl groups to unmethylated DNA. In contrast, 
DNMT1 is a maintenance DNA methyltransferase which maintain methylation of the 
newly synthesized strand during cell division. The methyl group is “donated” by S-
adenosyl methionine which is converted to S-adenosyl homocysteine upon loss of the 
methyl group. DNA demethylation of 5-methylcytosine (5mC) can occur passively during 
DNA replication where the newly synthesized strand is not methylated due to reduction in 
activity or absence of DNMT1. Demethylation of 5mC can also occur via hydroxylation 
by TET (ten-eleven translocation) enzymes (TET1, 2, 3) to form 5-hydroxymethylcytosine 
(5hmC) which is in turn further oxidized to 5-formylcytosine (5fC) and 5-carboxylcytosine 
(5caC). The latter is then converted back to cytosine by the DNA glycosylases (TDG and 
SMUG1). 5hmC can also be deaminated by the AID and APOBEC family of deaminases 
to form 5-hydroxymethyluracil (5hmU). The latter is then converted to cytosine by TDG 
or SMUG1.  
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Figure 4. Map of CpG site distribution. The CpG sites are mapped based on their 
proximity to the CpG island which is the most CpG-rich site in the genome. Shores and 
shelves are respectively less rich in CpG sites and are less likely to modulate gene 
expression. The open sea constitutes all DNA sequences beyond the shelf regions until a 
shelf of another CpG island is reached.  
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1.2.1.2.2 Histone Acetylation 

In 1964, Allfrey et al. first demonstrated that histone acetylation (and to a lesser 

extent methylation) directly affected gene transcription in the calf thymus in vitro [46]. 

Histone modifications are diverse and can influence many processes including gene 

transcription, DNA repair, chromatin condensation, and DNA replication [47]. The 

acetylation of lysine residues on histones is one of the main methods of histone 

modification. The acetyl group neutralizes the positive charge of lysine, which subsides 

the electrostatic interactions between histones and the negatively-charged DNA. This leads 

to the reduction of chromatin condensation and creates an open formation. Histone 

acetylation takes place around promoter regions but can also occur at upstream enhancer 

sequences or downstream intragenic sequences [48]. The acetylation creates a binding site 

for proteins with bromo-domain, which binds acetylated lysines [49]. Acetylation is 

regulated by two groups of enzymes: histone lysine acetyltransferases (KATs) which add 

acetyl groups to lysines and histone deacetylases (HDACs) that remove acetyl groups.  

Type A KATs (e.g. KAT3A) are nuclear enzymes that are responsible for 

nucleosomal histones while type B are cytoplasmic and they acetylate free histones. The 

expression of KATs have been reported to be altered in many cancers [50]. Mutations and 

chromosomal translocations are seen in KAT3A in both hematological and solid cancers 

[51][52]. In contrast, HDACs serve to de-acetylate lysines and restore their positive charge. 

There are four subclasses of HDACs grouped together based on sequence homologies: 1) 

Class I (HDAC1-3 and HDAC8), class II (HDAC4-7, HDAC9 and HDAC10), class III 

(sirtuin proteins; SIRT1 through 7) and class IV (HDAC11) [53]. The catalytic activity of 
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SIRTs is NAD+-dependent, which is different from the remaining three subgroups that do 

not require a cofactor but rely on zinc ions [54]. Oncogenic events such as gene fusions in 

leukemia (e.g. PML-RARα, promyelocytic leukemia retinoid acid receptor alpha) have 

been shown to preferentially recruit the N-CoR (nuclear receptor co-repressor) deacetylase 

complex to promote silencing of retinoic acid-responsive tumor suppressor genes [55]. 

Although mutations in genes encoding HDACs are rare in human malignancies, their 

expression is altered in many cancers [56]. HDAC inhibitors are also being considered for 

clinical use as seen with Vorinostat, an FDA-approved product for use in cutaneous T cell 

lymphoma [57]. 

1.2.1.3 Other “-omics” 

Other types of “-omic” analyses include proteomics and non-coding 

transcriptomics which are less studied but are becoming increasingly relevant in diseases, 

particularly cancer. Proteomics uses several variations of mass spectrometry to identify 

global expression of up to 10,000 proteins. Non-coding transcriptomic analyses assess the 

global expression of microRNA, long non-coding RNA (lncRNA) and small nucleolar 

RNA (SnoRNA) and have redefined the pathologic landscape of cancer development and 

metastasis [58]. 
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1.3 Subchapter 3: Cancer Biomarkers 

1.3.1 The “Ideal” Biomarker 

Ideally, clinicians require a biomarker that allows them to predict the behavior and 

outcome of a tumor during its early stages with high specificity and sensitivity. This will 

enable them to tailor treatment regimens and cautionary measures appropriately. A 

biomarker test must offer considerably faster turnover time with minimally invasive 

procedures. For instance, a blood biomarker test will likely increase patient compliance in 

clinical trials compared to biomarkers tests that require tumor biopsies. It will also facilitate 

the characterization of targetable causative events. 

Several approaches have introduced novel biomarkers that attain some but not all 

the characteristics of the ideal biomarker. The advent of cancer genomics has helped 

develop such biomarkers that are more personalized and considerably less invasive. These 

new cancer biomarkers could replace or complement existing markers. An extensive list of 

biomarkers has been approved for clinical use at various points of cancer progression and 

treatment regiments and are presented in table 3. The table includes cancer type, required 

sample type and the outcome determined by the biomarker measurement (table 3). Below 

is a summary of the five types of cancer biomarkers, their definitions and a few 

corresponding examples. 

1.3.2 Screening Biomarkers 

Cancer screening represents a crucial stage of patient care that can mitigate 

worsening outcomes by offering early intervention. Screening for most common solid 
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cancers such as breast, lung and colon is a standardized clinical assessment for at-risk 

individuals. For instance, Cologuard (Exact Sciences; Madison, WI) is a recently FDA-

approved non-invasive screening test for colorectal cancer patients. The test could be 

performed at three-year intervals which is a step forward compared to the colonoscopy’s 

2-year interval. Cologuard examines the KRAS mutation status, methylation levels of 

BMP3 and NDRG4 promoter regions as well as an immunochemical assay for hemoglobin 

[59]. Another example is the Epi proColon 2.0 test (Epigenomics AG; Berlin, Germany) 

which is a circulating DNA screening test for hyper-methylated DNA of the Septin 9 gene 

[60] in colon cancer. 
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Table 3. A list of current cancer biomarkers. The table contains a conservative list of 
cancer biomarkers, the required sample type and their clinical use.  
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Biomarker Cancer type Sample type Outcome determined
ALK fusion or overexpression Non-small cell lung cancer

Anaplastic large cell lymphoma
Primary tumor Response to therapy

Cancer progression
Alpla-fetoprotein (AFP) Hepatocellular carcinoma

Germ cell tumors
Blood Diagnosis

Response to treatment
Cancer progression
staging

Beta2 microglobulin (B2M) Chronic lymphocytic leukemia, multiple 
myeloma, some lymphoma

Blood, urine or CSF 
(cerebrospinal fluid)

Cancer progression
Response to treatment

Beta-human chorionic gonadotropin 
(BhCG)

Choriocarcinoma and germ cell tumors Blood, urine Response to therapy
Cancer progression
staging

BRCA1/2 mutations Ovarian cancer and breast cancer blood Response to targeted treatment

BCR-ABL fusion (Philadelphia 
chromosome)

Acute myelogenous leukemia, acute 
lymphoblastic leukemia, chronic myeloid 
leukemia

Blood, bone marrow 
aspirate

BRAF V600E mutation Melanoma, colorectal cancer tumor Response to targeted treatment

C-kit/CD117 Mucosal melanoma, gastrointestinal 
stromal tumors

tumor Diagnosis
Response to treatment

CA15-3/CA27.29 Breast cancer blood Response to treatment
Recurrence

CA-19-9 Pancreatic cancer, bile duct cancer, 
gastric cancer, gallbladder cancer

blood Response to treatment

CA-125 Ovarian cancer blood Diagnosis
Response to treatment
recurrence

Calcitonin Medullary thyroid tumors blood Diagnosis, response to treatment, recurrence

Carcinoembryonic antigen (CEA) Colorectal cancer blood Response to treatment, recurrence

CD20 Non-Hodgkin’s lymphoma blood Response to targeted treatment

31
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Table 3 (continued)
Biomarker Cancer type Sample type Outcome determined

Chromogranin (CgA) Neuroendocrine tumors blood Diagnosis, response to treatment, recurrence

Polysomy of chromosome 3, 7 and 17 
and deletion of 9p21

Urothelial carcinoma urine Diagnosis, recurrence

Cytokeratin fragment 21-1 Lung cancer blood Recurrence
EGFR amplification/mutation Non-small cell lung cancer tumor Diagnosis, response to treatment

Estrogen and progesterone receptors 
(ER/PR)

Breast cancer tumor Response to hormone therapy 

HER2/Neu amplification or 
overexpression

Breast cancer, gastroesophageal 
adenocarcinoma, gastric cancer

tumor Response to targeted treatment

Fibrinogen/fibrin Bladder cancer urine Cancer progression, response to treatment

Human Epididymis protein 4 (HE4) Ovarian cancer blood Response to treatment, cancer progression, 
recurrence

KRAS mutations Colorectal cancer, non-small cell lung 
cancer

tumor Response to targeted therapy

Lactate dehydrogenase Lymphomas, leukemia, melanoma, germ 
cell tumors, neuroblastoma

blood Cancer progression, response to treatment, 
staging

Neuron-specific enolase (NSE) Small cell lung cancer, neuroblastoma blood Diagnosis, response to treatment

Nuclear matrix protein 22 Bladder cancer Urine Response to treatment
Programmed death ligand 1 (PDL1) Non-small cell lung cancer tumor Response to targeted treatment

Prostate-specific antigen (PSA) Prostate cancer blood Diagnosis, response to treatment, recurrence

Thyroglobulin Thyroid cancer blood Response to treatment, recurrence

Urokinase plasminogen activator 
(uPA) and plasminogen activator 
inhibitor 1 (PAI-1)

Breast cancer tumor Response to treatment
Cancer progression

Mammaprint® (70-gene signature) Breast cancer tumor recurrence

OncotypeDX® (21-gene signature) Breast cancer tumor recurrence

OVA1® (5-protein signature) Ovarian cancer Blood diagnosis
CELLSEARCH® (Circulating 
tumor cells)

Metastatic colorectal, breast and prostate 
cancers

blood progression

32
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1.3.3 Diagnostic Biomarkers 

Cancer diagnosis typically requires sample biopsies for clinicians to assess disease 

pathology and complete diagnosis. For instance, serial measurements of the serum 

biomarker CA-125 (cancer antigen 125) are routinely used to diagnose patients with 

ovarian cancer [61]. A measurement of 30-35 U/ml is considered as the threshold, which 

when collected through serial measurements, creates the Risk of Ovarian Cancer Algorithm 

(ROCA) to predict the risk or likelihood of having an ovarian tumor. ROCA stratifies 

patients into low-, intermediate- and high-risk groups based on their CA-125 scores [62] 

[63]. The risk of malignancy index (RMI) combines serum CA-125 levels, menopausal 

status and ultrasound to determine if the elevated CA-125 levels represent a benign pelvic 

mass or an ovarian carcinoma [64].  

1.3.4 Progression Biomarkers 

These markers are also called prognostic markers and are designed to indicate how 

aggressive a tumor is and its likelihood of progression. For instance, serum AFP (alpha-

fetoprotein) is used to predict the outcome of patients with hepatocellular carcinoma 

(HCC). Higher AFP levels correlate with increased tumor size and volume at diagnosis. 

HCC patients with AFP greater than 400 ng/ml have a higher chance of bi-lobe 

involvement and portal vein thrombosis, which leads to worse outcome compared to those 

with AFP < 400ng/ml. Survival is poorer when AFP levels exceed 1000 ng/ml. Some 

exceptions have been reported where patients with AFP > 1000 ng/ml had a significantly 

better prognosis than what was predicted based on AFP levels [65]. In untreated HCC 

patients, AFP levels increase over time in tandem with a progressing tumor. Interestingly, 
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patients that have normal AFP levels at diagnosis will maintain below threshold levels 

regardless of tumor progression [66] delineating inconsistencies in the predictive power of 

AFP.  

1.3.5 Response to Therapy Biomarkers 

These biomarkers are used to monitor patients who are being treated for cancer. In 

general, a marker that is known to be at higher levels prior to treatment and is considerably 

lower after treatment indicates that the therapy is effective. The lack of change or even 

increase in marker levels indicates that the cancer is not responding. For instance, a 20% 

or more decrease in AFP serum levels in HCC patients was indicative of a response to 

tyrosine kinase inhibitor sorafenib and correlated with better survival [67]. A >20% 

decrease in serum levels of CEA (carcinoembryonic antigen) strongly correlated with a 

favorable response to radiation therapy in colorectal cancer patients with liver metastases 

[68]. In addition, response to therapy can be based on a binary identifier of a sensitizing 

marker. A classic example of markers to predict response to targeted therapy is the 

BRAFV600E mutation which is present in 40-60% of melanoma patients. BRAF-positive 

melanoma patients are sensitive to first generation RAF kinase inhibitor sorafenib [69] and 

the highly-specific second-generation inhibitors PLX4032 [70] and GSK2118436 [71] that 

target mutant BRAF only. 

1.3.6 Recurrence Biomarkers  

Recurrence biomarkers are also known as relapse markers. They are utilized as 

tools to detect if cancer recurs (i.e. returns) after surgical resection or therapeutic 
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intervention. Examples include CA-125 in ovarian cancer, PSA (prostate-specific antigen) 

in prostate cancer and HCG (human chorionic gonadotropin) in islet cell tumors, 

choriocarcinomas, germ cell tumors and others. In prostate cancer, a PSA level of 0.2 ng/ml 

or higher on two consecutive tests is considered (when combined with other clinical 

features) as an indicator of recurrence in patients that underwent prostatectomy. The other 

clinical features that are considered include pre-operative PSA levels, Gleason score, tumor 

stage, age and percentage of PSA positive biopsies, together they generate a Prostate Risk 

Assessment score [72].   

1.3.7 Limitations and Precautions for Biomarker Studies 

1.3.7.1 Clinical Limitations 

First, the ability of a biomarker to offer concrete predictive evidence of cancer is 

always challenged by inter-patient heterogeneity as well as variability within individual 

samples (intra-patient heterogeneity). Second, a major hurdle is that most markers are 

expressed at high levels in late-stage cancers but not in early-stage cancers rendering early 

intervention a difficult task [73][74]. Conversely, when a marker is expressed in early stage 

patients, the error rate is much higher. For example, CA-125 is markedly less sensitive 

(60%) in early stage patients, which increases false positives and negatives [61], [75]. 

Third, some patients may express normal levels of a biomarker despite a progressing 

cancer. For instance, 20% of prostate cancer patients express normal levels of PSA (< 

4ng/ml). Fourth, reliability of a cancer biomarker is also challenged by factors such as 

expression of most tumor-associated markers in non-neoplastic cells. Fifth, confounding 

conditions other than cancer can also increase levels of a biomarker as seen in pancreatic 
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cancer patients where the serum levels of CA-19-9 are often affected by cholestasis [76] 

and jaundice [77], which are common complication of this cancer type. 

1.3.7.2 Logistical Limitations 

In solid tumor biopsies, sample collection is often invasive and introduces 

inflammation-induced changes in tumors. Biopsy-based diagnosis can also experience 

delays primarily due to long wait times before biopsy appointments. Other technical 

challenges arise from sample collection, processing, storage, measurement methodology 

and center-to-center variability. In addition, screening biomarkers also require population-

wide screening to be able to detect a small percentage of high-risk individuals. This will 

increase the work and economic burden on the healthcare system. The usage of screening 

tools with these shortcomings will cause diagnostic hesitation on part of the clinicians as 

well as frustration and anxiety on part of the patient [78].  
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1.4 Subchapter 4: Cancer Cell Invasion and Migration 

The identification of robust cancer biomarkers that will withstand rigorous clinical 

testing requires that these biomarkers are functionally and mechanistically linked to 

cellular changes pertaining to a tumor phenotype. Proteins involved in cancer development, 

migration, invasion, metastasis, angiogenesis, and DNA repair are often targets for 

biomarker discovery and testing. A plethora of studies have focused on identifying the 

underlying mechanisms of cell migration and invasion in neoplastic and non-neoplastic 

cells as means of biomarker discovery [79]. Earlier studies established that dynamic 

changes in the cytoskeletal structure and modulation of cellular adhesion are crucial steps 

for successful migration and invasion [80] (figure 5). Later efforts to pinpoint a specific 

pathway that initiated the migratory and invasive program proved to be an arduous task. In 

fact, multiple processes have been implicated in driving migration and invasion that 

revolve around protease-dependent and independent interactions with the extracellular 

matrix (ECM). The elements that drive the above processes belong to an ever-expanding 

list of proteins, non-protein coding genes and signaling pathways, making them eligible for 

biomarker testing. The lack of a universal mechanism provided insights into the complexity 

of cancer cell migration and invasion indicating a high degree of plasticity [81]. 

1.4.1 Migration versus Invasion 

Although the terms migration and invasion are used interchangeably in the 

literature partly because they occur in tandem, there are important distinctions that ought 

to be made. Migration is the mere physical movement of cells within confinements of an 

ECM and often requires dynamic cytoskeletal rearrangements. Cytoskeletal 
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rearrangements are largely mediated by the activation of Rho GTPases (Guanosine 

triphosphatases), which regulate actin polymerization and depolymerization, myosin 

activity, integrin interactions with the ECM and reorganization of microtubules and 

intermediate filaments [82]. These dynamic changes generate a highly motile and agile 

cell. In contrast, invasion is a process by which cells activate a protease-dependent program 

promoting ECM degradation and remodeling. Invading cells often express markers of 

mesenchymal cells, lack apical-basal polarity and undergo dynamic changes in the 

cytoskeleton and at cell junctions [83].   
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Figure 5. The metastatic cascade. The initial step occurs at the primary site where a 
normal cell (or cells) undergoes genetic changes that prompt its neoplastic transformation. 
Transformed cells must proliferate and establish a primary tumor. The second step involves 
a few cancer cells acquiring migratory and invasive properties that enable them to degrade 
the underlying basement membrane and extracellular matrix (ECM). The third step 
necessitates cells to “squeeze” through the endothelial lining of blood vessels in a process 
known as intravasation. Once in circulation, most cancer cells fail to survive except a few 
that adhere to blood vessels adjacent to prospective metastatic site. Cells then undergo the 
fourth step of exiting the vasculature and invading the new site in a process known as 
extravasation. Finally, cells that successfully extravasated must then colonize and 
proliferate within a supportive microenvironment to give rise to micro- and macro-
metastases.  
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1.4.2 Cellular Junctions 

Cellular junctions are key membrane-associated structures that are subject to drastic 

changes which in turn dictate the fate of a neoplastic cell. They are multi-protein complexes 

that sustain contact and communication between neighboring cells and between cells and 

the ECM. A prerequisite to invasion is an acquired ability to alter expression of cell 

adhesion proteins that promote the disintegration of cellular junctions. Invading cells must 

first disengage cellular junctions and then detach from neighboring cells and the underlying 

basement membrane for successful invasion. 

1.4.2.1 Tight Junctions 

Tight junctions (TJ) are the first barrier that cancer cells need to overcome. They 

are located at the most apical position of the intercellular membrane space and serve as a 

cellular barrier and a site of cell attachment. Cancer cells and endothelial cells induce or 

repress proteins involved in TJs [84]. Early studies have demonstrated that less 

differentiated cancers, which are typically more aggressive than well-differentiated 

cancers, are associated with lower expression of TJ proteins [85]. For example, factors such 

as HGF (hepatocyte growth factor) reduced trans-epithelial resistance and enhanced para-

cellular permeability in breast cancer cell lines by decreasing the expression of TJ proteins 

such as ZO-1, ZO-2, occludin, claudin-1 and claudin-7 [86]. Downregulation of occludin 

is also associated with a higher chance of metastatic disease in breast cancer patients due 

to the loss of TJ integrity [86]. ZO-1 downregulation is linked to poor differentiation and 

higher grade and TNM (tumor, node, metastasis) staging [87]. 
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1.4.2.2 Adherens Junctions 

Another important type of junctions is the adherens junctions (AJ) which are 

located below the TJs in the intercellular space. The cadherin family of proteins are 

abundant and essential in providing structure for AJs. E-cadherin is the most abundant AJ 

protein in epithelial cells while VE-cadherin is characteristic of endothelial cell AJ. AJs 

form the zonula adherens (or adhesion belt), which surrounds cells along with the 

intracellular actin belt. Other AJ proteins include armadillo proteins and plakins [88]. This 

architecture provides structural support for epithelial cells while maintaining a fluidic 

environment due to its association with actin filaments [89]. Dysregulation of AJ 

architecture results in major implications in cellular transformation and cancer cell invasion 

[90](discussed later). Of note, armadillo proteins are characterized by armadillo repeat/s 

which is a repetitive amino acid sequence containing 40 residues [91]. These amino acids 

form two alpha helices in the shape of a hairpin. Tandem repeats of armadillos are 

ubiquitous which in turn results in an alpha solenoid structure [92]. Examples of armadillo 

proteins are β-catenin, plakoglobin, α-importin and others [88].  

1.4.2.3 Desmosomes 

Desmosomes are fundamental for tissue integrity, cell-to-cell communication and 

establishment of an intercellular adhesive framework between the cytoskeleton and plasma 

membrane. The framework involves anchoring the intermediate filaments in the 

cytoskeleton to the cytoplasmic and extracellular parts of the desmosomes via a series of 

protein complexes [93]. These proteins include cadherins, plakins and catenins. Two types 

of cadherins that are unique to desmosomes are represented by the desmogleins (DSG1 to 
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4) and desmocollins (DSC1 to 3), which serve as anchors for the keratin intermediate 

filaments in nearby cells [94]. It has been reported that alterations in desmosomes proteins 

precede those of AJs to allow the early onset of invasion [95].  

1.4.2.4 Gap Junctions 

Gap junctions (GJ) act as cell-to-cell channels for the diffusion of ions, metabolites 

and second messengers. Connexin proteins are present in GJ with connexin 43 as the most 

abundant [96]. Connexins assemble into heteromeric hemi-channels (called connexon) 

which then interact with connexons on adjacent cells to form the complete intercellular gap 

junction. The permeability characteristics of each GJ are dictated by the type of connexins 

involved [97]. High expression of connexin 43 is linked to better patient prognosis and vice 

versa in various cancers including pancreatic [98], prostate [99], colorectal [100], breast 

[101] and non-small cell lung [102] cancers. 
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1.4.3 Mechanisms of Cell Migration 

Cancer cells can migrate either individually or collectively. Individual cell 

migration results from significant loss of cell-cell adhesion while collective cell migration 

involves the retention of some, but not all of the cell-adhesion capacity, manifested as 

multi-cellular bodies [81]. Figure 6 illustrates the different types of individual and 

multicellular migration and the subcategories of each (figure 6) (discussed next).  

1.4.3.1 Individual Cell Migration 

During individual migration, cells will initially induce actin polymerization to form 

pseudopod protrusions at the leading edge [103]. “Leading” cells will then interact with 

ECM substrates and localize cell adhesion molecules and cell surface receptors, together 

activating a forward motion, referred to as traction force [104]. The small GTPases Rac 

and Cdc42 mediate the formation of these protrusions, which interact with the ECM [79]. 

A few micrometers behind the leading edge, the cell surface becomes engaged in active 

proteolysis (discussed next) which remodels the surrounding ECM and allows cellular 

advancement [81]. To mediate forward movement, Rho GTPase activates myosin II that 

initiates contraction by actomyosin (complex of actin and myosin). Finally, the cell will 

disengage adhesion molecule interaction at the trailing end forming micro-tracks (10-15 

µm). If multiple cells are migrating in an individual manner, the “leading cell” will form 

the initial micro-track where the ECM has been proteolytically cleaved. The following cells 

will further widen the micro-track by shear mechanical force and proteolytic cleavage [105] 

(figure 6). 
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Figure 6. Models of cancer migration and invasion. Cancer cell migration can occur as 
an individual cell or collectively (multi-cellular) based on expression of specific cell-cell 
junction proteins and the contractility of the cytoskeleton. Individual cell migration is 
further subdivided into single cell migration which lack cell-cell adhesion molecules or 
multi-cellular streaming which retains some cell adhesion. The cytoskeletal contractility 
dictates whether individual cell migration will involve amoeboid or mesenchymal cell 
movement. In contrast, multicellular migration can be collective or expansive. The figure 
represents whether each migration mechanism requires surface proteolytic activity. 
Adapted from [106]. 
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There are two types of single cell migrations: amoeboid-like migration and 

mesenchymal cell migration. Amoeboid-like movement is accomplished by a round-like 

cell which either has 1) short thin protrusions with no membrane blebbing hence utilizing 

a higher migratory velocity (0.4-5µm/min), 2) a bleb-rich membrane, which causes 

disoriented movement at lower velocities or 3) small membrane protrusions with high 

surface protease activity and slow velocities (0.1µm/min) [83]. In contrast, mesenchymal 

cell movement involves an elongated fibroblast-like, spindle morphology and considerably 

large membrane protrusions. These protrusions are called “invadopodia” [107]. 

Invadopodia are cancer-specific protrusions that were initially observed on the baso-lateral 

side of cancer cells cultured in vitro [108] (figure 6).  

1.4.3.2 Multicellular Migration or “Streaming” 

Streaming is achieved by groups of cells that are loosely attached to each other and 

that migrate together on the same and often straight path at moderate velocity (1-2µm/min). 

Both amoeboid and mesenchymal movements can be displayed by these cells [106]. 

Streaming typically takes place in response to chemokine signals within the surrounding 

tissue like that seen in neural crest devolvement during embryogenesis [109]. Roussos et 

al. described a chain-like movement of mammary neoplastic cells displaying multicellular 

migration [110] (figure 6).  

1.4.3.3 Collective Invasion  

Collective invasion mandates strong cell-to-cell adhesion and concomitant 

activation of a migratory phenotype. This form of invasion typically involves cells forming 
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small strands or clusters at the interface between the leading edge of a tumor and the 

surrounding stroma. The maintenance of cellular adhesion indicates that some cells retain 

their epithelial polarity which in some cases allow the formation of gland-like structures 

resembling the tissue of origin. However, the leading edge of the collectively invading 

tumor cluster/strand will ultimately become mesenchymal to produce a Rho-mediated 

forward traction force and activate surface proteolysis [111] (figure 6).   

1.4.3.4 Expansive Growth  

Expansive growth takes place where the surrounding tissue does not exert any 

physical containment of the growing tumor mass. This leads to multicellular clusters of 

cells with virtually unaltered cell adhesion to exert a forward push in the absence of active 

migration or ECM proteolysis [112]. The cellular cluster will then form a capsule-like 

structure surrounded by collagen fibers [113]. Expansive growth typically does not require 

proteolytic activity for successful migration (figure 6). However, Ilina et al. and Weigelin 

et al. demonstrated that expansive growth can be coupled with active migration, which in 

turn exacerbates invasion, particularly collective invasion [114] [115].  

1.4.4 ECM Proteolysis: The Act of Invasion 

Cell surface proteolysis is an essential part of cellular migration through which a 

series of active proteases are produced to degrade and remodel the ECM. These proteases 

are mostly serine (e.g. plasmin), cysteine (e.g. cathepsins), aspartic (e.g. cathepsin D) and 

metalloproteases (e.g. matrix metalloproteinases or MMPs) and act on a range of 

overlapping protein substrates (figure 8). Proteases are also commonly upregulated during 
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neoplastic transformation [116]. These proteases mediate ECM substrate breakdown 

through three major mechanisms of action. First, MT-MMPs (membrane-tethered matrix 

metalloproteinases) and ADAMs (a disintegrin and metalloproteinase) mediate contact-

dependent pericellular proteolysis of ECM substrates such as collagen, fibronectin, laminin 

and others [105] [117]. Second, the cleavage of ECM proteins by MMPs (e.g. MMP2) 

remodel the ECM by creating migration-promoting gaps [117]. MMP2 also cleaves 

fibronectin and vitronectin which exposes new protein fragments that promote peritoneal 

adhesion as seen in ovarian cancer cells [118]. Third, ADAMs and MT-MMPs are also 

capable of activating growth factor receptors and adhesion surface receptors (e.g. integrins) 

via a cleavage-dependent event.  

Plasmin and MMPs also drive ECM degradation as well as cleavage-mediated 

activation of sequestered growth factors such as TGFβ1 (transforming growth factor β 1), 

VEGF (vascular endothelial growth factor) and IGF-1 (insulin-like growth factor 1) within 

the matrix [119] (figure 7). Metastasizing tumors cells associate with endothelial cells 

through weak surface carbohydrate interactions followed by stronger adhesion-molecule-

mediated bonds. This interaction will allow the already enhanced protease activity to 

penetrate the endothelial layer and the basement membrane by proteolytic cleavage, 

leading to extravasation [119]. The proteolytic network of protease interactions within 

themselves is very extensive and multidirectional as depicted in figure 8 (figure 8).  
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Figure 7. ECM remodeling and proteolysis during cancer cell invasion. Through its C-
terminal lysine (or internal lysine), a cell surface plasminogen receptor binds plasminogen 
which induces an activation-susceptible conformation in plasminogen by the urokinase 
plasminogen activator uPA. The urokinase-plasminogen activator (uPA) is bound to its 
receptor (u-PAR) and forms the uPA/u-PAR complex that co-localizes with the 
plasminogen-plasminogen receptor complex. This colocalization results in accelerated 
cleavage of plasminogen into plasmin. Plasmin in turn activates pro-uPA into uPA forming 
a positive feedback loop. Plasmin is a multifunctional serine protease, that 1) cleaves 
extracellular matrix components, 2) releases trapped growth factors within the matrix, 3) 
activates other proteases such as pro-MMPs (matrix metalloproteinases) into active MMPs. 
Active plasmin and MMPs degrade impeding obstacles in the ECM, and mediate tumor 
cell invasion. 
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1.4.5 Metastasis 

Metastasis is a series of events that are characterized by the spread of cancer cells from 

a primary site of growth via the hematogenous or lymphatic route to tissues and organs 

where they form secondary and tertiary foci of micro- and macro-metastasis [120][5] 

(figure 5). Once a cancer cell successfully colonizes a secondary site, patient prognosis is 

markedly reduced. Considering metastasis is largely responsible for the morbidity and 

mortality of cancer patients, it is not surprising that significant research efforts have 

addressed the molecular underpinnings of metastasis [121][122]. Although macro-

metastasis is detectable by conventional detection methods, patients can also develop 

micro-metastasis or possess dormant tumors, which cannot be easily detected using 

standard imaging techniques. Micro-metastasis and dormancy are often responsible for 

cancer relapse post-surgery or chemotherapy [123].  

The sequence of events that give rise to metastasis is known as the metastatic cascade 

and is divided into three broad steps are shown in figure 5 and described below (figure 5): 

(1) Invasion: Invasion is initiated by the loss of cell-cell adhesion, which enables 

cancer cells to dissociate from the primary tumor and trigger protease-mediated alterations 

in cells’ interactions with the ECM. This allows cancer cells to invade the surrounding 

stroma until a lymphatic or hematologic vessel is encountered and intravasation can occur. 

Importantly, invasion relies on the production of proteases to degrade the underlying 

basement membrane and ECM (discussed above), the activation of motility/migration 

proteins and suppression of detachment-induced apoptosis [124]. The succeeding event is 

the initiation of intravasation. 
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(2) Intravasation: Intravasation is characterized by the physical penetration of cancer 

cells through the endothelial cell barriers into the blood or lymph circulation. Vessel 

density and diameter drastically affect the efficiency of intravasation. The number of 

circulating tumor cells is often used as quantifiable metric for the effectiveness of 

intravasation [125]. Furthermore, intravasation is facilitated by potent pro-angiogenesis 

signals produced by tumor cells such as VEGF that promotes blood vessel formation and 

endothelial cell expansion [126][127]. Interaction between tumor cells and the matrix is 

also crucial for initiation of angiogenesis [128]. The rapid formation of an extensive blood 

supply network allows tumors to grow beyond the 2-mm threshold and sustain further 

growth. The 2-mm threshold is the maximum dimension that still permits local diffusion 

of nutrients and waste into and out of the tumor core [129]. 

(3)   Extravasation: The final step of metastasis is extravasation which depends on the 

ability of the cancer cells to successfully exit the circulation and extravasate into the 

surrounding tissue. This process involves adhesion and interaction of tumor cells with the 

endothelial lining (e.g. MCAM, melanoma cell adhesion molecule on endothelial cells) 

followed by trans-endothelial migration of individual cells to reach the prospective 

metastatic site [130]. Additionally, cancer cells can also become arrested in small 

capillaries [131] at which point they proliferate and then extravasate [132][133]. 

Many genetic alterations and cellular phenomena have been linked to promoting or 

inhibiting different steps of the metastatic cascade. Two specific processes will be 

discussed next which constitute the plasminogen activation system and epithelial to 

mesenchymal transition. Although both processes have been extensively studied, little is 

known about the interactions and modes of regulation between the two.  
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1.5 Subchapter 5: The Plasminogen Activation System 

As eluded to earlier, tumor cell invasion and metastasis involve a cascade of 

interdependent events, which require proteases to degrade the basement membrane and 

render it conducive for the invasive escape of tumor cells. The serine protease plasmin 

plays a key role in orchestrating an invasive program that promotes the breakdown of ECM 

and allows cells to leave the primary tumor and metastasize. The proteolytic network, to 

which plasminogen/plasmin belongs to is a complex and intricate network that is tightly 

controlled and affected by a series of proteases which will ultimately execute the act of 

invasion by degrading the matrix. These proteins include plasminogen (PLG), plasminogen 

activators (PLAU, PLAT), plasminogen activator receptors (PLAUR), plasminogen 

activation inhibitors (e.g. SERPINE1, SERPINB2, and SERPINF2), MMPs (e.g. MMP1, 

MMP2, MMP9), ADAMs (e.g. ADAM 1, ADAM2), kallikreins (KLKs), cathepsins (e.g. 

CTSB, and CTSL), tissue inhibitors of metalloproteinases (TIMPs) and plasminogen 

receptors (e.g. ENO1, S100A10, RUVBL1, HIST2H2BE and PLGRKT) ((table 4 and table 

5). Figure 8 depicts the interactions among the four known types of proteases and 

corresponding inhibitors (figure 8). Below are detailed descriptions of the above 

components.  

1.5.1 Plasminogen 

1.5.1.1 Activation Site and Catalytic Activity 

Plasminogen is a circulating (1.6 μM) zygmogen that is produced in the liver with 

a half-life of two days. Human plasminogen contains 791 amino acids, which creates 24 
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disulphide bonds 16 of which help form five homologous loops called kringles [134]. Law 

et al characterized the crystal structure of precursor plasminogen which circulates in a 

closed activation-resistant form. This closed conformation is maintained by the Pan-apple 

(PAp) domain, serine protease domain at the carboxyl terminus and availability of chloride 

ions, all of which interact with the kringle domains thus preventing their cellular 

interactions [135]. 

Plasminogen activation into plasmin is the result of a single proteolytic cleavage of 

the peptide bond between Arg561 and Val562 by the plasminogen activators uPA and tPA. 

The amino terminus of plasminogen which contains the PAp domain and the five kringle 

domains, mediates its interactions with other regulatory proteins. Kringle 1 (K1) and 

kringle 4 (K4) can bind lysines on fibrin, plasminogen receptors, α2-antiplasmin and other 

ECM proteins [136][137] with high (K1) and low (K4) affinities [138]. In contrast, the 

carboxyl terminus contains the active protease site of plasmin [139].  

1.5.1.2 Glu- to Lys-plasminogen Conversion 

Plasminogen circulates in the Glu-plasminogen (glutamic acid at amino-terminus) 

form and is cleaved by plasmin at the carboxyl end of Lys62, Arg68 and Lys77 [140][141] 

and at some basic residues in the hinge region of plasminogen [142]. These cleavage events 

generate new amino termini on plasminogen and is hence termed Lys-plasminogen. Lys-

plasminogen does not normally circulate in plasma and is usually found on cellular surfaces 

[143] where is more readily activated by plasminogen activators [144][145]. Gong et al. 

demonstrated that the conversion of Glu-plasminogen to Lys-plasminogen is necessary for 



  56 

the maximum activation of plasminogen by tPA and uPA at the cell surface of endothelial 

cells [146]. 

1.5.1.3 Glycosylation 

Post translational modification of plasminogen results in two glycosylated forms 

(form 1 and form 2), which not only dictates plasminogen’s binding specificity to receptors 

and binding partners but also its degradation mechanism. Edelberg demonstrated that 

human prenatal plasminogen was more heavily glycosylated (form 1-like) than adult 

plasminogen and as a result was less able to be activated by the tissue plasminogen 

activator tPA [147]. The less glycosylated form 2 is one degree of magnitude better at being 

activated by tPA than form 1 [148]. More specifically, N-glycosylation of K3 decreases 

the stability of the plasminogen-plasminogen activator complex, which hinders its 

activation and disrupts its interaction with fibrin [149]. 
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Table 4. Components of the plasminogen activation system. Some components have 
been directly linked to plasminogen activation based on literature review while others are 
members of the same family. Plasminogen (PLG) is not shown in the table. Plasminogen 
receptors are summarized in table 5.  
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Plasminogen activators
PLAU PLAT

Plasminogen activator receptor
PLAUR

Plasminogen activation inhibitors
SERPINA1 SERPINA4 SERPINB1 SERPINB2 SERPINB6 SERPIND1 SERPING1
SERPINA10 SERPINA5 SERPINB10 SERPINB3 SERPINB7 SERPINE1 SERPINH1
SERPINA12 SERPINA6 SERPINB11 SERPINB3/B4 SERPINB8 SERPINE2 SERPINI1
SERPINA2 SERPINA7 SERPINB12 SERPINB4 SERPINB9 SERPINF1 SERPINI2
SERPINA3 SERPINA9 SERPINB13 SERPINB5 SERPINC1 SERPINF2

Matrix metalloproteinases (MMPs)
MMP1 MMP9 MMP14 MMP20 MMP25
MMP2 MMP10 MMP15 MMP21 MMP26
MMP3 MMP11 MMP16 MMP23A/B MMP27
MMP7 MMP12 MMP17 MMP24 MMP28
MMP8 MMP13 MMP19 MMP24-AS1

Cathepsins
CTSA CTSE CTSK CTSV
CTSB CTSF CTSL CTSW
CTSC CTSG CTSO CTSZ
CTSD CTSH CTSS

A disintegrin and metalloproteinase (ADAMs)
ADAM1 ADAM10 ADAM18 ADAM23
ADAM2 ADAM11 ADAM19 ADAM28
ADAM7 ADAM12 ADAM20 ADAM29
ADAM8 ADAM15 ADAM21 ADAM30
ADAM9 ADAM17 ADAM22 ADAM33

Kallikreins (KLKs)
KLK1 KLK5 KLK9 KLK13
KLK2 KLK6 KLK10 KLK14
KLK3 KLK7 KLK11 KLK15
KLK4 KLK8 KLK12

Tissue inhibitors of metalloproteinases (TIMPs) 
TIMP1 TIMP2 TIMP3 TIMP4
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Table 5. Plasminogen receptors. The Table contains all 12 well-established plasminogen 
receptors, their corresponding gene name, cellular localization and C-terminal lysine status. 
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Plasminogen receptor Gene name C-terminal
lysine

Most prominent cellular 
localization

actin ACTB No cytoplasm

αMβ2 integrin ITGM and ITGB2 No Surface (integral membrane
protein)

αVβ3 integrin ITGAV and ITGB3 No Surface (integral membrane
protein)

αIIbβ3 integrin ITGA2B and ITGB3 No Surface (integral membrane
protein)

α-enolase ENO1 Yes cytoplasm

Cytokeratin 8 KRT8 Yes cytoplasm

Histone H2B HIST2H2BE Yes Nucleus/surface

HMGB1 HMBGB1 No Nucleus/cytoplasm/surface

Plg-rKT PLGRKT Yes Surface (integral membrane
protein)

p11 S100A10 Yes Cytoplasm/surface

TIP49α RUVBL1 Yes nucleus

GAPDH GAPDH No Surface, cytoplasm
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Figure 8. Proteolytic networks. The figure is a simplified illustration of the interactions 
between the four types of proteases at the cell surface. Light green circles represent serine 
proteases, blue circles represent cysteine proteases (e.g. cathepsins except cathepsin D, 
CTSD), yellow circles represent metalloproteinases (e.g. MMPs) and gray circles represent 
aspartic proteases (Cathepsin D, CTSD). Dark green rhombuses represent TIMPs (e.g. 
TIMP1, TIMP2) while red rhombuses represent serpins (e.g. PAI-1 (SERPINE1) and 2-
antiplasmin (SERPINF2)). 
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1.5.2 Plasmin 

Plasmin contains a catalytic triad which is common in serine proteases and is 

formed by His602, Asp645 and Ser740. This triad gives plasmin its broad-spectrum 

protease activity. Excessive plasmin production by cancer cells was first observed in 1925 

by A. Fischer where cancer cells completely degraded the underlying fibrin matrix while 

normal cells failed to do so [150]. Plasmin is important in the regulation of ECM 

remodeling, a characteristic which is frequently exploited by malignant tumors to 

proteolytically cleave ECM components such as laminin and fibronectin [151]. Plasmin 

can also activate various MMPs and growth factors further degrading the ECM to allow 

tumor cell progression [152][153]. It is proposed that cell surface-associated plasmin acts 

to proteolytically cleave membrane-associated MMPs such as MMP3, MMP9 and MMP13 

in the pericellular environment [154]. Only MT-MMPs and furin-activated MMPs 

(MMP11, 21, 28) are cleaved and activated intracellularly independent of plasmin [155]. 

1.5.3 Plasminogen Activators 

Plasminogen is activated into plasmin via two specific serine proteases termed 

tissue plasminogen activator (tPA) and urokinase plasminogen activator (uPA). The overall 

structure of the catalytic domain of both plasminogen activators displays a typical serine 

protease fold with multiple insertion loops surrounding the active site cleft. The structure 

of these insertion loops is what determines their specificity to plasminogen [156]. 

Generally, tPA-mediated activation of plasminogen is implicated in fibrin clot dissolution 

where fibrin serves as a binding partner for both plasminogen and tPA [157]. In contrast, 
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uPA-mediated activation of plasminogen is frequently affiliated with extracellular tissue 

remodeling and cellular motility [158].  

1.5.4 Urokinase Plasminogen Activator (uPA) 

1.5.4.1 scuPA  

The urokinase plasminogen activator uPA is encoded by the PLAU gene as a single 

411-amino acid precursor called single-chain pro-urokinase (scuPA). ScuPA consists of 

three domains, a growth factor domain for binding to the uPA receptor (uPAR) [159], an 

active protease domain for plasminogen cleavage [158][160] and a kringle domain that 

binds αvβ3 integrin [161][162]. ScuPA can undergo post translational modifications 

including phosphorylation on Ser138 and Ser303 [163], N-glycosylation of Asn302 and 

fucosylation on Thr18 [164].  

1.5.4.2 Single-chain to Two-chain uPA 

uPAR, plays a central role in recruiting scuPA to the cell surface for plasminogen 

activation. scuPA-uPAR binding allows cleavage of scuPA at the peptide bond of Lys158-

Ile159 by plasmin, cathepsin B or glandular kallikrein mGK6 (KLK1) [165]. The cleavage 

event allows the formation of a disulfide bond between two scuPAs giving rise to the two-

chain uPA. The cleavage/activation of scuPA by plasmin is also known as reciprocal 

zymogen activation where plasmin promotes a positive feedback loop to exacerbate 

plasminogen activation [166] (figure 7).  
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1.5.5 Tissue Plasminogen Activator (tPA) 

Like uPA, tPA is produced as a single chain form (sctPA) which is then cleaved by 

plasmin into the active two-chain tPA [167]. tPA is a 70kDa glycoprotein encoded by the 

PLAT gene and is predominantly produced by endothelial cells under physiological 

conditions [168], neurons and microglia [169] and cancer cells[170]. tPA circulates at a 

relatively low concertation of 5 ng/ml with a plasma half-life of 5 minutes. Upon release 

from endothelial cells under normal conditions, tPA is rapidly bound to the inhibitor PAI-

1 (discussed later) and to a lesser extent to α2-microglobulin (discussed later) after which 

it is cleared by the liver. When a vascular trauma or ischemia occurs, endothelial cells (or 

at times neuronal terminals adjacent to the vasculature) dramatically enhance tPA 

production [171]. tPA maintains blood vessel patency via activating plasminogen into 

plasmin and degrading intravascular fibrin clots after the injury. PLAT-null mice display 

an incapability to degrade fibrin clots and have exacerbated fibrin deposition in tissues 

including the brain, which can lead to brain injuries under stroke-inducing conditions 

[172][173]. 

The amino-terminus of tPA contains a finger domain that binds to fibrin with high 

affinity at two binding sites (Kd = 31 nmol/L and 244 nmol/L respectively) [174]. tPA 

binding to plasminogen is stronger than that of uPA (0.3 uM) and is zinc-dependent [175] 

suggesting that tPA is a more effective fibrinolytic activator. tPA can also bind ECM 

proteins such as fibronectin, laminin and insulin growth factor. The binding of tPA to fibrin 

is mediated through two kringle domains increasing tPA’s ability to activate plasminogen 
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by 3-fold [176]. Fibrin and plasminogen receptors can protect tPA from the circulating 

inhibitor PAI-1 [177][178].  

1.5.6 Urokinase Plasminogen Activator Receptor (uPAR) 

uPAR is a glycosyl-phosphatidylinositol membrane-anchored receptor for uPA. 

Intact uPAR contains three homologous domains (I, II and III) of which domain I can be 

cleaved by uPA. The cleaved uPAR with domains II and III remains on the surface but can 

also be shed as a soluble form. As a result, three soluble forms of uPAR are released: 

uPAR-I-II-III, uPAR-I and uPAR-II-III [179]. 

1.5.7 Plasminogen Activation Inhibitors 

Plasminogen activation is tightly regulated through a balance between activators 

and inhibitors to prevent or abort aberrant production of plasmin. Serpins are a family of 

serine protease inhibitors with a wide range of inhibitory capabilities that control 

proteolytic events such as the coagulation cascade [180]. Serpins possess a reactive center 

loop that mimics the protease substrate, which upon binding to the protease forms an 

inactive complex [181][182]. Seven serpins have been demonstrated to regulate 

plasminogen activation including SERPINE1 (PAI-1) [183], SERPINE2 (PI7; protease 

nexin I) [184], SERPINB2 (PAI-2) [185], SERPINF2 (α2-anti-plasmin) [186], SERPINI2 

(PI12, neuroserpin) [187] and A2M (α2-macroglobulin) [188]. 

PAI-1 is released into the extracellular space to act as an inhibitor of uPA, tPA, 

plasmin and thrombin. PI7 is also extracellular and inhibits both uPA and tPA. PAI-2 is 

largely intracellular and is an inhibitor of uPA [185]. A small percentage of intracellular 
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PAI-2 is glycosylated and enters the secretory pathway to be released into the extracellular 

space through a process known as facultative translocation [189]. α2-anti-plasmin is 

extracellular and is a potent inhibitor of plasmin. The binding of α2-anti-plasmin to plasmin 

is mediated through Lys436 and Lys452 with possible involvement of internal lysines in 

initiating binding to the kringle domains of plasmin [190]. Lastly, neuroserpin is 

extracellular and is an inhibitor of uPA, tPA and plasmin [180].  

1.5.8 Plasminogen Receptors 

1.5.8.1 Binding Plasminogen 

Plasminogen receptors are a heterogeneous group of proteins that share a common 

ability to bind plasminogen. The plasminogen binding capability is predominantly 

mediated through a carboxy-terminal lysine residue, which is either part of the uncleaved 

receptor or is exposed after a proteolytic cleavage event [191]. The C-terminal lysine 

sensitizes these receptors to cleavage by carboxypeptidases (e.g. carboxypeptidase B) or 

inhibition by lysine analogs such as ε-aminocaproic acid [192]. However, some 

plasminogen receptors such as integrins αvβ3, αMβ2 and αIIβ2 lack the canonical C-

terminal lysine and are not well characterized. Table 5 summarizes the 12 well-established 

plasminogen receptors, their corresponding gene names, cellular localization and C-

terminal lysine status (table 5). The two most recent additions to the list of plasminogen 

receptors are PLGRKT [193] and GAPDH [194]. The discovery of novel plasminogen 

receptors is an ongoing field of research which is mostly accomplished by the identification 

of new cell surface proteins that are were previously considered intracellular or nuclear 

proteins. 
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Although both tPA and uPA can activate circulating plasminogen into plasmin at a 

very low rate, the localization of plasminogen/plasmin to the cell surface ensures its 

proximity to the plasminogen activators. This reduces Michaelis constant (Km) by 60-fold 

and therefore enhances proteolytic and fibrinolytic activity. In addition, the binding of 

plasminogen to receptors also promotes its conversion from the “activation-resistant” glu-

plasminogen into the “activation-sensitive” lys-plasminogen. Once activated, receptor-

bound plasmin is protected from α2-anti-plasmin [195]. 

1.5.8.2 Tissue Expression 

Plasminogen receptors are ubiquitously expressed across various tissues cell 

surfaces at high surface densities of 105 to 107 receptors per cell [196]. These receptors are 

present in a wide range of cell types including monocytic and lymphocytic immune cells, 

neurons, platelets, endothelial cells and epithelial cells [195] but not on red blood cells 

[197]. Plasminogen receptors can either be anchored to the plasma membrane (tailed 

receptors) or bound to an anchoring partner protein (tail-less receptors) both of which are 

capable of binding plasminogen. Tailed plasminogen receptors such as integrins (αvβ3, 

αMβ2) are more ubiquitous on immune cells where they also transmit cell adhesion and 

migration signals and activate intracellular survival signaling pathways [198] (table 5).  

1.5.8.3 Broad Functions 

A plethora of evidence documented the relevance of plasminogen receptors in cell 

surface regulation of plasmin production using physiological and pathological models 

[195][199]. For instance, cytokeratin 8 is expressed at the cell surface of breast cancer cells 
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and is important for activation of plasminogen by tPA [200]. In inflammation, plasminogen 

receptors mainly function to mediate immune cell recruitment and promote matrix 

degradation and proteinase activation. Enolase 1 promoted plasminogen-mediated 

recruitment of monocytes to sites of acute inflammation in the lungs [201]. Plg-RKT is also 

required for the migration of macrophages under inflammatory conditions [202]. 

Apart from the capacity to bind plasminogen at the cell surface, plasminogen 

receptors vary largely in structure and distribution. Various plasminogen receptors have 

been studied in recent years as proteins dysregulated in disease. These include cytokeratin-

8, α-enolase, Plg-RKT, H2B, S100A4, and HMGB-1, with involvements in cell invasion 

and cancer metastasis through multiple mechanisms [199]. Cytokeratin 8 expression 

positively correlated with enhanced invasiveness of breast cancer cells [200] and increased 

expression has been observed in pancreatic [203], colorectal [203], and oral squamous cell 

carcinomas [204].  

1.5.9 Matrix Metalloproteinases and their Inhibitors 

Matrix metalloproteinases or MMPs belong to the zinc-dependent family of 

endopeptidases and are involved in several processes such as organogenesis, wound 

healing [205], inflammation [206] and oncogenesis [207]. Overexpression of MMPs by 

both tumor and stromal cells has been shown to contribute to carcinogenesis [207]. 

Mechanistically, MMPs degrade the physical barriers presented by the ECM to promote 

invasion and are often recruited to invadopodia where they mediate matrix breakdown at 

the invasive fronts [208]. MMPs can also promote cell proliferation by increasing shedding 

of membrane-anchored EGFR ligands such as heparin-bound EGF and TGFα [209]. MMPs 
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also increase the shedding of E-cadherin which releases β-catenin and allows its 

translocation to the nucleus to promote proliferation [210].  

A close family of MMPs is a group of proteins called ADAMs (a disintegrin and 

metalloproteinase) which are either membrane-bound ADAMs or ADAMs with 

thrombospondin motifs (ADAMTS). ADAMs share similar functions with MMPs in their 

ability to proteolytically cleave ECM but they also possess non-proteolytic functions 

related to integrin-mediated adhesion [211][212]. Inhibitors of matrix proteinases, known 

as TIMPs (tissue inhibitors of metalloproteinases) are endogenous regulators of the ECM 

remodeling and turnover. Four paralogous genes encode TIMP1 through 4 of which TIMP3 

is an ADAM and ADAMTS inhibitor [213]. TIMP1 is a potent inhibitor of MMP3 and 

MMP7 as well as ADAM10 and ADAM12 [214]. TIMP3 and TIMP4 inhibit ADAM17 

[215] (figure 8). TIMPs have been positively and negatively implicated in cell cycle 

control, apoptosis, angiogenesis, synaptic plasticity and cellular differentiation [213]. 

1.5.9 Cathepsins and Kallikreins 

In humans, the cysteine cathepsin family consists of 11 members which are mainly 

endopeptidases (except cathepsins C and Z) [216]. Many cathepsins have been implicated 

in modulating the tumor microenvironments by degrading the ECM [217][218], activating 

growth factors [219] and shedding cell-cell adhesion molecules [217] all of which 

contributing to enhanced invasion and metastasis [220][221]. Kallikreins (KLKs) are a 

family of trypsin-like serine proteases encoded by 15 structurally similar genes in humans 

(KLK1 through 15). Physiological functions of KLKs include cellular growth and tissue 

remodeling. However, multiple KLKs have been found to be upregulated (e.g. KLK11 in 
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neuroendocrine carcinoma and KLK10 in pancreatic cancer) or downregulated (e.g. KLKs 

2,3,5,6,10 and 13 in prostate cancer) in several malignancies [222]. 

1.5.10 Plasminogen Activation: An Orchestrated Process Between Plasminogen, its 

Activator and its Receptor (in the Eyes of a PhD Student) 

Circulating Glu-plasminogen first binds to carboxyl-terminal lysines on 

plasminogen receptors. The binding alters Glu-plasminogen from an activation-resistant to 

an activation-prone conformation. The cleavage of Glu-plasminogen by plasmin into Lys-

plasminogen further increases the susceptibility of plasminogen to activation by 

plasminogen activators. Plasminogen activators tPA and uPA then cleave plasminogen into 

the active protease plasmin. Plasmin can reciprocally activate pro-uPA into active uPA 

creating a positive feedback loop. In addition, plasmin cleaves and activates MMPs thereby 

degrading the ECM and activating a series of matrix-sequestered growth factors. 

Importantly, the activity of uPA is dependent on binding its receptor uPAR, which induces 

the clustering of uPAR in the plasma membrane into cholesterol- and sphingolipid-rich 

areas (figure 7). Enhanced surface expression of pro-uPA and uPA along with the 

concomitant increase in plasminogen receptors accelerate the generation of plasmin. 

Notably, uPA-mediated activation of plasminogen that is not bound to a receptor is 

markedly lower than when plasminogen is bound to a receptor and is in the activation-

prone form.  The proteolytic activities of plasmin and uPA are inhibited by serpins such as 

PAI-1, PAI-2 and α2-antiplasmin (figure 8).  
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1.6 Sub-chapter 6: The Plasminogen Receptor S100A10 

1.6.1 Structure 

S100A10 or p11 belongs to the S100 family of small calcium-binding proteins with 

molecular weights ranging from 9 to 13 kDa [223]. The family includes 20 members; 16 

members (S100A1-A16) are encoded by separate genes in a defined region of 

chromosome1q21. The remaining four members S100B, S100G, S100P, S100Z are located 

outside the 1q21 region [224]. The calcium binding function of S100 proteins is attributed 

to two calcium binding loops called EF-hand motifs.  One EF-hand motif (EF1) is located 

on the carboxyl-terminus and is shared with all other calcium-binding proteins such as 

calmodulin and troponin [225]. EF1 contains the canonical 12-amino acid calcium-binding 

sequence (DXDGDGTIXXXE) with highly acidic side chains of aspartic (D) and glutamic 

acid (E). The other EF-hand motif (EF2) is a S100-specfic motif and is located on the N-

terminus. This motif is unconventional in that it is 14 amino acids long and binds calcium 

through the carbonyl backbone of amino acids and the carboxyl group of glutamic acid 

[226].  

The C-termini of S100 proteins exhibit the most variability throughout evolution 

and it is the main distinguishing factor in their different functions [227]. The S100 family 

is considered a relatively young group of proteins having emerged about half a billion years 

ago from a calmodulin-like protein. This is supported by the fact that S100 proteins have 

been only found in vertebrates and not in invertebrate eukaryotes [228]. Despite that, S100 

proteins have been demonstrated to be highly adaptive proteins with a large degree of 

“interactivity” potential. Permyakov et al. coined the term “intrinsic disorder” to describe 
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the structural adaptability and functional versatility of these proteins [229]. This is further 

illustrated by the wide range of interacting proteins (discussed later). 

The uniqueness of S100A10 within the S100 family of proteins arises from the fact 

that the S100A10 EF hand motifs cannot bind calcium. This is due to three deletions in the 

linker regions between H1 and H2 and two mutations that gave rise to glutamic acid and 

asparagine substitutions in the EF domain (figure 9). Interestingly, although these 

substitutions render S100A10 incapable of binding calcium, the resultant conformational 

change resembles a calcium-bound state i.e. a constitutively active [230]. 

Monomeric S100A10 contains four alpha-helices known as H-1 (residues Q3-A19), 

H-2 (residues K27-K36), H-3 (residues A50-L58) and H-4 (residues F68-H89). The helices 

are separated by two loops L1 and L2 which form the calcium-binding loops. The calcium 

EF1 loop is located between H-1 and H-2 (residues A19-L30) while the canonical EF2 loop 

is located between H-3 and H-4 (D59-S70) [230]. The region between H-2 and H-3 is 

known as the hinge region (HR, residues P39-N44), providing S100A10 with its 

conformational flexibility (figure 9).  

1.6.2 A Putative Plasminogen Receptor 

As mentioned previously, plasminogen receptors are increasingly relevant in 

regulating various diseases including stroke, inflammation and cancer. The activation of 

plasminogen by plasminogen activators is amplified upon binding to a receptor at the cell 

surface. S100A10 meets all the criteria of a putative plasminogen receptor. Firstly, it binds 

plasminogen with a binding affinity (Kd) of 1.81 µM. Secondly, S100A10 possesses a 
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carboxy-terminal lysine, which has been shown to be essential in binding plasminogen 

[231]. Thirdly, S100A10 alone or in partnership with annexin A2 (discussed later) binds 

plasminogen inducing a conformational change into the open activation-prone 

conformation in cell-free conditions [177]. Lastly, S100A10 can protect plasmin and 

plasminogen activators (tPA) from their inhibitors, α2-antiplasmin and PAI-1 respectively 

[232]. S100A10 also binds and/or localizes to plasminogen activators and their receptors. 

It is believed that this localization greatly enhances plasminogen activation and is driven 

by oncogenic events [233]. S100A10 binds tPA (Kd=0.45µM) and accelerates plasminogen 

activation [177], allows localized proteolysis, while also protecting plasmin from inhibition 

by α2-antiplasmin [177]. S100A10 also localizes with uPAR at the cell surface of HT1080 

fibrosarcoma [234] and Colo222 colorectal [235] cancer cells. Loss of S100A10 from the 

extracellular surface of cancer cells results in a significant decrease in plasmin generation 

in macrophages [236], HT1080 fibrosarcoma [234], Colo222 colorectal [235], NB4 

leukemic [237] and Lewis-lung carcinoma [238] cancer cells.   
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Figure 9. Structure of the S100A10 monomer. Each monomer contains of four α-helices 
(H-I, H-II, H-III, and H-IV). Two L1 and L2 separate H-I from H-II and H-III from H-IV 
respectively. H-II and H-III are linked by a flexible hinge region (HR1). The C-terminal 
lysines are also shown and represent the binding sites for plasminogen and tissue 
plasminogen activator (tPA). 
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1.6.3 Role in Fibrinolysis 

Vascular fibrinolysis is a fundamental process where endothelial cells lining the 

blood vessels play a key role in preventing blood clotting via the production of plasmin. 

Given its role in plasminogen activation, S100A10 is also a player  in clot breakdown [239]. 

S100A10 knockdown in TIME cells (telomerase immortalized microvascular endothelial 

cells) resulted in a dramatic decrease in their ability to bind and activate plasminogen. The 

S100A10 knockout mice display signs of aberrant fibrinolytic activity and accumulate 

fibrin in various tissues (lung, spleen, liver and kidney) compared to wild-type mice. These 

mice were inefficient in breaking down batroxobin-induced blood clots, a consequence of 

reduced fibrinolysis. The absence of S100A10 in vivo not only affected blood clot 

breakdown and fibrin tissue deposition but also the formation of blood vessels or 

angiogenesis. S100A10 knockout mice showed reduced CD31 staining indicating impaired 

vascularization [240]. 

1.6.4 Role in Cancer  

A series of studies in the last 20 years have addressed the role of S100A10 as a 

plasminogen receptor in various cancer models [241][242]. For instance, S100A10 

promoted the activation of plasminogen and invasiveness of macrophages [236], HT1080 

fibrosarcoma cancer cells [234], Colo 222 colorectal cancer cells [235] and NB4 leukemic 

cells [237]. Consequently, the loss of S100A10 dramatically reduced surface plasmin 

generation and the invasive capacity of these cancer cells. The loss of S100A10 also 

reduced the metastatic burden in the lungs of mice intravenously injected with HT1080 

cells [234]. A more recent report showed that S100A10 also regulated the infiltration of 
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tumor-associated macrophages (TAMs) into tumor sites and was essential for the growth 

of a tumor in a xenograft model of mouse Lewis lung carcinoma (LLC). In fact, LLC 

tumors failed to grow in S100A10-null mice and were less angiogenic, potentially due to 

failure of recruitment of these macrophages. Tumor growth was restored when S100A10-

null macrophages were intra-tumorally injected (and not intravenously) into LLC tumors 

of S100A10-null mice suggesting that S100A10 was required for the infiltration step via 

blood vessel walls. Collectively, these studies highlighted the importance of the 

plasminogen activation system, mediated by stromal cell and cancer cell S100A10, in 

tumor growth [238]. 

1.6.5 A Role in a Hyper-Fibrinolytic Cancer  

Patients of acute promyelocytic leukemia (APL) suffer from severe bleeding 

complications primarily caused by a hyper-fibrinolytic vasculature and low-platelet counts. 

Hyper-fibrinolysis or aberrant fibrinolysis is mediated through the accelerated capability 

to generate plasmin, which breaks down fibrin clots formed at wound sites. A recent report 

by O’Connell et al. showed that S100A10 depletion in NB4 leukemia cells resulted in over 

70% decrease in the plasminogen-binding and activation at the cell surface. The ability to 

degrade fibrin was also hampered in S100A10-depleted cells and in S100A10-null mice, 

which manifested as increased fibrin deposition in various tissues. Moreover, induced 

expression of PML-RARα, the fusion oncogene responsible for APL, upregulated the 

expression of cell surface S100A10 in the myeloid precursor PR9 cells. ATRA (all-trans 

retinoic acid), a standard treatment for APL patients, downregulated S100A10 expression 

[237]. This study provides a potential mechanism for plasmin contributing to the hyper-
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fibrinolytic phenotype of APL patients [240]. Additionally, it indicated that S100A10 is a 

regulator of plasmin-mediated fibrinolysis. 

1.6.6 Interaction with Annexin A2 

The heterotetrameric complex formed between annexin A2 and S100A10 

represents a unique example of how plasminogen receptors can be implicated in 

physiological and pathological conditions including inflammation, stroke and cancer [242]. 

It is generally believed that plasminogen activation is localized in glycosphingolipid-rich 

plasma membrane micro-domains, called lipid rafts. uPA and uPAR localize with the 

S100A10/annexin A2 heterotetramer to promote plasminogen activation at these sites 

[243][244]. The heterotetramer also binds to the kringle domains of tPA and plasminogen 

via the S100A10 subunits [177][245]. Carboxypeptidase B treatment, which cleaved the 

C-terminal lysines of the native annexin A2 heterotetramer, led to an 80% decrease in 

plasminogen activation [246]. Noteworthy, the C-terminal lysines of S100A10 are also 

sensitive to other carboxypeptidases including carboxypeptidase N and TAFI (Thrombin 

activatable fibrinolysis inhibitor) [246]. The combination of wild-type annexin A2 with 

either wild-type S100A10 or a mutant S100A10 (S100A10ΔKK) which lacks the two C-

terminal lysines revealed that the mutant complex possessed minimal plasminogen 

activation capacity (12%) compared to the wild-type heterotetramer. These findings 

emphasized the importance of the two C-terminal lysines of S100A10 in plasminogen 

binding and activation.   
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1.6.6.1 S100A10 Stability  

The relationship between annexin A2 and S100A10 is predominantly dictated by 

the dependence of S100A10’s stability on the presence or sustained expression of annexin 

A2. For instance, transient knockdown of annexin A2 in MDCK cells resulted in reduction 

of both annexin A2 and S100A10 protein expression [247]. Annexin A2-null mice express 

considerably lower levels of S100A10 protein. The N-terminus of annexin A2 protects 

S100A10 by masking the C-terminus region which contains poly-ubiquitination sites hence 

preventing S100A10 degradation [248]. This permits the translocation of S100A10 to the 

cell surface [248][249][250][251][252]. Interestingly, depletion of S100A10 by siRNA did 

not result in a decrease in annexin A2 protein expression [253][234].  

1.6.6.2 Sites of Interaction 

In the 1990s, studies utilized site-directed mutagenesis to identify the amino acids 

required for S100A10 association with its binding partner annexin A2 [254]. The binding 

is mediated through a four amino-terminal amphipathic helix (V3, I6, L7, L10) on annexin 

A2. This helix binds to the hydrophobic cleft formed by the hinge region (HR) and H-1 of 

one S100A10 monomer and the H-3 region of the other monomer [255][256]. Annexin A2 

forms multiple points of contact with the S100A10 monomers making this interaction 

highly favorable and specific. The four amino acids form seven, two and nine sites of 

interactions with the H-1, HR and H-3 respectively (reviewed in [224]).  
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1.6.6.3 Role in Auto-proteolysis of Plasmin 

In addition to directly cleaving matrix substrates such as fibrin, fibronectin and 

laminins, plasmin can also undergo auto-proteolysis. Furthermore, the annexin A2-

S100A10 heterotetramer can stimulate plasmin auto-proteolysis [257]. The self-destruction 

phenomenon is believed to be evolutionary means of mitigating collateral tissue damage 

resulting from uncontrolled accumulation of plasmin in tissues. 

1.6.6.4 Addressing an Enduring Ambiguity  

Many reports have suggested that annexin A2 is also a putative receptor for 

plasminogen [258]. It has been challenging to attribute any plasminogen-dependent cellular 

changes to annexin A2 and/or S100A10. Based on the evidence presented below, this 

challenge is at least partially addressed, and concludes that S100A10 is the sole receptor 

for plasminogen within the heterotetramer [241]. A study by Kwon et al. utilized site-

directed mutagenesis of plasminogen to change a serine residue in the plasmin catalytic 

site into cysteine which was subsequently labeled with fluorescein. Results showed that the 

purified heterotetramer induced a conformational change in glu-plasminogen (Kd = 1.26 

µM). However, purified monomeric annexin A2 failed to induce a conformational change 

suggesting that either annexin A2 did not bind plasminogen or that the proposed interaction 

of plasminogen with annexin A2 was mechanistically distinct from that involving the entire 

heterotetramer [259]. The heterotetramer and S100A10 monomer are proficient at 

mediating tPA-dependent activation of plasminogen, 3 to 4-fold (respectively) higher than 

that of monomeric annexin A2 [232][177]. Furthermore, Fog et al. generated recombinant 

heterotetramers formed by wild-type annexin A2 with either wild-type S100A10 or a 
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mutant S100A10 that lacks two carboxyl-terminal lysines. The S100A10-mutant 

heterotetramer possessed around 10% of the activity of the wild-type heterotetramer, which 

emphasized the importance of the two carboxyl-terminal lysines of S100A10 in 

plasminogen binding [246]. Lastly, surface plasmon resonance (SPR) studies revealed that 

while the heterotetramer bound both tPA (Kd=0.68µM) and plasminogen (Kd=0.11µM), 

monomeric annexin A2 failed to do so [253]. 

1.6.7 Interactors 

Although S100A10’s interaction with annexin A2 is the most-studied and well-

established interaction especially in relation to disease, multiple studies have demonstrated 

various interacting partners for S100A10. The plasticity of S100 proteins renders them very 

promiscuous in their binding capacity. The S100A10-interacting proteins discussed below 

are summarized in table 6. Figure 10 also summarizes the various functions of S100A10 in 

physiological and pathological models based on the proposed interactions (figure 10). 

Yang et al. demonstrated that the protein DLC1 (deleted in liver cancer 1) competes 

with annexin A2 to bind S100A10 and in turn promotes ubiquitin-mediated degradation of 

S100A10. This interaction led to decreased cellular invasion, migration, colony formation 

and anchorage-independent growth of lung cancer cells in a Rho GTPase-dependent 

manner [260]. In a slightly different context, S100A10 was shown to bind the carboxy-

terminal cytoplasmic tail of the chemokine receptor CCR10 and regulate its surface 

localization [261]. CCR10 belongs the GPCR family of proteins and is involved in 

mediating inflammatory responses [262]. A recent report by Chehab et al. examined 

Weibel-Palade bodies (WPBs) that are secretory granules storing the pro-coagulant von 
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Wille-Brand factor (VWF). The exocytosis of WPBs from endothelial cells is dependent 

on their recruitment to the plasma membrane upon insult. The study identified that 

Munc13-4 (protein unc-13 homolog D) directly interacted with S100A10 (within the 

heterotetramer) to form a complex that was essential for cell membrane recruitment and 

exocytosis of WPBs [263]. Chen et al. recently examined the role of S100A10 in autophagy 

and autophagosome formation in bronchial epithelial cells in response to interferon gamma 

(IFN-γ). The group demonstrated that S100A10 was essential for autophagosome 

formation via interactions with the serine/threonine-protein kinase (ULK1) promoting its 

localization to the autophagosome formation sites [264]. Herein, ULK1 phosphorylates and 

activates essential autophagy-related proteins such as ATG9 and Beclin1 [265][266]. 

S100A10 and annexin A2 also interact with sphingolipid ceramide 1-phosphate (C-1-P) 

and help facilitate cellular invasion [267]. Furthermore, both S100A10 and Annexin A2 

interact with a large protein called AHNAK that is involved in membrane repair [268].  
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Table 6. S100A10 interactors. The table describes the contributions of S100A10 to its 
interactors and the impact on their cellular functions. 
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Interactor Functional contribution of S100A10 in 
interaction

Annexin A2 - Enhanced endothelial cell fibrinolysis, cell 
adhesion, cellular spreading, cancer cell 
invasion and metastasis

DLC1 - Decreased cell migration and invasion, colony 
formation and anchorage-independent growth

5-HT1B - Is required for membrane translocation
- Prevents depressionmGLuR5

5HT4R - Is required for membrane translocation
- Aberrant increase leads disrupted calcium ion 

handling and increase in heart rate

TRPV5 and TRPV6 - Is required for membrane translocation
- Calcium homeostasis

TASK1 - Is required for membrane translocation
- pH homeostasis

Na(V)1.8 - Is required for membrane translocation
- Maintains delivery of pain signals in sensory 

neurons

CCR10 - Is required for membrane translocation
- Inflammation and cancer progression

Munc13-4 - Required for exocytosis of Weibel-Palade 
bodies (WPBs) and subsequent release of Von 
Wille-brand factor (VWF)

ULK1 - Formation of autophagosomes and mediation 
of autophagy 

C-1-P - Cellular invasion

AHNAK - Cell membrane repair

L2 minor capsid protein - Human papilloma virus 16 (HPV16) infection
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Figure 10. Functions of the S100A10 protein. The figure summarizes the various 
functions of S100A10 in physiological and pathological conditions. The cell models 
include leukemia, solid tumors, cardiomyocytes, macrophages, sensory neurons, microglia 
and astrocytes and human papilloma virus 16 (HPV16).
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S100A10 also interacts with the L2 minor capsid protein of the human papilloma virus 16 

(HPV16) and is required for the internalization and infection of epithelial cells [269]. 

S100A10 has also been implicated in brain function under both physiological (e.g. 

neuronal function) and pathophysiological conditions (e.g. depression). A seminal study 

by Svenningsson and colleagues utilized the yeast-two hybrid screening system to identify 

proteins that interact with the serotonin receptor 1B (5-hydroxytryptamine (5-HT1B) 

receptor), which is involved in serotonin neurotransmission [270][271]. S100A10 was the 

predominant prey clone that interacted with 5-HT1B but not with other serotonin receptors 

(e.g. 5-HT1A, 5-HT2A, 5-HT5A). In fact, S100A10 was responsible for the translocation of 

5-HT1B to the cell surface. Importantly, the study also revealed that S100A10-null mice 

display a depression-like phenotype, reduced responsiveness to serotonin receptor agonists 

and an incomplete response to antidepressants. Consequently, S100A10 was increased by 

long-term treatment of mice with the tricyclic antidepressant imipramine [270]. Other 

groups showed that S100A10 modulated the membrane translocation of serotonin receptor 

5HT4R in rat ventricular cardiomyocytes [272] and the metabotropic glutamate receptor 5 

(mGluR5) in murine GABAergic neurons [273]. S100A10 also binds the amino terminus 

of the tetradotoxin-resistant sodium channel (Na(V)1.8) which is implicated in 

transmission of pain signals in sensory neurons. S100A10 binding promotes Na(V)1.8 

translocation to the plasma membrane [274]. Another study by Van der Graaf et al. showed 

that S100A10 (and the entire heterotetramer) interacts with the calcium channels TRPV5 

and TRPV6 (Transient receptor potential cation channel subfamily V member 5 and 

member 6) and was also required for routing these channels to the plasma membrane 

[275][276]. Similarly, Girard et al. identified that S100A10 binds the tandem pore (2P) 
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domain potassium channel TASK-1, which masks the endoplasmic reticulum retention 

signal and mediates its translocation to the plasma membrane [277]. Collectively, these 

results revealed a broad function of S100A10 that involves the translocation of a plethora 

of proteins to the cell surface.  

1.7 Subchapter 7: Epithelial to Mesenchymal Transition (EMT) 

In the 1970s, Markwald and colleagues were studying the types of cells that 

constitute the ECM (called “cardiac cushion” in the heart) of the atrio-ventricular canal of 

a chicken embryo heart. The authors utilized a video camera to track the first recorded 

transition of endothelial cells lining the cardiac vasculature from an epithelial to a 

mesenchymal morphology that then constituted the cardiac cushion [278]. Later reports 

described similar transitions in different types of tissues where cells undergo 

morphological and functional changes under both physiological and pathological 

conditions Epithelial to mesenchymal transition (EMT) gradually became a fundamental 

biological mechanism by which epithelial cells migrate during embryonic development 

(type I), tissue repair/fibrosis (type II) and cancer cell dissemination (type III). In 2007, 

EMT was officially classified into three distinct biological types during a conference in 

Poland [279]. All three types share similar biochemical pathways often activated via 

various signals such as TGFβ (discussed later), PDGF (platelet-derived growth factor), 

EGF (epidermal growth factor) and HGF (hepatocyte growth factor) [279]. The dynamic 

nature of EMT and MET (mesenchymal to epithelial transition) and the associated cellular 

changes are depicted in figure 11 and figure 12 respectively (figure 11, figure 12).  
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1.7.1 Types of EMT 

1.7.1.1 Type I EMT 

Type I EMT was originally characterized during heart morphogenesis of chicken 

embryos [278]. However, it is now implicated in various other embryonic processes 

including implantation, gastrulation and organ morphogenesis [279]. For instance, cells in 

the parietal endoderm undergo EMT that prompts implantation of the embryo and 

formation of the placenta [280]. Epithelial cells in the epiblast layer undergo EMT 

generating the primitive streak, the first step of gastrulation. This primitive streak is what 

ultimately gives rise to the three germ layers that generate all tissues of the body [281]. 

The epithelial cells forming the neuroectoderm express mesenchymal transcription 

factors such as Slug, Snail, Sox and FoxD3, which stimulate these cells to undergo EMT 

[282]. These epithelial cells become the migratory cells of the neural crest [283]. The 

migratory neural cells then dissociate from the neural folds to undergo differentiation into 

various cell types [284]. 
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Figure 11. dynamic nature of EMT. EMT represents a spectrum of events that ranges 
from a highly epithelial, polarized and specialized cell to a mesenchymal motile cell with 
stem-like properties. Within that spectrum, cells can possess a partial EMT status where 
they retain expression of some epithelial markers while acquiring new mesenchymal 
markers. MET is the reverse process of EMT and is known as mesenchymal to epithelial 
transition.  
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Figure 12. Progressive changes in epithelial cells undergoing EMT. EMT is defined by 
the progressive cellular changes that are initiated by loss of cell-cell junctions followed by 
cytoskeletal rearrangements and formation of stress fibers. The latter, when combined with 
elevated expression of EMT transcription factors, promote cell movement and migration. 
The migratory phenotype is supported by the expression of motility markers (N-cadherin) 
as well as invasive markers (e.g. MMPs). 
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1.7.1.2 Type II EMT 

Type II EMT is linked to tissue and organ fibrosis mediated by fibroblasts, pro-

inflammatory cells and a series of ECM components including collagen and laminin [279]. 

Tissues such as the liver, lung, intestine and kidneys are examples of organs where type II 

EMT takes place. Fibroblasts release fibroblast-specific protein 1 (FSP1) [285], collagen 

I, alpha smooth muscle actin (α-SMA), vimentin and others, which can be used as markers 

of chronic tissue fibrosis [286]. Meanwhile, the epithelial cells of the affected tissue also 

acquire mesenchymal markers such as FSP1 while maintaining expression of some 

epithelial markers such as E-cadherin and cytokeratin resulting in a “partial EMT” 

phenotype (Figure 11), as demonstrated in renal fibrosis [287]. This phenotype is sufficient 

for these cells to detach from the basement membrane and neighboring cells and then 

migrate to the interstitial space where they accumulate and complete their “partial EMT” 

to become fully mesenchymal and fibroblast-like [279]. Another example of type II EMT 

is pulmonary fibrosis, a lung condition characterized by irreversible destruction of lung 

architecture. Pulmonary fibrosis is primarily driven by TGFβ1 signaling, which mediates 

fibroblast proliferation and their migration to fibrotic sites [288]. TGFβ1 also induces EMT 

in pulmonary fibroblasts and myofibroblasts which are responsible for the aberrant 

extracellular matrix deposition [289]. 

1.7.1.3 Type III EMT 

Unlike type I and II, the outcome of type III EMT is markedly different and 

unpredictable because it is driven/coupled with genetic events that occur in cancer cells. 

Cancer cell dissemination is initiated by the movement of cancer cells into the blood 
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vasculature, which is thought to be triggered by EMT. EMT enables an epithelial cancer 

cell to acquire an motile invasive phenotype [290] resulting in the downregulation of 

epithelial genes and the upregulation of mesenchymal genes [291]. Mesenchymal cells are 

commonly observed at the invasive front of primary tumors, displaying a poorly 

differentiated morphology and are thought to be the drivers of invasive escape of cancer 

cells giving rise to metastasis [292]. 

Type III EMT is characterized by the progressive loss of epithelial characteristics, 

mainly through the deconstruction of tight junctions and other cell-cell contact structures 

and reorganization of the actin cytoskeleton, both leading to the subsequent loss of apical-

basal polarity and gradual dissociation from the basement membrane. E-Cadherin 

(discussed later) is a major protein component of intercellular junctions whose encoding 

gene is frequently repressed by a plethora of EMT transcription factors. Consequently, cells 

become more motile as they express specific cytoskeletal motility proteins, such as 

vimentin and N-cadherin (discussed later).  Concurrently, MMPs are also activated, which 

degrade the impeding extracellular matrix proteins such as collagen and fibronectin. 

Mesenchymal cancer cells are then able to intravasate and subsequently exit the 

bloodstream at a secondary site, where they undergo mesenchymal to epithelial transition 

(MET) and may form secondary epithelial tumors or metastases [279]. 
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1.7.1.4 Epithelial and Mesenchymal Markers 

The list of epithelial and mesenchymal markers is always expanding as new 

markers are being readily discovered (table 7). Table 7 represents a compilation of 

epithelial and mesenchymal markers based on their cellular function and/or localization. 

These markers were divided into four different categories: cytoskeletal proteins, 

extracellular matrix proteins, cell surface proteins, transcription factors, miRNAs and 

lncRNAs (Table 7). The involvement of each marker is either universal as seen in the 

downregulation of E-cadherin and upregulation of N-cadherin during EMT or unique such 

as the requirement of Twist1 activation in specific cancer models but not others. Below is 

a detailed discussion of the two most-studied markers, E-cadherin and N-cadherin.  

1.7.1.4.1 E cadherin 

E-cadherin, also known as epithelial cadherin or cadherin 1, is encoded by the 

CDH1 gene and is a member of the cadherin superfamily. The murine equivalent of human 

E-cadherin, uvomoulin shares an 80% nucleotide and amino acid sequence homology 

[293]. E-cadherin is a 120kDa glycoprotein and a calcium-dependent cell adhesion 

molecule (CAM) composed of a substantial extracellular domain (ED), a single 

transmembrane domain and a short cytoplasmic intracellular domain (ID). The latter 

interacts with α-, β-, γ-catenins that link the ID to the actin cytoskeleton [294]. The ID 

contains a highly conserved series of 150 amino acid residues (juxta-membrane region) 

that have been demonstrated to modulate the cell to cell adhesion function of the ED 

through its interactions with the actin cytoskeleton [295]. The ED contains five folded 

repeats of 110 amino acids each, which contain the Ca2+ binding sites and dictate the 
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hemophilic interaction with EDs of E-cadherins on other cells [296]. Cadherins first homo-

dimerize (cis-dimerization) on one cell surface followed by trans-dimerization with other 

cadherins on the neighboring cells [295]. 

E-cadherin is arguably the most studied cell-cell adhesion protein and has been shown to 

be required for the formation and sustenance of epithelial linings. This was first 

demonstrated in chicken embryos by Gallin and colleagues and was originally named L-

CAM (liver cell adhesion molecule) [297]. It localizes to the surface of epithelial cells at 

sites of cell to cell contact primarily at adherens junctions.  
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Table 7. Epithelial and mesenchymal markers. The Table represents a compilation of 
E/M markers based on their cellular function and/or localization. These markers were 
divided into four different categories: cytoskeletal proteins, extracellular matrix proteins, 
cell surface proteins, transcription factors and miRNA and lncRNA.  
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Category Epithelial markers Mesenchymal markers

Cytoskeletal proteins Cytokeratin Vimentin
β-catenin

-SMA ( -smooth muscle actin)
FSP1

Extracellular matrix proteins Collagen IV ( 1)
Laminin 1

Collagen I ( 1)
Collagen III ( 1)
Fibronectin
Laminin 5

Cell surface proteins E-cadherin
ZO-1 (Zonula occludens 1)

N-cadherin
Vβ6 integrin
5β1 integrin

Syndecan-1

Transcription factors FOXA1/2 (Song et al 2010)
GATA3 (Yan et al 2010)
TP53 (Chao et al 2011)

Twist1
ZEB1/2
Snail1/2
Ets-1
Goosecoid
LEF-1
CBF-A/KAP-1 complex

miRNA and lncRNA miR-200s miR10b
miR-21
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During type I EMT, E-cadherin levels are repressed accordingly during 

gastrulation, neurulation and organogenesis [298]. Downregulation, complete loss or 

mutations in E-cadherin have also been linked to malignant transformation and are known 

to interfere with the stability of adherens junctions. E-cadherin downregulation is achieved 

through various mechanisms including genetic alterations (mutations, loss of 

heterozygosity etc.), epigenetic changes through DNA methylation and transcriptional 

control [299][300]. CDH1 Mutations have been identified in gastric, ovarian and breast 

cancers [301]. Loss of heterozygosity (LOH) of CDH1 has been observed in various 

cancers including breast, prostate and liver [302]. LOH is a chromosomal event where a 

mutated allele results in the loss of the other allele (e.g. RB1 and BRCA1 mutations leading 

to loss of the wild-type allele). Transcriptional repression is however the most studied 

mechanism and has been implicated in EMT and EMT-like changes [281]. A series of zinc-

finger-family of transcription factors such as ZEB1/2, Twist, Snail and Slug can bind the 

CDH1 promoter and repress its transcription [303][304]. Collectively, the repression of E-

cadherin correlated with loss of epithelial polarity [305], poor-differentiation [306], higher 

grade [307], enhanced metastatic potential [308] and ultimately worse patient prognosis 

[309]. 

1.7.1.4.2 N-cadherin 

N-cadherin is encoded by the CDH2 gene and is known as cadherin-2 or neural 

cadherin. The discovery of N-cadherin was a serendipitous incident during the examination 

of the effect of an anti-neutrophil monoclonal antibody NCD-1 on mouse embryonic brain 

cells. Cells treated with NCD-1 failed to form compact structures, which was later 
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attributed to the inhibition of N-cadherin leading to reduction in cell adhesion [310]. N-

cadherin, like other cadherins, contain the five folded repeats capable of cis- and trans-

dimerization. 

N-cadherin is first detected during the gastrulation and neurulation stages where 

cells undergo EMT to form the mesoderm and neural crest respectively. To do so, these 

cells upregulate N-cadherin and downregulate E-cadherin, a process known as E- to N-

cadherin switch [311]. The switch is important for the epiblast cells to ingress through the 

primitive streak and the neural crest away from the neural tube [312][313]. In adult cells, 

N-cadherin is crucial for maintaining the structural and adhesive properties of cells 

especially in neurons and during synapse formation [310].   

Twist, a repressor of E-cadherin, can also activate N-cadherin expression [314]. E-

cadherin expression is highly dependent on the availability of p120-catenin which serves 

to stabilize E-cadherin. The downregulation of E-cadherin by TGFβ1 or EMT transcription 

factors (e.g. Twist), frees up the p120-catenin, which then binds another cadherin, likely 

N-cadherin that is concomitantly upregulated. Cadherins compete for binding to catenins 

to mediate their stability [315].  Interestingly, forced expression of one cadherin can 

downregulate expression of other cadherins. For instance, forced expression of N-cadherin 

in epithelial cells downregulated E-cadherin by increasing its degradation [316]. N-and R-

cadherin promote the endocytosis and subsequent degradation of E-cadherin via 

competition for p120-catenin binding [317]. 

Cellular behavior is also influenced by E- to N-cadherin switching. N-cadherin 

binds fibroblast growth factor receptor (FGFR) and serves as a stabilizer of the receptor on 
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the cell surface by promoting its dimerization [318][319]. N-cadherin also promotes cancer 

cell interactions with endothelial and mesenchymal cells (e.g. fibroblasts). The small 

scaffold protein NHERF links N-cadherin and β-catenin to the platelet-derived growth 

factor receptor (PDGFR) at sites of lamellipodia formation, which in turn increases motility 

[320]. N-cadherin expression increases steady-state levels of the Rho GTPases Rac1, RhoA 

and Cdc42 in the active GTP-bound form leading to enhanced cell motility [321][322]. 

1.7.1.5 EMT Signaling 

Accumulating evidence has demonstrated that EMT is inducible by multiple factors 

(e.g. TGFβ, EGF, WNT, FGF, Notch, BMP). However, TGFβ remains the most potent 

inducer of EMT not only during embryogenesis and tissue fibrosis but also during cancer 

progression [279]. Physiologically, TGFβ is a crucial regulator of cell proliferation, 

differentiation, migration and apoptosis. Mutations in genes involved in the TGFβ pathway 

(e.g. TGFβ receptors) have been associated with cancer occurrence and TGFβ 

overexpression has been linked to highly metastatic tumors and poor patient prognosis 

[323]. It is worth noting that EMT is generally considered an anti-proliferative mechanism 

by which cancer cells temporarily sacrifice an increased growth capability for the benefit 

of acquiring motile, drug resistant and stem cell-like characteristics [324][325]. 

1.7.1.6 Canonical Smad TGFβ1 Signaling 

TGFβ1 binds two types of transmembrane serine/threonine kinase receptors, 

designated as type I and type II TGFβ receptors (TβRI and TβRII). Binding of TGFβ to the 

Type II receptor results in receptor activation and auto-phosphorylation of both receptors, 
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which then phosphorylate Smad factors (Smad2 and 3). Phosphorylated Smad2/3 

dissociate from the receptors and form a complex with Smad4 [326]. The Smad2/3/4 

complex then translocates to the nucleus where Smads act as activators or repressors of 

transcription factors to modulate gene expression [327]. 

Smad proteins were originally described as part of EMT activation during tissue 

development [328]. Smads can exist as receptor-regulated (R-Smads) which consist of 

Smad2 and Smad3. Both Smads are direct phosphorylation substrates of TβRI and activin 

type I receptors [329][330]. Smads can additionally amplify the EMT response by 

increasing autocrine TGFβ production [331]. Smad4 is part of a class of Smads that are 

required for R-Smad signaling but are not direct substrates of TβRs. Smad4 association 

with Smad3 is also required for repression of E-cadherin and occludin in response to 

TGFβ1 [332] (figure 13). The expression of an inactive Smad4 or decreased expression of 

Smad4 also inhibited TGFβ1-indcued EMT in breast cancer cells [327]. Additionally, the 

Smad3-Smad4 complex interacts with ZEB1, ZEB2 and SNAI1 in response to TGFβ1 to 

further exacerbate EMT activation [333][332]. 

In addition to Smads, TGFβ receptors also directly phosphorylate other major 

families of EMT-ATFs (EMT-activating transcription factors), including the Snail family 

of zinc finger proteins. Snail is activated by TGFβ, Notch, COX2, EGF, Wnt, and other 

factors and can directly induce other EMT-ATFs. However, it also cooperates with 

Smad3/Smad4 to repress epithelial markers such as E-cadherin, desmoplakin, occludins, 

and cytokeratins. Concurrently, Snail stimulates expression of mesenchymal markers such 

as N-cadherin, vimentin and MMPs (reviewed in [333]). As a result, Snails play a pivotal 
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role in the dissociation of cell-to-cell attachments and subsequent invasiveness seen in 

cancer cells having undergone EMT. 

Genetic changes in Smad-encoding genes have been implicated in cancer. For 

example, loss or mutation of the SMAD4 gene on human chromosome 18q21.1 is found in 

more than 50% of pancreatic carcinomas [334] as well as in breast and ovarian cancers 

[335]. Studies on allelic SMAD4 loss showed carcinoma development after 6-12 months in 

heterozygous SMAD4 mice (SMAD4 +/-). The second allele was subsequently lost at later 

stages of tumor progression, suggesting that loss of one allele is sufficient to promote tumor 

initiation while loss of function of both alleles (as seen in LOH) is important in subsequent 

progression of malignant tumors [336]. Allelic loss on chromosome 15q21-22, which 

harbors the SMAD3 gene, is also common in breast, colorectal, and pancreatic tumors. LOH 

at the SMAD3 locus was found in 73% of non-metastatic and 90% of metastatic breast 

carcinomas [337].  
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Figure 13. Canonical TGFβ1 signaling. TGFβ1 binds two types of transmembrane 
serine/threonine kinase receptors, designated as type I and type II TGFβ receptors (TβRI 
and TβRII). Binding of TGFβ to a Type II receptor results in receptor activation and 
phosphorylation of type I and type II receptors, which is in turn activated and further 
phosphorylates Smad factors (Smad2 and 3). Phosphorylated Smad2/3 then dissociate from 
the receptors and form a complex with Smad4. The complex then translocates to the 
nucleus where Smads bind to Smad-binding elements (SBEs) in DNA and act as activators 
or repressors of transcription factors. Smads can additionally amplify the EMT response 
by increasing autocrine TGFβ production [331]. The Smad complex serves to repress E-
cadherin, activate expression of EMT activating transcription factors (EMT-ATFs) and 
induce expression of mesenchymal genes (e.g. N-cadherin). 
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1.7.1.7 Non-Smad TGFβ Signaling 

TGFβ signaling through TβRI and TβRII also activates non-Smad pathways that 

include the MAP kinase, PI3K/Akt, p38/Jnk and Rho GTPase pathways. Those pathways 

are discussed below. 

1.7.1.7.1 MAPK/Erk Pathway 

The phosphorylated TβRs serve as docking sites for various proteins other than 

Smads such as proteins containing phosphotyrosine-binding domains and src homology 

domains (e.g. Grb2 (growth factor receptor binding protein 2)). Grb2 is normally 

complexed with another adaptor protein called Sos in the cytoplasm. The receptor 

phosphorylation recruits the Grb2/Sos1 complex where Sos activates Ras proteins by 

exchanging bound GDP for GTP. Active Ras binds Raf to activate a series of MAP 

(mitogen-activated protein) kinases leading to the activation of MEK1, which ultimately 

phosphorylates Erk [338]. Erk activation is required for the disintegration of cell junctions 

and cell motility as well as enhanced interaction with the ECM [339]. The earliest evidence 

of TGFβ-induced activation of MAPK was observed in rat intestinal cells where TGFβ 

treatment induced an increase in p21(Ras) levels, which is upstream of the MAPK pathway 

[340]. Later reports demonstrated that TGFβ activates the MAPK pathway through Raf and 

MEK1, which in turn promotes the phosphorylation of Erk in fibroblasts [341], epithelial 

cells [342] and cancer cells [343]. Knockdown of Grb2 or ShcA in normal breast epithelial 

cells and cancer cells renders these cells unresponsive to TGFβ with limited migratory and 

invasive capabilities [344]. 
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1.7.1.7.2 PI3k/Akt Pathway 

TGFβ also induces the activation of PI3k and the subsequent phosphorylation of 

Akt [345][346][347], independently of Smad signaling [348]. The association of the p85 

subunit of PI3k with TβRI is the initiating event upon TGFβ treatment. In contrast, p85 

also associates with TβRII but this association does not require TGFβ. Regardless, the 

phosphorylation of both receptors and their kinase capacity is the determinant of the 

activation of PI3k [349]. TGFβ also induces PI3k indirectly by activating the expression of 

TGFα, which in turn activates EGFR-mediated activation of PI3k [347]. PI3k has been 

demonstrated as necessary for the re-organization of the actin cytoskeleton as well as cell 

migration during TGFβ-induced EMT. mTOR (mammalian target of rapamycin), a 

downstream effector protein of PI3k signaling mediates the phosphorylation of 4E-

BP1(Eukaryotic translation initiation factor 4E-binding protein 1) and S6K1 (Ribosomal 

protein S6 kinase beta-1) in response to TGFβ in NmuMG murine epithelial cells and 

HaCAT keratinocytes [350]. In contrast, TGFβ has also been shown to inhibit PI3k/Akt 

signaling through a Smad-dependent mechanism, via the expression of the lipid 

phosphatase SHIP1 which dephosphorylates Akt [351]. Whether PI3k-mediated and Smad-

mediated activation of EMT act synergistically or antagonistically remains elusive and is 

context dependent (addressed in the discussion section). 

1.7.1.7.3 P38/Jnk Pathway 

The p38/Jnk pathway is one of most well-established non-Smad signaling 

pathways. p38 and Jnk phosphorylation is also mediated through MAP kinases specifically 

MMK3/6 and MMK4 respectively [352]. TAK1 (Transforming Growth Factor-Beta-
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Activated Kinase 1) and TRAF6 (TNF Receptor Associated Factor 6) are two adaptor 

proteins that associate with the phosphorylated TβRs in response to TGFβ and serve as 

activators of MMK3/6 and MMK4. Early studies reported that TGFβ treatment of various 

cancer cells such pancreatic, colorectal, breast, fibrosarcoma and lung cancers induced 

activation of p38 and Jnk [343][353][354]. These effects were independent of Smad3 and 

Smad4 [354]. The activation of the p38/Jnk pathway is a known mechanism by which 

TGFβ suppress growth and induces apoptosis [355]. However, the p38/Jnk pathway also 

plays a role in mediating EMT-associated changes in the actin cytoskeleton and cell 

morphology in NmuMG cells [356][357]. 

1.7.1.7.4 Rho GTPase Pathway 

The Rho family of GTPases consist of small 21kDa proteins that are a subfamily of 

the Ras superfamily. RhoA, Cdc42 and Rac1 are the most well-characterized Rho GTPases 

and they play essential roles in cytoskeletal rearrangement, organelle development, cell 

motility as well as other functions [358]. Rho GTPases also play a key role in TGFβ-

induced EMT by dynamic regulation of the actin cytoskeleton, stress fiber formation and 

acquisition of the motile mesenchymal phenotype in epithelial cells [359]. Like the 

aforementioned non-Smad pathways, the Rho GTPase activation by TGFβ is independent 

of Smads [360]. However, RhoA activation by TGFβ can be delayed in situations where 

Smads are required for the transcriptional activation of NET1, a GEF essential for RhoA 

activation [359][361]. Cdc42 also interacts with phosphorylated TβRs, which then 

associates with Pak2 and other proteins including occludin. Occludin then localizes the 

TβRs/Cdc42/Pak2 to the tight junctions where Pak2 phosphorylates and inactivates cofillin 
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[362]. The inactivation of cofillin leads to increased actin polymerization and consequently 

promote tight junction dissolution [363][364]. Similarly, RhoA activates Rock that 

activates LIM kinase leading to the inhibition of cofillin [365].  

In contrast, TGFβ can inhibit RhoA activation at tight junctions where 

phosphorylated TβRs phosphorylate a scaffold protein called Par6 which associates with 

Smurf1 to form a complex [366]. Complex formation promotes the ubiquitination of RhoA 

at tight junctions enabling the disintegration of these junctions during TGFβ-induced EMT 

[367]. 

1.7.1.8 Non-canonical EMT Pathways 

EMT can also be induced through pathways independently of TGFβ and are 

illustrated in figure 14. Some of these pathways were described above as non-Smad TGFβ 

signaling pathways, however they can also be activated by other ligands. PI3K/Akt and 

Rho GTPase pathways are activated in response to growth factors (e.g. IGF-1, VEGF) 

binding to receptor tyrosine kinases [368], endothelin receptor activation [369] and 

interaction with matrix-bound integrins [370]. Other pathways involve IL-6, which induces 

EMT via the activation of Snail through the JAK/STAT3 pathway in human intrahepatic 

biliary epithelial cells (HIBEC) [371], MCF-7 breast cancer cells [372] and various non-

small cell lung cancer cell lines [373]. HIF1α activation due to hypoxia stimulates Snail 

[374][375] and Twist [376] expression to promote metastasis. Wnt also activates an EMT 

program via binding its receptor Frizzled, which alleviates the inhibition of β-catenin hence 

allowing its nuclear translocation and activation of Wnt target genes [377][378]. 
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Figure 14. Non-canonical EMT pathways. The figure represents the non-canonical 
signaling pathways that activate an EMT program which culminates in the repression of E-
cadherin, activation of mesenchymal genes, changes in focal adhesion, stress fiber 
formation and cytoskeletal rearrangement. These pathways include the receptor tyrosine 
kinase-activated Ras/Raf/MEK/Erk, JAK2/JAK3 and PI3K/Akt/GSK3 pathways. 
Endothelin A receptor also activates NfKB pathway and promotes its nuclear localization 
via the PI3K/Akt arm. In addition, hypoxic conditions activate HIF1  which in turn 
translocates to the nucleus. Similarly, -catenin dissociates from its inhibitor APC in 
response to the activation of the Frizzled receptor. The Notch pathway also activates EMT 
via CSL-mediated activation of Snail. Integrin interaction with the extracellular matrix 
recruits FAK (focal adhesion kinase) which in turn activates the Rac/PAK and Src/RhoA 
pathways. 
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1.8 Sub-chapter 8: Lung Cancer 

Lung cancer is the leading cause of cancer-related deaths in North America and 

worldwide [379]. Lung cancer is also the most prevalent cancer worldwide with almost 

two million new cases every year [380]. Despite recent advances in lung cancer screening, 

lung cancers are often diagnosed at advanced stages at which point patient prognosis is not 

favorable. Non-small-cell lung cancers (NSCLC, 85%) and small-cell lung cancers (SCLC, 

15%) comprise the two most common types of lung cancer (figure 15).  

1.8.1 Initiation and Clonal Evolution 

The cell of origin that gives rise to lung cancer remains largely unknown. It is 

however accepted that SCLC primarily originates from neuroendocrine cells in the 

proximal airway (e.g. bronchus) while NSCLC arises from more distal regions of the lung 

(e.g. bronchioles and alveoli) [381]. At the cellular level, pre-neoplastic lesion will undergo 

hyperplasia (or dysplasia or metaplasia) of which very few lesions will progress into an 

invasive carcinoma. More importantly and unlike pancreatic cancers (discussed in 

subchapter 9), the sequence of genetic alterations that give rise to a lung tumor has not been 

fully understood. Numerous reports documented that many of these alterations affecting 

both oncogenes and tumor suppressors are present in pre-malignant stages before tumors 

become clinically-detectable [382].  
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Figure 15. Lung cancer histological classifications. Small cell lung cancer (SCLC) and 
non-small cell lung cancer (NSCLC) compromise the most common types of lung cancer. 
The image shows the prevalence of each histological subtype within lung cancer patients. 
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1.8.2 Environmental Risk Factors 

Smoking remains the leading risk factor for the development of lung cancer 

representing a 20-fold increase in risk compared to non-smokers [383]. However, the 

probability of smoking affecting one’s risk of lung cancer varies from one individual to 

another. Smoking is strongly associated with SCLC and squamous cell carcinoma (one 

subtype of NSCLC) (discussed in 1.8.5). Other environmental factors include exposure to 

radiation, asbestos and radon gas [384]. Lung cancer etiology is a multi-faceted field where 

multiple genetic and environmental factors cooperate to enhance the risk of cancer 

development. Although many environmental factors have been identified, assessing new 

factors is subject to the same assessment criteria that involves derivation of its relative risk 

(RR). The latter is a comparison between the influence of exposure to a factor in at-risk 

population (i.e. lung cancer patients) and the influence of the same factor on the general 

population. The interaction of multiple factors can be calculated based on the combinatorial 

population attributable risk. For instance, smoking is linked to around 90% of lung cancer 

cases, however up to 15% of that is “attributed” to exposure to workplace factors such as 

radon and air pollution [385]. 

1.8.3 Germline Genetic Factors 

Etiological and epidemiological studies demonstrated strong association between 

family history and risk of lung cancer. Germline mutations in TP53 [386], RB1 [387] and 

EGFR [388] have been reported to increase cancer incidence including that of lung cancer. 

Bailey-Wilson et al. identified a major lung cancer susceptibility locus at 6p23-25 where a 

genetic linkage of a series of genes including tumor suppressor genes (IGF2R, SASH1, 
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PARK2, LATS1) was identified [389]. Single-nucleotide polymorphisms (SNPs) at 15q24-

15q25.1 were also associated with increased risk of familial lung cancer [390]. The region 

contains two genes encoding two subunits of the CHRNA7 gene (cholinergic receptor 

nicotinic alpha 7), a gene that encodes a receptor bound by nicotine [391]. 

1.8.4 Somatic Genetic Factors 

Mutations in KRAS and EGFR are early events in lung carcinogenesis (discussed in 

1.8.6). Altered expression of genes involved in DNA repair and pro-inflammatory 

pathways has been observed in both patients with lung cancer and heavy smokers with no 

clinically-detectable tumors [392]. Genetic alterations have also been detected in 

histologically “normal” tissues surrounding lung tumors. These alterations include EGFR 

(epidermal growth factor receptor) amplification [393] and TP53 alterations (mutation, 

LOH or hyper-methylation) [394], c-myc amplifications [395] and microsatellite instability 

[396]. Collectively, these reports render determination of surgical margins difficult since 

such tissue may appear normal to the surgeons and pathologists. 

In NSCLC, a key genomic event is the loss of heterozygosity in putative tumor 

suppressor genes at the following loci: 3p21 (contains the RASSF1A (Ras association 

domain family member 1) and FUS1 (FUS RNA binding protein), 9p21 (P16INK4A), 

17p13 (TP53) and 3p14 (FHIT, fragile histidine triad) (table 8)[397]. Hyper-methylation 

of tumor suppressors in stage I lung cancer has also been reported in the gene promoters of 

FHIT, MGMT (6-methylguanine DNA methyltransferase), P16INK4A, RASSF1A and 

DAPL (death-associated protein kinase) [398][394][399]. In fact, the co-hyper-methylation 

of P16INK4A and FHIT is predictive of tumor recurrence in surgically resected stage I 
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adenocarcinoma patients [398]. Table 8 summarizes and compares the main genetic 

alterations in NSCLC and SCLC and their respective prevalence (table 8). 
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Table 8. Prevalence of common lung cancer genetic alterations in SCLC vs. NSCLC. 
The table summarizes well-established mutations, deletions, amplifications, fusions or 
overexpression of driver and passenger genes. 
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Genetic alteration SCLC NSCLC

Chromosomal deletions 3q, 5p, 8q, 19q 3p, 4p, 4q, 5q, 8p, 10q, 13q, 
17p

Chromosomal gains 1p, 1q, 3q,5p, 7p, 7q, 8q,
11q, 12q

3p,6q, 8p, 9p, 9q, 13q, 17p, 
18q, 19q, 21q, 22q

ERBB1 (EGFR) 
overexpression

60% rare

KRAS mutation rare 40%

FHIT deletion or mutation 80% 40%

TP53 inactivating mutation
or deletion

85% 50

Rb deletion or inactivating 
mutation

90% 15-30%

P16INK4A inactivating 
mutation or deletion

rare 70%

ERBB2 (HER2/Neu)
overexpression

rare 20%

BCL-2 overexpression 75-95% 10-35%

Myc amplification 15-30% 5-10%

RET fusion rare 1-2% (RET-KIF5B fusion)

ALK fusion none 7%

ROS1 fusion none 2%

MET amplification none 11%

MET activating mutation 12.5% 3%

PIK3CA mutation none 1-5%

PTEN mutation or reduced 
expression

10% 74%

FGFR1 amplification rare 3-21%
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1.8.5 Histological Subtypes 

1.8.5.1 Small Cell Lung Cancer (SCLC) 

Small cell lung cancer (SCLC) is histologically characterized by small cells with a 

relatively high nucleus to cytoplasm ratio and a high proliferative index. Almost 90% of 

SCLCs are neuroendocrine in nature and express neuroendocrine markers. SCLC cells 

contain neurosecretory granules and produce hormones, a hallmark of neuroendocrine 

differentiation. SCLC usually arises peri-bronchially where it infiltrates the underlying 

mucosa. Some SCLCs contain tumor regions that are representative of non-small cell lung 

cancers and may often be diagnosed as “mixed” if the representation is not equivocal [400] 

(figure 15). 

1.8.5.2 Non-small Cell Lung Cancer (NSCLC) 

NSCLC consists of three distinct subtypes: adenocarcinoma, squamous cell 

carcinoma and large cell carcinoma (figure 15).  

1.8.5.2.1 Adenocarcinoma 

Lung adenocarcinoma consists of four histological subtypes namely solid, acinar, 

papillary and bronchioloalveolar. All adenocarcinoma subtypes display the typical 

glandular structures except for solid and bronchioloalveolar adenocarcinomas, which may 

not display any glandular structures [401]. Bronchioloalveolar adenocarcinomas are also 

further classified into mucinous and non-mucinous measured by the periodic acid Schiff 

histochemical staining of cytoplasmic mucin [402].  
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Diagnosis of adenocarcinoma is usually achieved using hematoxylin and eosin 

staining (H and E), which can be further confirmed using immunohistochemistry for 

specific markers. TIF-1 (thyroid transcription factor 1) is highly expressed in NSCLC 

compared to other lung cancer histological subtypes and it is commonly used as a marker 

for this cancer. TIF-1 is also a marker for colorectal and thyroid cancers [403]. Other 

diagnostic markers have been developed such as cytokeratins (CK) 5 and 6, mucin and p63 

[404][405]. Adenocarcinomas are positive for TIF1 and CK7 staining and negative for 

CK5/6 and p63 [404]. 

1.8.5.2.2 Squamous Cell Carcinoma 

Well-differentiated squamous cell carcinoma has a very distinct histological 

appearance characterized by squamous-like differentiation, intercellular bridges and 

keratinization. However, poorly-differentiated squamous cell carcinomas present a 

diagnostic problem that prompts the use of IHC markers. Equivocal NSCLC lung tumors 

are considered squamous cell carcinoma if they are positive for CK5/6 and p63 and 

negative for TIF1 and CK7 [404]. 

1.8.5.2.3 Large Cell Carcinoma 

Large cell carcinomas represent about 10% of lung tumors and were initially 

labelled as undifferentiated tumors with no resemblance to any of the other subtypes. 

However, the 2015 WHO classification of lung tumors implied that large cell carcinoma 

consists of several histological variants (e.g. basoloid carcinoma, lymphoepithelioma-like 

carcinoma, clear cell carcinoma and large cell neuroendocrine carcinoma (LCNEC)). 
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These variants may also resemble, at diagnosis, solid adenocarcinomas or non-keratinizing 

squamous cell carcinoma based on positive staining of the markers TTF-1 or p40 

respectively [406]. 

1.8.6 Driver and Passenger Alterations in Lung Cancer  

A standard definition of a driver alteration is an alteration that offers a selective 

advantage to a tumor or a tumor cell population. In contrast, a passenger alteration is an 

alteration that is passed on to daughter cells due to the mere co-occurrence of a driver 

alteration. Noteworthy, a common misconception is that passenger alterations offer no 

selective advantage to a tumor. In fact, these passenger alterations are part of a myriad of 

perturbations (e.g. DNA repair breach) that cause both driver and passenger alterations to 

occur.   

1.8.6.1 Driver Genetic Alterations 

1.8.6.1.1 EGFR 

Activating mutations in EGFR are driver events in the development of NSCLC. 

These mutations are mainly present in adenocarcinoma patients and are less common in 

squamous cell carcinoma and large cell carcinoma. EGFR mutations are independent of 

smoking history in adenocarcinoma patients [407]. Interestingly, EGFR mutations are 

more prevalent in Asian (40%) populations compared to Caucasian population [408]. The 

presence of an EGFR mutation sensitizes NSCLC patients to tyrosine kinase inhibitors 

(TKIs). Multiple prospective phase III trials showed that tumors in never-treated patients 

with an EGFR mutation are highly sensitive to treatment with the reversible TKIs erlotinib 



  125 

and gefitinib and have increased progression-free survival compared to patients treated 

with the standard platinum-based chemotherapy [409][410][411]. Erlotinib is approved by 

the FDA as the first line of defense for NSCLC patients that tested positive for the Cobas® 

EGFR mutation test. If patients have received platinum chemotherapy, they are placed on 

gefitinib monotherapy [412]. Second generation irreversible TKIs such as dacomitinib and 

afatinib have also been approved. Dacomitinib is primarily used in EGFR-mutated patient 

tumors with the T790M substitution and that are resistant to erlotinib or gefitinib 

[413][414][415]. In a recent phase II clinical trial, dacomitinib improved progression-free 

survival of EGFR-mutated NSCLC patients compared to those treated with erlotinib 

[416][417]. 

1.8.6.1.2 KRAS 

KRAS is a 21 kDa small-GTPase that cycles between an active GTP-bound form 

and inactive GDP-bound form. Activating mutations in KRAS leads to a constitutively 

active protein that triggers pro-growth, anti-apoptotic and migratory signals (figure 15). In 

lung cancer, activating mutations in KRAS occur predominantly in adenocarcinomas (up to 

40% of NSCLC) [418], to a much lesser frequency in squamous cell carcinoma [419] and 

almost never in SCLC. Interestingly, KRAS mutations occur at higher frequency in 

adenocarcinoma patients that are smokers compared to those that are non-smokers.[407]. 

Mutations in codons 12, 13 and 61 have been identified with codon 12 being the most 

common. In addition, mutations that involve G/T and G/C transversions have been 

associated with tobacco exposure [420]. A large proportion (40%) of KRAS mutations with 

the G12C amino substitution resulted from G/T transversions [421]. 
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Therapeutic targeting of the KRAS protein was proven to be an arduous task 

primarily due to the high affinity of GTP to the binding pocket on RAS proteins, which 

renders it difficult to design a small-molecule inhibitor with a high competitive binding 

capacity [422][423]. Alternatively, the KRAS status in lung cancer has been used as a 

prognostic or a response to treatment marker. For instance, the G12D form is associated 

with better long-term outcome than the G12R and G12V forms [424]. The good prognosis 

is not necessarily applicable in other cancer models as seen in colorectal cancer where the 

G12D form is predictive of increased resistance to chemotherapy [425]. NSCLC patients 

with a wild-type KRAS are more sensitive to cisplatin and vinorelbine compared to those 

with mutated KRAS. Interestingly, KRAS mutations are also associated with increased 

resistance to EGFR inhibition in NSCLC [426]. This may seem counterintuitive since 

EGFR is upstream of KRAS and its inhibition should not affect the activity of mutant 

KRAS. However, Eberhard et al. demonstrated that combinatorial treatment of KRAS-

mutated NSCLCs with chemotherapy and the EGFR inhibitor erlotinib results in shorter 

overall and progression-free survival [426]. These observations added to the complex 

nature of KRAS signaling in lung cancer and the importance of assessing the KRAS status 

in NSCLC patients as standard diagnostic test. 

1.8.6.1.3 ALK 

ALK is a transmembrane tyrosine-kinase receptor that is highly expressed in the 

brain, testes and small intestine but not in lungs. In 2007, Soda et al. documented, for the 

first time, that the activation of ALK signaling in lung tumors is mediated by an oncogenic 

fusion event between ALK and the microtubule-associated protein EML4 [427]. The ALK-
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EML4 fusion occurs in about 7% of NSCLC patients, which are primarily adenocarcinoma 

cases with no smoking history [428][429]. Subsequently, ALK inhibitors such as crizotinib 

were FDA-approved in ALK-positive patients as a first line of defense when tested using 

fluorescent in situ hybridization (FISH) [430] or IHC [431] methods. The same trial then 

tested crizotinib as a second line of defense in ALK-positive patients and demonstrated an 

improved progression-free survival compared to patients who received chemotherapy 

alone [432]. 

1.8.6.1.4 RET 

RET is another tyrosine-kinase receptor encoded by a proto-oncogene, which when 

altered can introduce cellular changes in growth, proliferation, migration, invasion and 

differentiation. RET activation is mediated via fusions with other genes such as KIF5B as 

seen in 2% of adenocarcinoma patients who tend to be young and have no smoking history 

or family history of lung cancer [433]. CCDC6 has also been identified as a fusion target 

of RET [434]. Additionally, a recent phase II clinical trial revealed that NSCLC tumors 

with RET fusions are sensitive to the TKI cabozantinib [435][436]. RET fusions are often 

mutually exclusive with other driver events affecting EGFR, KRAS or ALK [437]. 

1.8.6.1.5 ROS1 

ROS1 is also a tyrosine-kinase receptor which is part of the insulin receptor family 

of proteins. Like RET and ALK, ROS1 undergoes fusion events that drive the progression 

of NSCLC. ROS1 fusions have been reported with multiple other genes such as FIG, 

SLC34A2 and CD74 [438][439]. ROS1 fusions are prevalent in about 2% of NSCLC with 
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the majority occurring in adenocarcinoma patients who have no smoking history [438]. 

RET fusions are also mutually exclusive with other driver events including EGFR, ALK or 

KRAS [437]. The TKI crizotinib demonstrated great efficacy in ROS1-positve NSCLC 

patients in a recent phase I clinical trial [440]. 

1.8.6.2 Passenger Events 

1.8.6.2.1 MET 

MET encodes a transmembrane tyrosine-kinase receptor that is activated by the 

hepatocyte growth factor (HGF) [441]. MET amplifications have been reported in up to 

11% of NSCLC patients who present with a high proliferative index and is also predictive 

of poor patient outcome [442][443]. MET amplifications are present in 20% of EGFR-

positive NSCLC patients and are linked to MET-mediated resistance of TKIs [444]. Small 

molecule MET inhibitors (cabozantinib and tivantinib) [445], humanized monoclonal 

antibody (Onartuzumab) [446] and specific TKIs (crizotinib) [438] have been developed 

to target MET-amplified NSCLC tumors. The monoclonal antibody onartuzumab 

combined with the TKI erlotinib improved overall survival and progression-free survival 

compared to erlotinib alone in MET-amplified NSCLC [447]. 

1.8.6.2.2 PIK3CA 

PIK3CA encodes the 110 kDa catalytic subunit of the PI3K protein. The catalytic 

subunit utilizes ATP to phosphorylate phosphatidylinositols. Mutations in PIK3CA have 

been reported in about 5% of NSCLC patients [448] and usually co-occur with other 

genetic alterations such as KRAS mutations, EGFR mutations or ALK fusion [449]. Many 
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PI3K inhibitors have been developed, however their clinical success has been only 

noticeable when in combination with chemotherapy [450]. 

1.8.6.2.3 PTEN 

The tumor suppressor gene PTEN encodes a phosphatase that dephosphorylates 

phosphoinositide substrates (e.g. phosphatidylinositol-3,4,5-trisphosphate or PIP3) and 

hence acts as a negative regulator of PI3K signaling [451]. Inactivating mutations or 

deletions in PTEN have been predominantly reported in squamous cell carcinoma [452]. 

PTEN loss in NSCLC has been associated with increased resistance to TKIs in EGFR-

positive tumors. Additionally, the TKI vandertanib has shown promising results in 

targeting EGFR-positive NSCLC tumors with PTEN deficiency [453]. A recent meta-

analysis demonstrated that PTEN mutations were differentially linked to ethnic 

backgrounds where it was found in 10% of squamous cell carcinoma and 2% of 

adenocarcinoma NSCLC patients of Asian ethnicity (China, Japan, Taiwan). In contrast, 

PTEN mutations were found in 6% of adenocarcinoma and none in squamous cell 

carcinoma patients from other populations (i.e. Europe, North America and Australia) 

[454]. 

1.8.6.2.4 FGFR1 

FGFR1 encodes the fibroblast growth factor receptor 1 which is a receptor tyrosine 

kinase that signals through various pathways including RAS/Erk, PI3K/Akt and PKC 

(protein kinase C) [455]. FGFR1 amplifications have been reported in 25% of squamous 

cell carcinoma, 25% of large cell carcinoma and less than 3% of adenocarcinoma [456]. 
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Although FGFR1 amplifications exert oncogenic effects on cell proliferation and 

angiogenesis, the presence of this alteration has shown no or little correlation with overall 

survival and progression-free survival of NSCLC patients [457][458]. Several inhibitors of 

FGFR1 have been tested and the specific FGFR inhibitors ponatinib [459] and AZD4547 

[460] demonstrated the most promising results in FGFR1-positive NSCLC patients. 
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1.9 Sub-chapter 9: Pancreatic Cancer 

1.9.1 Epidemiology and Clinical Presentation 

Pancreatic ductal adenocarcinoma (PDAC), the predominant form of pancreatic 

cancer (≈95%), is a fatal cancer with a five-year survival rate of 4% [461]. In 2016, over 

53,000 individuals were diagnosed with PDAC in North America most of who will 

succumb to their disease in 5 years [462] largely due to metastases to the liver, lungs and/or 

peritoneal cavity [463]. Due to early dissemination of pancreatic tumor cells and late 

manifestation of symptoms, 92% of the patients are diagnosed with locally advanced or 

metastatic disease [464]. In this late stage, surgery is rarely curable and often not 

recommended to avoid post-operative complications. As a result, only 10-15% are 

considered eligible for curative surgery [465] and will receive adjuvant chemotherapy with 

or without radiation, which results in a 15-30% chance of surviving to five years 

[466][467]. The gold standard for predicting PDAC patient outcome is TNM staging that 

performs adequately in late stage (stage III and IV) patients where tumors are usually not 

resectable. However, the prognostic performance of TNM staging is below par in early 

stage (stage I and II) resectable patients [468]. The consequence of this poor performance 

is a tendency to undertreat patients who have a high risk of recurrent disease and over-

treating patients who are at low risk of recurrence. 

1.9.2 PDAC Progression 

The histological progression of PDAC had been adequately characterized by 

pathologists from the neoplastic transformation of normal ductal epithelial cells to the 
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advancement through pancreatic intraepithelial neoplasia (PanINs) and culminating in 

ductal carcinoma. The histological changes associated with such progression are 

summarized in figure 16. The development of pancreatic cancer, or any cancer, could also 

be described by clonal evolution of cells. This has been made possible through the advent 

of next-generation sequencing platforms [469], which not only decoded the evolutionary 

path of PDAC but also unraveled remarkable heterogeneity between patients (inter-patient 

heterogeneity) and within the same tumor (intra-tumoral heterogeneity) [470]. In a seminal 

review, Alvin Makohon-Moore and Christine Iacobuzio-Donahue divided the progression 

of PDAC into three major steps: initiation, clonal expansion and exposure to foreign 

microenvironments (i.e. stroma, metastases site and immune system) [471].  

1.9.2.1 Initiation 

Darwinian evolution dictates that normal cells will acquire random mutations after 

which positive selection can occur [472]. A particular mutation must not hinder cell 

division in order for the mutation to be passed on to daughter cells (figure 17). Bozic et al. 

reported that the average number of somatic mutations is around three single nucleotide 

variants (SNVs) for every cell division [473]. However, given that pancreatic tissue in an 

adult organism has a low proliferative or regenerative capacity [474], the probability of 

driver mutations (discussed in 1.9.3) is extremely low. Yachida et al. described the genetic 

evolutionary landscape of patients who develop non-familial PDAC. The report predicted 

that the first driver mutation in a normal pancreatic cell probably occurred at least two 

decades prior to diagnosis [470]. This is further supported by the fact that having familial 

genetic variants (addressed next) that increase the risk of development of PDAC will only 



  133 

lower the onset of disease by 5 years compared to non-familial PDAC. This can be 

compared to breast cancer where a high-risk variant (e.g. BRCA1 mutation) will decrease 

onset for up to 20 years compared to non-familial breast cancer partly due the highly 

proliferative and hormone-sensitive nature of breast tissue [475]. In addition, although the 

number of cell divisions by pancreatic stem cells predicted the overall risk of developing 

pancreatic cancer [476], the low number of divisions suggested that extrinsic factors may 

play a more significant role in PDAC development. In fact, Wu et al. concluded that 

extrinsic factors such as carcinogens and radiation are more influential than intrinsic 

genetic factors (e.g. errors in DNA replication) [477].  
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Figure 16. PDAC progression timeline. The figure illustrates the histological, genetic and 
molecular alterations that occur during PDAC progression. The genetic alterations are 
classified into activating alterations that pertain oncogenic roles and inactivating alterations 
that suppresses the anti-tumor signals. Telomere shortening is believed to be one of the 
earliest events that predispose cells to become immortalized prior to any irreversible 
genetic events [478]. 
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Figure 17. Impact of KRAS mutation on cell growth. Wild-type KRAS is activated by 
adequate levels of growth factors in normal cells which initiates controlled cell growth. In 
contrast, an activating mutation in KRAS triggers uncontrolled cell growth and the 
formation of a tumor mass. 
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Unlike most solid tumors, the initiating genetic event in PDAC is well-

characterized. Activating mutations in KRAS are found in over 90% of PDAC patients and 

is the earliest genetic breach in the low-grade pre-cancerous lesions PanINs (intraepithelial 

neoplasia) [479](figure 16). In contrast, familial pancreatic cancer is characterized by 

multiple genetic variants that appear to cooperate and increase the lifetime risk of 

developing the disease. The most characterized genetic germline variants are mutations in 

BRCA1, BRCA2, ATM, SMC2, FANCC, FANCG, CDKN2A [480], TERT [475], NR5A2 

[481] and ZNRF3 [482]. Germline BRCA1, BRCA2 and ATM gene mutations promote 

genomic instability during DNA repair and increase the incidence of somatic mutations in 

genes like KRAS [483]. CDKN2A germline mutations result in perturbation of the G1/S cell 

cycle checkpoint leading to uncontrolled cell growth [484]. These germline mutations, 

particularly those related to DNA repair, will increase the rate by which somatic mutations 

will occur including the driver gene mutations.   

Mutations in the serine protease PRSS1 and the serine peptidase SPINK1 have been 

also linked to the development of pancreatitis in patients, which also increases the lifetime 

risk of developing pancreatic cancer. This can be partly attributed to the inflammatory 

response (e.g ROS, reactive oxygen species) during pancreatitis and to the aberrant increase 

in cellular proliferation due to tissue damage [485]. ROS production and aberrant cellular 

division will increase the rate of somatic mutation occurrence. Other factors such as 

obesity, smoking and type II diabetes have been linked to increasing risk of developing 

pancreatic cancer [471].  
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1.9.2.2 Clonal Expansion 

Acquisition of the initiating KRAS mutation does not always warrant the 

development of pancreatic cancer. In fact, almost one third of pancreatic tissue from routine 

autopsies display the pancreatic precursor lesions PanINs supporting the concept that not 

all precancerous lesions will develop into an invasive ductal carcinoma [486]. Almost all 

stage I PanINs lesions have KRAS mutations. However, the percentage of cells that have 

the mutation within one PanIN lesion depends on the grade, with high grade PanINs 

containing a higher percentage of KRAS-mutant cells. Subsequent somatic mutations are 

then acquired either gradually (i.e. linear progression) or accelerated (i.e. punctuated 

progression). 

1.9.2.2.1 Linear Progression Model 

The linear progression model suggests that the predominant clone will likely 

contain most of the genetic variants as cells acquire new alterations during their progression 

from early- to late-stage PanINs. As a result, driver genetic alterations in KRAS, TP53, 

CDKN2A and SMAD4 become more frequent in higher stage PanINs [487]. For instance, 

CDKN2A and SMAD4 losses are considerably higher in PanIN-3 than PanIN-2 [479][488]. 

TP53 mutations that lead to its accumulation in the nucleus are higher in PanIN-3 and 

PDAC compared to early stage lesions [489]. These observations support the concept of 

clonal expansion via the gradual acquisition of genetic alterations depicted in figure 16. 
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1.9.2.2.2 Punctuated Progression Model 

This model suggests that catastrophic genetic events during the cell cycle generates 

many structural chromosomal alterations during the early stages of transformation. 

Chromothripsis is a phenomenon where thousands of genomic rearrangements occur in a 

confined region involving a few chromosomes. Wadedell et al. highlighted that 

chromothripsis occurs in about 10% of pancreatic cancer patients [490]. The abrupt nature 

of punctuated expansion may not be the dominant form by which pancreatic cancers 

develop; however, it does contribute via providing selective advantage when these 

alterations promote oncogene activation/expression or disrupt tumor suppressor 

expression.  

1.9.2.3 Exposure to Foreign Environments 

A vital pillar of PDAC progression is the interaction of neoplastic cells with the 

surrounding environments and the confounding selective pressures exerted by the 

surrounding stroma, the prospective metastatic sites as well as the immune system. 

1.9.2.3.1 PDAC Stroma 

The initial clues of the fundamental role of pancreatic stroma in disease pathology 

became evident during studies that examined wound healing in patients with chronic 

pancreatitis [491]. The Type II EMT program utilizes TGFβ to modulate the tissue repair 

process by activating fibroblasts and creating an immunosuppressive environment that 

allows remodeling of the ECM and ultimately triggers regeneration of healthy epithelia 

[492]. Considering the similarities between neoplastic growth and wound healing [493] 
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and the dense fibrotic stroma in pancreatic tissue, the effect of a desmoplastic environment 

on tumor development and progression was relevant. 

Paracrine signals from stromal cells such as myofibroblasts contribute to neoplastic 

growth. Myofibroblasts are a highly proliferative cell type derived from pancreatic stellate 

cells that transdifferentiated to express α-SMA (alpha smooth muscle actin). 

Myofibroblasts not only produce ECM components (e.g. hyaluronic acid, HA) to increase 

stromal density but also secrete the immunosuppressive cytokine TGFβ and growth factors 

such as PDGF [494]. In response, neoplastic cells produce TGFβ, PDGF and SHH (sonic 

hedgehog) to further support the growth of the myofibroblasts [495]. Despite the 

involvement of the stroma in PDAC biology, the role of these factors is not definitive. For 

instance, some studies demonstrated that calcipotriol (vitamin D analogue) [496], SHH 

inhibition [497] or short-term HA inhibition [498][499] all led to stromal collapse, 

reduction in tumor growth and enhanced penetrance of chemotherapeutic drugs. In 

contrast, genetic deletion of SHH [500] or α-SMA [501] resulted in larger and more 

metastatic tumors. It has been proposed that the divergent effect of different stromal 

components on neoplastic growth contributes to intratumoral heterogeneity and the 

emergence of favorable clones. This was adequately demonstrated in the case of HA, a 

large hydrophilic negatively charged glycosaminoglycan. Interaction with water increased 

hydrostatic pressure and interstitial fluid pressure which stressed collagen fibers that are 

associated with both tumor cells and endothelial cells [502]. This led to collapse of the 

vasculature and reduction of blood perfusion to the tumor, resulting in poor drug delivery 

to PDAC tumor beds. The poor blood flow also caused the physical isolation of nutrient-

restricted tumor cells [497]. This will result in divergent evolution (allopatric evolution) of 
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specific cell populations driving tumor heterogeneity [498][503]. Stromal pressures and 

limited resources exert “evolutionary refinement” prior to the onset of any invasive 

processes. Cells that survive the refinement will become the most successful at invasion 

and metastasis. 

1.9.2.3.2 PDAC Immune Surveillance 

The immune system represents a credible determinant of pancreatic neoplastic 

growth. Generally, the immune microenvironment of PDACs is a highly 

immunosuppressive that was established during the clonal expansion of PanINs. The 

intervention of the immune system at different stages of clonal expansion might have 

created spatial and temporal bottlenecks that gave rise to highly immuno-heterogeneous 

tumor cell populations [504]. The immunosuppressive nature of PDACs is driven by a 

series of immune cell types including regulatory T cells, myeloid-derived cells and 

alternatively activated tumor-associated macrophages (TAMs) or M2 macrophages 

[505][506][507]. CD8 and CD4 T cells can be present in the PDAC microenvironment and 

are a unique target for potential cancer immunotherapies [506]. The interactions between 

different immune cell types and PDACs are of complex nature and are beyond the scope 

of this dissertation.  

1.9.2.3.3 PDAC Metastasis 

The rise of metastatic disease represents a clinically significant determinant of 

patient outcome, eligibility for resection and treatment options. Examining metastasis as 
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an evolutionary event suggested a form of competition between primary tumor clones with 

different degrees of cellular fitness and metastatic propensity [471].  

In a seminal study, Rhim et al proposed that cellular dissemination from primary 

PDAC tumors is not necessarily the crucial step in metastasis. In fact, pancreatic epithelial 

cells from the presumably non-invasive PanINs disseminate and spread before primary 

tumor formation [508]. This is also consistent with the observation that less than 1% of 

disseminating cells will survive the treacherous conditions in circulation [509]. 

Additionally, the representation of the four main genetic alterations in PDAC (KRAS, 

TP53, SMAD4 and CDKN2A) was comparable between primary tumor clones and 

metastatic tumor clones indicating that these alterations do not offer selective advantages 

for metastasis. Instead, the metastatic propensity is determined by genetic alterations 

during the expansion phase prior to the onset of invasion per se [510]. Campbell et al. and 

more recently Maddipati et al. demonstrated that, in patients with metastatic PDAC, certain 

subclones in primary tumors have acquired a set of unique structural arrangements and 

passenger mutations that were enriched at the metastatic sites [511][512]. Yachida et al 

identified novel passenger mutations in CNTN5, LMTK2, DOCK2 and MEP1A which are 

involved in cell adhesion, tyrosine phosphorylation, cellular motility and surface 

proteolysis respectively. These mutations were found in metastatic lesions of PDAC with 

late stage (stage IV) PDAC patients when compared to primary tumors of early stage (stage 

II) patients with no clinically-diagnosed metastatic disease. However, these mutations were 

all present but to a lesser clonal representation (except one) in the matched primary tumors 

of the late stage patients indicating that they are pro-metastasis genes and not metastasis-

specific genes. Yachida et al. proposed that the poor vascularity of PDACs creates a highly 
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hypoxic microenvironment that is fertile for cells to acquire these passenger mutations 

[470]. The same study performed mathematical modelling of PDAC tumor evolution based 

on the accumulation of passenger mutations.  The rationale is based on the putative 

assumption that passenger mutations are neutral events and do not alter the tumor evolution 

and thus accumulate independently in each individual cell lineage. Conservative estimates 

revealed that it takes an average of 11.7 years between the rise of a potentially neoplastic 

cell from a normal epithelial cell to the emergence of a “founder” clone. Another 6.8 years 

are required for the founder clone to become a neoplastic lesion some of which will have 

metastatic propensities. From that point, it estimated that another 2.7 years are expected 

for these lesions to cause patient death [470].  
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1.9.3 Driver Genetic Alterations 

Alterations in KRAS, CDK2A, TP53 and SMAD4 occur at a high frequency and they 

are seen in all PanINs. Table 9 summarizes these four alterations and the functions of the 

altered forms in PDAC compared to their wild-type counterparts in normal tissue (Table 

9). Figure 16 also demonstrates the occurrence and prevalence of these alterations across 

the PDAC progression timeline (figure 16). Lower frequency events have also been 

characterized [490][513]. These events included activating mutations in ARID1A, KDM6A 

and PREX2, inactivating mutation in tumor suppressor ROBO2, focal amplifications in 

ERBB2, MET, CDK6, FGFR1, PIK3CA and PIK3R3 and inactivation of DNA repair genes 

PALB2, BRCA1 and BRCA2 [490]. The prevalence of the four genomic alterations indicates 

that the there is a low likelihood of discovering another high-frequency driver event and 

more importantly infers that the development of pancreatic cancer has a limited number of 

evolutionary routes driven by these alterations. Less prevalent alterations are however 

essential in understanding the interactions between multiple signaling pathways that 

support pancreatic cancer development and progression. 

1.9.3.1 KRAS 

The proto-oncogene KRAS encodes a 21kDa small GTPase, which alternates 

between an inactive GDP-bound form and a GTP-bound active form. The generation of the 

active form is mediated through nucleotide exchange factors (GEFs) that replace bound 

GDP with GTPs. In contrast, GTPase-activating proteins (GAPs) serve to inactivate KRAS 

by promoting the hydrolysis of the bound GTP by KRAS. Mutations affecting codon 12 

represents around 98% of all KRAS-mutant PDACs (figure 18). Rare mutations affecting 
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codons 13 and 61 have also been reported. These mutations can both inhibit the intrinsic 

GTPase activity of KRAS and hinder the association of KRAS with GAPs. This gives rise 

to a constitutively active GTP-bound KRAS protein and  aberrant activation of downstream 

pathways [514]. These pathways include Raf/MEK/Erk, PI3K/Akt, RalGDS and 

TIAM/RAC1 modulating survival, proliferation, vesicular trafficking and cytoskeletal 

rearrangements respectively (figure 19). 

Despite the fundamental role of KRAS in driving and in many cases sustaining 

PDAC oncogenesis, therapeutic targeting by direct inhibition of KRAS has proven to be 

unsuccessful due to the high affinity of GTP to its binding pocket in KRAS (as discussed 

earlier). The current consensus is that targeting upstream or downstream proteins of KRAS 

is more likely to succeed clinically [423]. Notably, KRASG12C retains the ability to remove 

GTP from its binding pocket, which renders it not constitutively active and a potential drug 

target using allele-specific inhibitors in G12C-positive patients [515].  
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Table 9. The four fundamental genetic alterations in PDAC. The table lists the 
prevalence of each genetic alteration in PDAC patients, their chromosomal location as well 
as the role of the wild-type and altered protein.  
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Genetic
event

prevalence Chromosomal 
location

Wild-type protein 
function

Altered protein function

KRAS 
mutation

90-95% 12p12 - Small GTPase
- Cell survival,

proliferation,
cytoskeletal
remodeling

- Activating mutation leads to 
constitutively active GTPase 
(except KASG12C mutation) 
(Lito 2016).

CDKN2A 
mutation 
or loss

>90% 9p21 - P16 transcript: Cell 
cycle inhibition at 
G1/S checkpoint 
(Bertoli et al 2013)

- P14 transcript: 
induces cell cycle 
arrest 
independently of 
CDKs (Sharpless et 
al 1999)

- Mutations occur in exon 1 of 
p16. Homozygous deletions 
affect both transcripts 
(Sharpless et al 1999).

- Loss of cell cycle 
checkpoint control leads to 
aberrant CDK4/6 activity  
and subsequent telomere 
shortening and genomic 
instability (Campbell et al 
2010).

- Loss of p14 negates 
apoptosis induced by wild-
type TP53 (sharpless et al 
1999)

TP53 
mutation
or loss

85% 17p13 - DNA damage and 
stress response.

- Modulation of 
G1/S checkpoint

- G2/M arrest to 
allow DNA repair, 
or if damage is too 
severe to induce 
apoptosis 
(Vogelstei et al 
2000)

- Most mutations are missense
mutations that affect its 
DNA binding capability.

- Frameshift mutations and 
homozygous  deletions have 
been reported.

SMAD4 
mutation 
or loss

55% 18q21 - Co-transcription 
factor in TGFβ1 
signalling

- Cell growth and 
differentiation

- Homozygous deletions
(30%) or mutation with 
LOH (25%)

- Mutated in PanIN-3.
- Mutation co-exists with gain 

of function mutation in TP53
- Wildtype coexists with loss-

of function TP53 mutation
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Figure 18. Regulation of the activity of the GTPase KRAS. KRAS alternates between 
an inactive GDP-bound form and a GTP-bound active form. The generation of the active 
form is mediated through nucleotide exchange factors (GEFs) which replace bound GDP 
with GTPs. In contrast, GTPase-activating proteins (GAPs) serve to inactivate KRAS by 
promoting the hydrolysis of the bound GTP. Mutations affecting KRAS (primarily codon 
12) can both inhibit the intrinsic GTPase activity of KRAS and hinder the association of 
KRAS with GAPs. This leads to a constitutively active GTP-bound KRAS protein leading 
aberrant activation of downstream pathways.  
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Figure 19. KRAS signaling. Activation of a receptor tyrosine kinase (e.g. EGFR) via 
binding of a growth (e.g. EGF) promotes auto-phosphorylation of the cytoplasmic domain 
of the receptor. The phosphorylation event creates a docking site for the SOS/GRB2 
complex. SOS is a GTPase-activating proteins (GAP) that exchanges a GDP for a GTP. 
Active KRAS-GTP signals through four major downstream pathways: the 
RAF/MEK/ERK, PI3K/PDK1/AKT, RalGDS/Ral and TIAM/Rac pathways. These 
pathways control fundamental cellular processes namely survival, proliferation, vesicular 
trafficking and cytoskeletal rearrangement. 
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1.9.3.2 CDKN2A 

The cyclin-dependent kinase inhibitor 2A (CDKN2A) is a tumor suppressor gene 

that encodes two transcripts, p16INK4A and p14ARF. The two transcripts share the same 

second and third exons while they differ in their first exon (exon 1α for p16 and exon 1β 

for p14). Additionally, p16INK4A and p14ARF have different reading frames for exon 2, 

which delineates that they are not isoforms. The loss of CDKN2A (p16INK4A transcript) 

alleviates the inhibition of cyclin-dependent kinases CDK4 and 6 at the G1/S cell cycle 

checkpoint leading to aberrant cell proliferation and telomere shortening. The latter 

increases genomic instability and promotes the formation of structural rearrangements 

[516].  

1.9.3.3 TP53 

TP53 encodes a 43.7 kDa tumor suppressor and a transcription factor primarily 

induced in response to cellular stress or DNA damage. In the presence of such stimuli, 

TP53 inhibits the cell cycle at the G1/S checkpoint and promotes G2/M arrest. This allows 

the DNA damage response (DDR) to initiate DNA repair. If the DNA damage is too severe, 

TP53 will initiate apoptosis [517]. TP53 harbors an inactivating (of tumor suppressor 

function) mutation in almost 85% of pancreatic cancer patients of which 66% affect its 

DNA binding capability [510]. These mutations are also associated with deletions in the 

other allele of TP53. Certain mutations of TP53 can also impose oncogenic roles [517], 

which are often concomitant with its nuclear accumulation. Mutations that lead to the loss 

of TP53 protein expression are found in almost 50% of advanced-stage pancreatic cancer 

patients[518]. In cases where TP53 is wildtype (15%), other genes that are linked to TP53 
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signaling are often mutated. For instance, the gene encoding the DNA double stranded 

break sensor protein ATM is often mutated in TP53-wildtype tumors [519]. ATM is 

responsible for TP53 phosphorylation upon DNA damage and is frequently mutated in 

familial pancreatic cancer [520].  

1.9.3.4 SMAD4 

As mentioned earlier, SMAD4 is part of the Smad family of proteins and it acts as 

a co-activator or co-repressor of transcription factors during TGFß1 signaling. TGFβ, a 

potent inducer of EMT binds TβRs resulting in receptor activation and subsequent 

phosphorylation of Smad2/3 proteins [521][327]. Alterations in SMAD4 are found in 55% 

of pancreatic cancers, 30% of which are caused by homozygous deletions while the 

remaining are due to mutations and loss of heterozygosity [334]. The role of TGFβ 

signaling pathway in PDAC is dualistic in which it initially acts as an anti-proliferative 

mechanism that inhibits the dysplastic growth of PanIN-1 and PanIN-2 at which point 

SMAD4 is still wild-type. Upon loss of SMAD4 in PanIN-3 (figure 16), TGFβ drives 

oncogenic growth. In 10% of pancreatic cancer patients, tumors that possess a wild-type 

SMAD4 acquire other inactivating mutations in the TGFβ signaling pathway such as 

TGFBR1, TGFBR2, SMAD3 or ACVR1B (activin A receptor type 1B) [522]. 

1.9.4 Co-occurrence of PDAC Driver Events 

Considering the molecular pathways that are affected by the four genes, it is 

unlikely that the effects caused by these alterations act independent of each other. Yachida 

et al. demonstrated an intriguing relationship between TP53 and SMAD4. SMAD4 
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inactivating mutations had a strong positive correlation with TP53 gain of function 

changes. In contrast pancreatic tumors with wild-type SMAD4 harbored a loss-of function 

alteration in TP53 [510]. The question of how the interdependence of SMAD4 and TP53 

status is linked to the molecular and genetic profiles (discussed in 1.9.5) of pancreatic 

cancers is yet to be fully addressed. 

In early stage PanINs where SMAD4 is likely to have a wild-type status, mutated 

KRAS serves to inhibit TGFβ/Smad signaling by promoting the degradation of Smad4 

[523][524]. In contrast, wildtype TP53 can associate with Smads to mediate TGFβ-induced 

changes in gene expression [525]. Mutant KRAS also inhibits serine 9 phosphorylation of 

TP53, which in turn prevents TP53 interaction with TGFβ-activated Smads [526]. 

Conversely, when TP53 is mutated, TGFβ and KRAS cooperate where Smads serve as 

platforms for mutant TP53 and wildtype TP63 (tumor suppressor) to form a complex that 

antagonizes TP63 functions. TP63 inhibition reduces the expression of TP63-induced 

tumor suppressor genes leading to an increase in TGFβ1-induced metastasis [527]. 

Collectively, these driver events form a complex interdependent network of signaling 

molecules that undermine anti-neoplastic mechanisms within the cell.  
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1.9.5 PDAC Subtypes 

Analyses of somatic mutations, chromosomal structural variants, epigenetic 

alterations and gene expression have generated a series of approaches to stratify PDAC 

patients. These approaches were contributed by five seminal studies which are discussed 

below and are summarized in table 10. Although the applicability of these techniques into 

clinical settings can be compromised by differences in data processing and the statistical 

algorithms used to obtain patient subgroups and to for sample preparation and processing, 

they still offer concrete evidence of the existence of genetically and molecularly distinct 

subtypes of PDAC.  

1.9.5.1 Mutational and Transcriptional Profiling 

1.9.5.1.1 The Jones Classification 

In 2008, Jones and colleagues reported the first comprehensive analyses to define 

the mutational, copy number and transcriptional landscape of PDAC [522]. The authors 

performed genome-wide sequencing of 24 PDAC tumors to identify somatic mutations as 

well as homozygous deletions and amplifications. The results revealed that each tumor 

contained an average of 63 genetic alterations. The authors then utilized SAGE (serial 

analysis of gene expression) to measure gene expression, a quantification method that 

compensates for preferential amplification bias towards larger transcripts as seen in 

traditional microarray analysis [528]. Combination of SAGE results with the 

mutational/copy number landscape of these tumors uncovered that the 63-alteration 

average affected 12 core signaling pathways concomitantly altered in almost two thirds of 
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the tumors. These pathways include KRAS signaling (KRAS, MAP2K4, RASGRP3), 

apoptosis (e.g. HIP1, CASP10), DNA repair (e.g. TP53, ERCC4, ERCC6), G1/S 

checkpoint (e.g. CDKN2A, FBXW7, APC2), hedgehog signaling (e.g. TBX5, SOX3, GLI1, 

GLI3), cell adhesion (e.g. CDH1, CDH2, CDH10), integrin signaling (e.g. ITGA4, ITGA9), 

Jnk signaling (e.g. TNF, ATF2), invasion (e.g. ADAM11, ADAM12, PRSS23), small 

GTPase signaling (ARHGEF7, PLCB3, RP1), TGFβ signaling (e.g. SMAD4, SMAD3, 

TGFBR2) and Wnt/Notch signaling (e.g. MYC, PPP2R3A, TSC2) [522] (table 10). 

Although this study identified the key genetic alterations and molecular pathways 

implicated in PDAC, the small sample size did not allow any meaningful subtyping. 

1.9.5.1.2 The Collisson Classification  

In 2011, Collisson et al. published the first attempt at molecular subtyping of 

PDAC. The study combined the gene expression data from multiple studies including 

human and mouse cell lines in order to maximize sample sizes. Multivariate analysis of the 

non-negative matrix factorization (NNMF) of differentially expressed genes and their 

clustering patterns supported the identification of three transcriptionally-distinct subtypes; 

classical, quasi-mesenchymal (QM) and exocrine-like. The study also developed a gene 

signature, called PDAssigner, which consisted of 62 genes whose expression was sufficient 

to distinguish between the three subtypes. The classical subtype was characterized by high 

expression of adhesion molecules and epithelial markers such as TFF1 (trefoil factor 1), 

MUC13 (Mucin 13) and TMEM45B (transmembrane protein 45B). This subtype had the 

best long-term survival compared to the other two subtypes. Patients in the quasi-

mesenchymal subtype expressed high levels of mesenchymal genes (GPM6B, glycoprotein 
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M6B; NT5E, 5’ nucleotidase) with very poor prognosis. The exocrine-like subgroup 

uniquely expressed genes encoding digestive enzymes such as REG1B (regenerating islet-

derived 1 beta), CFTR (cystic fibrosis transmembrane conductance regulator) and 

PNLIPRP2 (pancreatic-lipase-related protein 2) (table 10). The exocrine-like subtype had 

an improved short-term survival compared to the quasi-mesenchymal subtype but a 

relatively similar long-term survival [529]. 
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Table 10. The five PDAC classification studies. The table enlists five genome-wide 
studies that examined the genetic landscape of PDAC. These studies were named based on 
the first author of the respective publication. The table also lists the various subtypes 
derived from each study and their defining characteristics. 
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classification subtypes Defining characteristic/s

The Jones 
classification

N/A - Average of 63 alterations per PDAC
- Affected 12 core signaling pathways

The 
Collisson
classification

1) Quasi-mesenchymal - High levels of mesenchymal genes (GPM6B, NT5E) 

2) Classical - High levels of adhesion molecules and epithelial markers 
(TFF1, MUC13, TMEM45B)

3) Exocrine-like - High levels of digestive enzyme genes (REG1B, CFTR,
PNLIPRP2)

The Moffit
classification

1)basal-like tumor with 
normal stroma

- Basal-like tumors express S100A1, UCA1 and VGLL1
- Classical tumors express FAM3D, ATAD4 and BTNL8
- Normal stroma expresses stellate cell markers such as 

ACTA2, DES and VIM
- Activated stroma expresses a macrophage-like gene 

signature (e.g. ITGAM, CCL13, CCL18)

2) basal-like tumor 
with activated stroma

3) classical tumor with 
normal stroma 

4) classical tumor with 
activated stroma

The Bailey 
classification

1) squamous - TP53 and KDM6A mutations
- Increased methylation of endodermal genes

2) pancreatic 
progenitor

- Expression of pancreatic development genes (e.g. PDX1, 
MNX1)

3) immunogenic - Immunosuppressive gene expression profile

4) aberrantly 
differentiated 
endocrine exocrine 
(ADEX) 

Expression of:
- KRAS signaling genes
- Endocrine cell differentiation genes (NKX-2 and 

NEUROD1)
- Exocrine cell differentiation genes (RBPJL and NR5A2)

The Waddell 
classification

1) stable - <50 SVs (structural variants)
- Global aneuploidy
- 20% of PDAC

2) locally-rearranged - Focal amplifications
- 30% of PDAC

3) scattered - Non-random chromosomal damage
- <200 SVs
- 36% of PDAC

4) unstable - >200 SVs
- Deficiencies in DNA repair
- 14% of PDAC
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1.9.5.1.3 The Moffit Classification 

The Collisson et al. study utilized micro-dissected samples that enriched for PDAC 

tumors cells while minimizing the contamination with stromal cells and normal ductal 

tissue. Despite the added benefit of using micro-dissection, it bypasses the ability to 

examine stromal and normal cell transcriptional profiles that might be contributing to 

PDAC development. In fact, PDAC is characterized by a dense fibrotic stroma that have 

been shown to enhance the aggressive nature of cancer cells and contribute to 

chemotherapy [530][531]. A 2015 study by Moffitt et al. utilized virtual microdissection 

instead of mechanical microdissection. The study collected tumor-associated samples 

(including tumor, tumor-associated stroma and normal tissue) along with non-tumor-

associated normal and stromal tissues from various organs including pancreas, liver and 

immune cells. The non-tumor-associated tissue was used to create a normal cell gene 

signature as well as a normal stromal cell signature; both were then compared to the tumor 

cell, tumor-associated stroma and tumor-associated normal tissue signatures. They 

identified stroma-specific genes that allowed the distinction of two types of tumor 

associated-stroma, “normal” and “activated”. “Normal” stroma genes included ACTA2, 

DES and VIM, markers of pancreatic stellate cells. In contrast, “activated” stroma 

expressed higher levels of integrins (e.g. ITGAM) and chemokines (CCL13, CCL18) and 

resembled macrophage-like gene signatures. Other genes overexpressed in activated 

stroma were Wnt signaling and MMP genes suggesting their potential involvement in 

PDAC progression. Importantly, PDAC patients with an activated stroma had a poorer 

survival than those with normal stroma [532].  
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Moffitt et al. also characterized two tumor subtypes; basal-like subtype that 

expresses high levels of S100A1, UCA1 and VGLL1 and a classical subtype expressing 

FAM3D, ATAD4 and BTNL8. Classical PDAC patients had a better overall survival than 

basal-like patients. Basal-like and classical subtypes possessed both normal and activated 

stroma giving rise to four subtypes: 1) basal-like tumor with normal stroma, 2) basal-like 

tumor with activated stroma, 3) classical tumor with normal stroma and 4) classical tumor 

with activated stroma (table 10). Patients with classical tumors and normal stroma had the 

best prognosis compared to the other three subtypes [532]. 

1.9.5.1.4 The Bailey Classification 

A 2016 study by Bailey et al expanded the PDAC mutational and transcriptional 

profile analysis using whole-genome and deep-exome sequencing into a larger cohort of 

456 PDAC patients. The mutational landscape of these tumors revealed 32 driver mutations 

that affected 10 core signaling pathways. These included KRAS, TGβ, NOTCH, 

ROBO/SLIT and WNT signaling as well as G1/S checkpoint, chromatin modification, 

SWI-SNF nucleosome remodeling, DNA repair and RNA processing [533]. The mutated 

genes and the affected pathways strongly resemble the mutational and pathway analyses 

patterns originally described by Jones and colleagues [522]. Bailey et al. also performed 

RNA-Seq gene expression and methylation analyses and identified four distinct molecular 

subtypes: 1) squamous, 2) pancreatic progenitor, 3) immunogenic and 4) aberrantly 

differentiated endocrine exocrine (ADEX) (table 10). Squamous tumors were characterized 

with TP53 and KDM6A mutations, increased methylation of the pancreatic endodermal 

genes and upregulation of the proto-oncogene TP63-ΔN, which lacks the transactivation 



  163 

domain at the NH2 terminus. In contrast, pancreatic progenitors expressed genes that are 

unique to early pancreatic development and include MNX1, PDX1 and FOXA2/3. 

Immunogenic tumors displayed gene networks representative of an immunosuppressive 

environment. ADEX tumors expressed genes involved in KRAS signaling, endocrine cell 

differentiation (NKX2-2 and NEUROD1) and exocrine cell differentiation (RBPJL and 

NR5A2). Patients with squamous tumors had the worst prognosis among all four subtypes 

[533]. 

1.9.5.2 Structural Variants Profiling 

Mutational and transcriptional investigations yielded comprehensive coverage of 

PDAC genetic alterations that drive tumorigenesis. However, another contributing factor 

to PDAC are somatic structural rearrangements of chromosomes. These structural 

rearrangements or variants (SVs) include deletions that lead to gene disruptions, copy 

number gains and amplifications. This may result in oncogene overexpression and gene 

fusions, which generate oncogenic fusion proteins. SVs are potentially catastrophic events 

that can directly drive cancer development and progression [534]. The prevalence of SVs 

in PDAC was observed as early as 1995 where karyotyping displayed consistent 

chromosomal abnormalities [535]. Later studies confirmed a high degree of genomic 

instability in PDAC [512]. Recently, Waddell and colleagues performed whole-genome 

sequencing to discern chromosomal SVs in PDAC [490]. 
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1.9.5.2.1 The Waddell Classification 

Waddell et al. combined SVs and point mutation analyses of 100 PDAC tumors, 

which resulted in increasing the prevalence of inactivating events that involved TP53 (74% 

of all PDAC with 3 SVs and 71 point mutations), SMAD4 (31% of all PDAC with 9 SVs 

and 22 point mutations) and CDKN2A (35% of all PDAC with 11 SVs and 24 point 

mutations). Waddell et al. also identified two novel genes (PREX2 and KDM6A) that were 

frequently mutated or affected by structural rearrangements in around 10% of all PDACs. 

Furthermore, the study derived four subtypes based on patterns of chromosomal SVs. A 

“stable” subtype represented 20% of PDACs, contained less than 50 SVs and displayed 

global aneuploidy indicating a deficiency in cell cycle control. TP53 mutations in “stable” 

tumors were less frequent compared to the other subtypes. The second subtype was the 

“locally-rearranged” subtype which was found in 30% of all PDACs and displayed marked 

focal amplification events on one or two chromosomes. This subtype contained copy 

number gains in putative oncogenes such as KRAS, GATA6, ERBB2, MET, CDK6, PIK3R3, 

PIK3CA and SOC9. The third subtype was named the “scattered” subtype as it displayed a 

moderate number of non-random chromosomal damage with less than 200 SVs and was 

present in 36% of PDAC patients. The last subtype was classified as “unstable” and was 

present in 14% of PDAC patients (table 10). Patients with unstable genomes exhibited a 

significant number of SVs (more than 200) that was largely attributed to deficiencies in 

DNA repair. The latter was driven by mutations in genes involved in the BRCA pathway 

(BRCA1, BRCA2, PALB2, ATM, TP53, REV3L and RPA1) and sensitized these patients to 

the DNA-damaging platinum therapy [490].  
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1.10 Subchapter 10: Conceptual Framework 

The activation of plasminogen at the surface of cancer cells is a crucial step in 

mediating cancer cell invasion and promoting an aggressive tumor phenotype. The latter 

has been closely linked to the ability of cancer cells to undergo EMT. However, the role 

of proteins that drive the plasminogen activation process is of utmost importance in 

order to understand the biological mechanism of cancer cell escape from primary 

tumors and subsequent formation of metastasis especially in the context of EMT. 

Herein, the dissertation attempts to answer the above question using three overarching 

objectives: 

1.10.1 Objective I: Plasminogen Activation and EMT 

Question: How does the epithelial or mesenchymal state of a cancer cell alter its surface 

plasminogen activation? 

Hypothesis: Mesenchymal cells have enhanced plasminogen activation capabilities 

compared to epithelial cells. 

Methodology:  

1) Utilize models of epithelial-like and mesenchymal-like lung cancer cells to study 

plasminogen activation in vitro. 

2) Employ the above models to decipher the signaling pathways regulating the 

expression of major proteins involved in plasminogen activation. 
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1.10.2 Objective II: Plasminogen Activation and Lung Cancer 

Question: Do plasminogen activation genes serve as predictors of lung cancer patient 

outcome? 

Hypothesis: Plasminogen activation genes are potential predictors of overall survival in 

NSCLC patients? 

Methodology:  

1) Develop a strategy to systematically assess expression of genes involved in 

plasminogen activation. 

2) Employ hierarchical clustering methods and Pearson correlation comparisons to 

identify the most differentially-expressed plasminogen genes. 

3) Perform Kaplan Meier survival analyses to assess the predictive capacity of the 

respective differentially-regulated genes in different histological subtypes of lung 

cancer. 

4) Generate a predictive gene signature. 

1.10.3 Objective III: Plasminogen Receptor S100A10 and Pancreatic Cancer 

Question What is the role of the plasminogen receptor S100A10 in the biological and 

clinical presentation of PDAC? 

Hypothesis: S100A10 is a potential predictor of PDAC patient survival and a driver of 

PDAC tumorigenesis and invasiveness.  
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Methodology:  

1) Assess transcript and protein expression of S100A10 in normal, PanINs and PDAC 

using published mRNA datasets and tissue microarrays of PDAC patients. 

2) Apply univariate and multivariate regression models to examine the predictive 

power of S100A10 as a novel biomarker of outcome. 

3) Assess the role of S100A10-mediated plasminogen activation on cancer cell growth 

and invasion in vitro using our well-established plasminogen activation and 

invasion assays. 

4) Decipher the molecular mechanisms that modulate S100A10 expression in PDAC 

in vitro. 

5) Study the effect of S100A10 depletion on in vivo tumor growth using a PDAC 

mouse model.  
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CHAPTER 2: METHODS 

2.1 Cell lines  

All cell lines were purchased from the American Type Culture Collection (ATCC) 

(except HMLE, BxPC-3 and AsPC-1) and tested negative for mycoplasma. A549 (CCL-

185, male), NMuMG (CRL-1636, female), Panc-1 (CRL-1469, male) and MCF-7 (HTB-

22, female) cells were supplemented with Dulbecco’s Modified Eagle’s Media (DMEM, 

Hyclone) containing 10% fetal bovine serum (FBS) (Hyclone). BEAS-2B (CRL-9609, 

male) were supplemented with LHC-8 media (Thermo-fisher scientific) with and without 

FBS (Hyclone, Canada, characterized). Panc 10.05 (CRL-2547, male), BxPC-3 (CRL-

1687, female), AsPC-1 (CRL-1682, female) and HPAF-II (CRL-1997, male) were 

supplemented with Roswell Park Memorial Institute (RPMI) media with 10% FBS. The 

AsPC-1 (female) and Bx-PC3 (female) cell lines were a generous gift from Dr. David 

Hoskin (Dalhousie University, Halifax, Nova Scotia, Canada). The human mammary 

epithelial cell line (HMLE, female) was a generous gift from Dr. Robert Weinberg 

(Whitehead Institute for Biomedical Research, Cambridge, Massachusetts) and was 

cultured in a 1:1 ratio of DMEM F12 1:1 and mammary epithelial cell growth medium 

(MEGM, Lonza) supplemented with 13 µg/mL bovine pituitary extract, 20 µg/mL human 

epidermal growth factor, 10 µg/mL insulin, 1 µg/mL gentamicin/amphotericin and 2 

µg/mL hydrocortisone (Lonza Clonetics) and 10% FBS. All cells were cultured in the 

presence of 1% pencillin/streptomycin (Hyclone) and were maintained at 37°C with 5% 

CO2. 
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2.2 Chemical reagents 

All reagents were optimized for ideal dosage and time courses to minimize cellular 

toxicity while maximizing response of proteins of interest. Zarnestra (Tipifarnib) 

(Selleckchem, S1453, 10 µM) and decitabine (Sigma-Aldrich, A3656, 10 µM), Rapamycin 

(Tocris, 10 µM), A83-01(Tocris, 2939, 25µM), Tiplaxtinin (Tocris, 5565/10, 10 µM) and 

LY294002 (Santa Cruz Biotechnology, 154447-36-6, 50 µM) were reconstituted in 

DMSO. Doxycycline (Clontech, 631311, 1µg/mL), bhFGF-1 (R&D systems, 233-FB-025, 

0 to 200 ng/ml) and heparin sodium salt (Tocris, 2812/100, 100 ug/ml) was reconstituted 

in tissue-culture grade water. Plasminogen (Sigma-Aldrich, 528180, 0.5 µM), S2251 

(Chromogenix, 82033239, 5 µM), ε-aminocaproic acid (Sigma, A2504, 100mM) and 

aprotinin (Pentapharm 2.2µM) were reconstituted in PBS. TGFβ1 (Peprotech, 20 ng/ml 

unless indicated) was reconstituted in 10mM citric acid.  

2.3 Antibodies 

The sources and dilutions of antibodies are as follows: 

• β-actin (Sigma Aldrich mouse monoclonal anti-β-actin, A2228, 1:2000) 

• N-cadherin (BD Biosciences mouse monoclonal anti-N-cadherin, 610921, 1:2000) 

• E-cadherin (BD Biosciences mouse monoclonal anti-E-cadherin, 610181, 1:2000) 

• Vimentin (Sigma-Aldrich goat polyclonal anti-Vimentin, V4630, 1:1000) 

• S100A10 (BD Biosciences mouse monoclonal anti-S100A10, 610070, 1:2000) 

• Annexin A2 (BD Biosciences mouse monoclonal anti-Annexin II, 610069, 1:2000) 

• GAPDH (Biochain mouse monoclonal anti-GAPDH, Y3322, 1:2000) 
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• p-S6K (Cell signaling rabbit monoclonal anti-pS6K, 9205S, 1:1000)  

• FOXC2 (Bethyl laboratories rabbit polyclonal anti-FOXC2, A302-383A, 1:1000) 

• PAI-1 (Cell signaling rabbit monoclonal anti-PAI-1 D9C4, 11907, 1:2000) 

• uPAR (Santa Cruz rabbit polyclonal anti-uPA FL-290, sc-10815, 1:300) 

• p-Erk (Cell signaling rabbit monoclonal anti-pErk (Thr202/Tyr204), 9101, 1:1000) 

2.4 Plasmids 

The S100A10 shRNA1 knockdown construct was designed by cloning the 

following dsRNA oligo 5’-GAT CCC CGT GGG CTT CCA GAG CTT CTT TCA AGA 

GAA GAA GCT CTG GAA GCC CAC TTT TTA-3’ and 5’-AGC TTA AAA AGT GGG 

CTT CCA GAG CTT CTT CTC TTG AAA GAA GCT CTG GAA GCC CAC GGG-3’ 

into the pSUPER-retro-puro vector plasmid (OligoEngine). The non-silencing siRNA 

(4390843) and S100A10 siRNA (s12429) were purchased from the Ambion Silencer Select 

pre-designed and validated siRNA library (ThermoFisher Scientific). The pGIPZ SMAD4 

and FOXC2 constructs were obtained from EGAD (enhanced Gene Analysis and 

Discovery) core facility at Dalhousie University. The pBabe-puro control (#1764), 

KRASG12D (#58902) and pBabe-puro-FOXC2 (#15535) constructs were obtained from the 

plasmid depository Addgene. The transfected clones were selected in 1 µg/ml puromycin.  

2.5 Stable Retroviral Transfection 

To establish stable S100A10-depleted and FOXC2-overexpressing cell lines, 

Phoenix cells (in 6-well plates) were first transfected with 4 μg of the pSUPER-retro 

scramble control, pSUPER-retro-S100A10 shRNA1, pBabe-puro control and pBabe-puro 
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FOXC2 plasmids using the lipofectamine 2000 transfection reagent (Invitrogen). 10 µl of 

lipofectamine 2000 reagent was incubated with 240 µl of Opti-MEM for each well for 5 

min at room temperature. The plasmids (in 250 µl Opti-MEM) and lipofectamine solutions 

were then mixed and incubated for 20min at room temperature. The total of 500 µl was 

then added to 1.5 ml of culture media (no antibiotics added). Retroviral supernatants were 

collected at 24hrs and 48hrs post transfection. Cells of interest were then transduced with 

the retroviral supernatants (with 10 μg/ml polybrene). Puromycin selection started at 48hr 

post infection. 

2.6 Stable Lentiviral Transfection 

To establish the pGIPZ SMAD4 shRNA and FOXC2 shRNA cell lines, a mix of 

6μg of the pGIPZ lentiviral vector, 4.3 μl of the trans-lentiviral packaging mix and 15 μl 

of CaCl2 and 150μl of 2X HBSS as per manufacturer’s instructions (Dharmacon, 

TLP5912). The mix was incubated for 3min at room temperature then added into one well 

of HEK293T cells (6-well plate) containing 2 ml of antibiotic-free media. Lentiviral 

supernatants were collected at 24hrs and 48hrs post transfection. Cells of interest were then 

transduced with the lentiviral supernatants (with 10μg/ml polybrene). Puromycin selection 

started at 48hr post infection. 

2.7 Transient Transfection 

3.5x104 cells were seeded into 6-well plates overnight. 4ug of non-targeting or 

S100A10 siRNAs were reconstituted in 250 µl Opti-MEM. 10 µl of lipofectamine 2000 

reagent was incubated with 240 µl of Opti-MEM in each well for 5 min at room 
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temperature. The siRNA and lipofectamine solutions were then mixed and incubated for 

20min at room temperature. The 500 µl total was then added to 1.5 ml of culture media (no 

antibiotics added). Transfection media was not removed until cells were trypsinized 48 

hours after transfection and seeded for further analysis. 

2.8 Western Blotting 

Cells were washed with PBS and lysed in lysis buffer (1% NP-40, 150 mM NaCl, 

20 mM Tris, pH 7.0, 1 mM EDTA and 1 mM EGTA) containing 2X Halt protease and 

phosphatase inhibitors (Thermo Scientific). Samples were subject to SDS-polyacrylamide 

gel electrophoresis then transferred onto a nitrocellulose membrane. Membranes were 

incubated with primary antibodies overnight at 4°C or one hour at room temperature. Li-

COR secondary antibodies used to visualize bands using a LI-COR Odyssey imaging 

scanner. Relative band intensities per lane were determined for each protein and 

normalized to intensities of GAPDH or actin bands. Band intensity was measured using 

the Odyssey Li-COR software V3.0. The intensity was then subtracted from background 

intensity (above or below band). Relative band intensities per lane were determined for 

each protein and normalized to intensities of GAPDH or β-actin bands. Noteworthy, a 

consistent upregulation of β-actin was observed in A549 cells in response to TGFβ1 

treatment (figure 20b). Protein expression was therefore normalized relative to GAPDH 

under conditions where A549 cells were treated with TGFβ1. All gels were cropped for 

clarity. Molecular weights of proteins are listed under the antibodies section. 
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2.9 Quantitative RT-PCR 

RNA was extracted using TRIzol as per standard procedure (Qiagen). 2 µg of RNA 

was used for the synthesis of cDNA using Superscript II (Invitrogen). S100A10 (p11) gene 

expression was amplified using gene-specific primers on the CFX96™ platform. All 

primer sequences are listed in supplemental table 22. The primers were designed with high 

specificity, purchased from IDT and then verified for optimal amplification. Relative 

mRNA expression was calculated using the Livak and Schmittgen’s 2^-ΔΔCT method and 

normalized to GAPDH as a reference gene [536]. 

2.10 Plasminogen Activation Assay 

Cells were seeded overnight into 96-well plates at 1x105 cells/well (A549, BEAS-

2B, iKRAS) or 5x103 cells/well (Panc-1). Cells were then washed with Dulbecco’s PBS 

(Hyclone), incubated with 0.5 µM (in 75 µl) plasminogen for 10 min and then incubated 

with 0.5 mM S2251 (in 75 µl) (chromogenic plasmin substrate, Chromogenix, Diapharma 

Group) (figure 62b). The rate of plasmin generation was quantified based on the absorbance 

at 405 nm every 4 min for 4hrs using the Spectra M3 plate reader (Molecular Devices). 

A405 was subtracted from A600 to account for turbidity. The rate of plasmin generation 

was determined from the slope of the A405nm vs time2 of the kinetic curve. 

2.11 Surface Expression Measurement by Flow Cytometry 

Cells were washed with PBS, gently lifted with a cell lifter and then blocked with 

2% FBS in PBS. Cells were then incubated with primary antibodies at room temperature 

for 30 min, washed 3 times with PBS then incubated with FITC- or PE-conjugated 
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secondary antibodies for 30min at room temperature. Cells were then washed with PBS 

and analyzed on a BD FACSCalibur flow cytometer. Surface expression was quantified 

based on relative fluorescent intensities (RFIs) using the Flowing Software 2 [537]. Mean 

RFI of S100A10-stained samples was subtracted from an isotype-stained control). RFI was 

calculated by subtracting the mean fluorescence intensity of samples incubated with the 

anti-S100A10 antibody from that of samples incubated with IgG1 isotype control. 

2.12 Surface Expression Measurement by Surface Biotinylation 

Cells were seeded into 150-cm cell culture plates until 90% confluency. Cells were 

then washed twice with ice-cold PBS and incubated with 1mg/ml Sulfo-NHS-SS-Biotin 

(Pierce, Thermo Scientific) for 30 min at 4°C. The reaction was quenched with 100 µM 

glycine in PBS, then washed twice with ice-cold PBS. Cells were then lysed in RIPA lysis 

buffer. 500 µg of protein lysates were incubated with 100 µl of Dynabeads M-280 

streptavidin (Invitrogen) for 2hrs at 4°C with rotation. Biotinylated proteins were separated 

from unlabeled proteins using a magnet with five washes of the lysis buffer. Biotinylated 

proteins were then suspended in protein sample buffer, boiled at 95°C for 10 min and 

subjected to gel electrophoresis.  

2.13 H&E Staining 

Cells were seeded on Poly-L-Lysine slides then fixed and permeabilized using 1:1 

ratio of methanol and acetone. Fixed cells were then stained with hematoxylin, washed 

with PBS, then stained with eosin. Glass slides were mounted for bright-field microscope 

imaging (Zeiss). 
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2.14 Gene Array Analysis and Normalization 

RNA Seq V2 RSEM expression values for the TCGA tumors (Supplemental Fig. 

S1A) as well as CCLE Z-scores (Figure 53b) were downloaded from Cbioportal. RNA Seq 

V2 REVs were normalized by dividing by the mean expression value [538]. Z-scores were 

compared using the z-ratio equation as previously described [539]. z-ratio=z-scoreavg (cell 

type)– z-scoreavg (CML) / SD of z-score differences. z-scoreavg (cell type) is the average of 

the z-scores of all the cell lines within a particular tumor type (CML: chronic myelogenous 

leukemia). z-scoreavg (CML) is the average of the z-scores of CML cell lines which had the 

lowest average z-score and was used as a control. SD of z-score differences is the standard 

deviation (SD) of the [z-ratio=z-scoreavg (cell type)– z-scoreavg (CML)] values of each 

tumor type. A z-ratio of 1.96 or higher is considered equivalent to a p-value =< 0.05. For 

normal/tumor data normalization, expression values were retrieved from the GEO (Gene 

expression Omnibus) as per corresponding accession numbers (GSE16515[540], 

GSE22780[541], GSE3654[542], GSE1542[543], GSE15471[544] and GSE28735[545]) 

log-transformed and median-centered per array (Figure 54). Expression values from Segara 

et al [546] and Logsdon et al[547] gene arrays were extracted from Oncomine[548] as 

median centered intensities. 

2.15 CDHA Patient Cohort 

Ethics approval was received from the Capital Health Research Ethics Board of 

Capital District Health Authority (CDHA) on Oct 09 2014 (CDHA-RS/2012-206). 89 

samples were collected from pancreatic adenocarcinoma patients admitted to the Queen 

Elizabeth Hospital (Halifax, NS) between 2001 and 2009. All patients underwent surgical 
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resection at which point samples were collected prior to adjuvant chemotherapy/radiation. 

Samples were formalin-fixed and paraffin-embedded (FFPE). 

2.16 Tissue Microarray (TMA) Construction and Immunohistochemistry 

2mm areas containing both tumor and stroma from each sample were used as a 

single core. Normal, precancerous and cancerous cores were collected from each sample. 

Cancerous cores were only collected in triplicates. 11 TMAs were constructed with 40 

cores/TMA. TMA blocks were then sectioned and subject to immunohistochemical 

staining (IHC). Primary rabbit anti-human S100A10 antibody (1:800, Proteintech 11250-

1-AP) was used to stain TMA using the Ventana automated staining platform (Roche) 

followed by DAB (3,3’-Diaminobenzidine) stain to visualize staining areas. 

2.17 DAB Quantification 

TMAs were scanned on the Aperio AT2 high volume digital whole slide scanning 

system (Leica Biosystems) at 20X magnification. Three representative images of tumor 

and stroma in each core were captured for staining quantification. Images were subject to 

color deconvolution in ImageJ as previously described in Varghese et al. Briefly, color 

deconvolution yields three images, hematoxylin (counter stain), DAB, and an additional 

image. Stained areas were manually highlighted by the selection tool, color de-convoluted 

and quantified using the IHC profiler plugin. The plugin was developed by Varghese et al. 

[549]. The profiler is ImageJ-compatible and analyzes cytoplasmic signals from de-

convoluted DAB images. The profiler also generates a pixel intensity histogram which 

plots the pixel intensity values of the brown DAB color from the darkest (intensity value = 
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0) to the lightest (intensity = 255) shades. Pixel intensity values were divided into four sub-

categories: 0-60, 61-120, 121-180, and 181-255. The plugin then outputs the percentage of 

pixels in each category of the highlighted area (figure 55a). 

2.18 H-scoring 

The scoring assignment of selected DAB-stained areas was accomplished via H-

scoring [550] using the following formula: H-score = (% of pixels in 0-60 category * 3) + 

(% of pixels in 61-120 category * 2) + (% of pixels in 121-180 category * 1) + (% of pixels 

in 181-255 category * 0). H-scores range from 0 to 300. To generate cut-off classifiers, we 

considered an H-score <100 to be negative/weak staining, H-score of 100 to 200 to be low 

positive and H-score of >200 to be high positive values (supplemental table 16). The H-

score was then normalized to the average of all intensities. 

2.19 Kaplan Meier Survival 

Survival percentage was calculated non-parametrically based on observed overall 

survival times. At the time of last follow-up, live patients were assigned a zero (0) due to 

absence of event (i.e. death). Deceased individuals were assigned a one (1) since the event 

of death occurred. Recurrence-free survival (RFS) was represented by the duration between 

a complete response to treatment and the status of disease at the time of last follow-up i.e. 

disease free (0) or progressive disease (1). Log-rank (Mantel-Cox test) was used to compare 

relative risk in Kaplan Meier plots with binary classifiers (median and optimal cut-offs). 

Multiple comparisons testing was applied to ternary classifier and an adjusted p-value was 
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calculated based on Bonferroni-corrected threshold. The p-valueadj= p-valueraw/k, where 

raw p-value = 0.05 and represents k the number of comparisons made. 

2.20 Univariate and Multivariate Analysis 

Univariate and multivariate regression models were fitted to the overall (OS) and 

recurrence-free survival (RFS) of the TCGA PDAC patient cohort. The 

variables/predictors were: S100A10 mRNA (RNA Seq V2 RSEM), gender, race, age, 

grade, tumor dimension, stage, metastasis, smoking, alcohol consumption. A natural 

logarithm (ln) was applied to the S100A10 mRNA raw expression values (REVs). The 

fitted single-variable model included all variables listed. The fitted multivariate model 

included all variables except smoking history and alcohol consumption due to high number 

of missing values. A semi-parametric proportional hazard regression model was fitted to 

identify variables that are predictors of overall and recurrence-free patient survival times. 

The model assumes: H(t|Z) = h0(t) exp (β’ Z) where h0(t) is an arbitrary baseline hazard 

rate, β’ is a vector of coefficients, Z is a vector of co-variants or variables. We fit the 

semiparametric proportional hazards regression model for each single variable. The 

univariate and multivariate analyses results are summarized in tables 11 through 14.  

2.21 Normalization of GDC Tumor RNA-Seq and CCLE Microarray Gene 

Expression Data 

RNA Seq V2 RSEM expression values of GDC (Genomic Data Commons) tumors 

(figure 53a) and expression Z-scores of Cancer Cell line Encyclopedia (CCLE) cell lines 

(figure 53b) were downloaded from Cbioportal and were normalized to the mean 



  179 

expression value [538]. For pancreatic normal/tumor data normalization, expression values 

were retrieved from the Gene expression Omnibus (GEO as per corresponding accession 

numbers (GSE16515 [540], GSE22780 [541], GSE3654 [542], GSE1542 [543], 

GSE15471[544] and GSE28735 [545]) log-transformed and median-centered per array 

(figure 54 and supplemental figure 11). Expression values from Segara et al [546] and 

Logsdon et al [547] gene arrays were extracted from Oncomine [548] as median centered 

intensities. 

2.22 KM Plot 

Expression data and overall survival times from 11 lung cancer studies were 

downloaded from KM plot (KMplot.com). The accession numbers are as follows: TCGA 

[551], GSE50081 [552], GSE4573 [553], GSE37745[554], GSE31908 (unpublished), 

GSE3141 [555], GSE31210 [556][557], GSE30219 [558], GSE29013 [559], GSE19188 

[560] and GSE14814 [561]. A median cut-off was applied to derive the univariate 

regression analysis of each gene as an independent predictor of overall survival. All studies 

used one of two microarray expression platforms: GPL570 [HG-U133_Plus_2] Affymetrix 

Human Genome U133 Plus 2.0 Array or GPL96 [HG-U133A] Affymetrix Human Genome 

U133A Array. Raw expression values above and below the median were annotated as 0 

and 1 respectively. “0”s and “1”s were compiled from each study. A total of 720 

adenocarcinoma patients and 524 squamous cell carcinoma patients were used in the 

merged cohort. Biased arrays with two or more parameters that were outside the 95% range 

of all arrays were excluded from the analysis as quality control. Outliers were defined as a 
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parameter that is outside the 95% range of all arrays. Arrays with potential low-quality 

spike-in hybridization controls (bioB, BioC and BioD spikes) were also excluded.  

2.23 In vivo Intra-peritoneal Mouse Model 

5x106 Panc-1 cells (scramble control or S100A10-shRNA1) were suspended in PBS 

and intra-peritoneally injected into the lower right abdominal area of NOD-SCID mice. 

After 12 weeks post injection, tumors were collected, weighed, fixed with 10% formalin 

and embedded in paraffin for histological examination. The animal experiment studies 

were approved by Dalhousie Animal Ethics (protocol number 15-143) and housed at the 

Carlton Animal Care Facility (CACF). 

2.24 Invasion Assay 

5x104 Scramble control and S100A10-shRNA1 Panc-1 cells were seeded in serum-

free media into the upper chamber of a trans-well Boyden chamber with 8µm pores that 

was coated with an artificial matrix, matrigel (BD Biosciences) (figure 62d). The bottom 

chamber contained 10% FBS as a chemoattractant. Plasminogen (0.5 µM) was added to 

the top chambers 5 hours after seeding. After 72 hours, the cells that traversed to the bottom 

of the 8 µm pore membrane were stained with hematoxylin and eosin and counted. Five 

fields of view were counted per membrane at 20X magnification. 

2.25 Ras Activation Assay 

Protein lysates from vehicle- and zarnestra-treated Panc-1 and BxPC-3 cells were 

incubated with a Raf-1 pulldown reagent linked to agarose beads as per manufacturer’s 
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instructions (Millipore, 16117). Lysates were then separated on an SDS-polyacrylamide 

gel and immunoblotted using a RAS antibody (Millipore, Clone RAS10, 05-516). 

2.26 MTS Assay 

1x104 cells were seeded in a 96-well plate. Promega’s CellTiter96 one solution 

reagent (Promega, G3582, 20 µl) was added to 100µL of the culture medium and incubated 

for 4hrs at 37°C after which the amount of soluble formazan was measured by recording 

the absorbance at 490nm using the SpectraM3 plate reader (Molecular Devices). 

2.27 Annexin V and 7AAD Staining 

Cells were incubated with 5µL of annexin V-FITC in 100 µl of binding buffer 

(10mM HEPES, 150 mM NaCl, 2.5 mM CaCl2 in PBS and pH adjusted to 7.4) for 15min 

at room temperature in the dark, centrifuged and washed 2X with PBS. Cells were then 

incubated with 7AAD for 5-10min at room temperature in the dark. Fluorescence on the 

FITC (FL-1) and PI (FL-3) channels was measured immediately using a flow cytometer. 

Live cells are negative for annexin V and 7AAD. Cells in early apoptosis are positive for 

Annexin V and negative for 7AAD. Late apoptotic cells are double positive. 

2.28 Bisulfite conversion and pyrosequencing 

As previously described 54,55, DNA methylation was analyzed by sodium bisulfite 

pyrosequencing on a PyroMark Q24 Advanced pyrosequencer using the DNA EpiTect Fast 

DNA Bisulfite Kit and PyroMark PCR Kit (Qiagen) as per manufacturer’s instructions 

beginning with 500 ng template DNA. A custom assay covering the region immediately 
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upstream of the S100A10 gene transcription start site (TSS) was designed using PyroMark 

Assay Design software (v2.0; Qiagen) and validated to amplify a single PCR product (417 

nt). Primers are listed in supplementary table S11. PCR conditions for both assays: 95°C, 

15 min; (94°C, 30s; 56°C, 30s; 72°C, 30s) x 50 cycles; and 72°C, 10 min. 

2.29 Statistical Analysis 

All experiments were performed in triplicates in three independent experiments. 

All statistical analyses were performed using GraphPad Prism 5 software. Unless indicated 

in the figure legends, statistical significance was determined using the unpaired student t-

test, paired t-test, one-way ANOVA or Z-ratio accordingly (see figure legends). A 

significance threshold of p-value < 0.05 was used (p < 0.05 *, p < 0.01 **, p < 0.001 ***, 

p < 0.0001 ****) except for multiple comparisons tests (in ternary classification) (p-value 

< 0.017). For z-score transformation, a Z-ratio of 1.96 was considered equivalent to a p-

value of 0.05.  
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CHAPTER 3: TGFβ1 and PI3K Regulate S100A10 and PAI-1 

Expression to Modulate Plasminogen Activation in Cells 

Undergoing EMT. 

3.1 Study rationale 

It is generally accepted that EMT contributes to cancer cell dissemination and 

escape into the circulation resulting in the formation of distant-site metastasis. The latter 

mandates cancer cells to undergo the reverse process of MET (mesenchymal to epithelial 

transition) to support metastatic growth [562]. An extensive body of research has 

demonstrated that EMT drives cellular migration and invasiveness in vitro and in vivo 

(reviewed in [563]). However, it has been assumed that EMT is often coupled with 

enhanced proteolytic activity particularly through the activation of MMPs. Eckert et al. 

demonstrated that Twist-induced EMT is associated with enhanced MMP activity at the 

surface of breast cancer cells that in turn enhances their invasiveness [107],[564].  Whether 

cells undergoing EMT also possess an enhanced plasminogen activation capacity has 

not been addressed. In addition, the question of whether the driver of cancer cell 

dissemination depends on the degree to which cancer cell proteases are activated 

and/or the epithelial or mesenchymal state of the cell remains unanswered. Here we 

decipher the mechanism of regulation of plasminogen activation in both epithelial and 

mesenchymal cells. Our findings show that S100A10, PAI-1 and uPAR are differentially 

modulated in epithelial and mesenchymal cells. The activation of plasminogen was partly 

dependent on surface levels of S100A10 and overall levels of uPAR and PAI-1 and less 
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dependent on the mesenchymal/epithelial status of cells. In addition, S100A10 was found 

to be regulated through canonical Smad4-dependent TGFβ1 signaling and repressed by 

FOXC2-mediated PI3K-mTOR signaling.  

3.2 Establishment of 2D epithelial and mesenchymal in vitro cell models. 

To assess the regulation of plasminogen activation in epithelial and mesenchymal cells, 

we utilized three 2D in vitro cell models; TGFβ1-induced EMT in A549 cells [565], serum 

withdrawal-induced generation of epithelial-like BEAS-2B [566] and A549 [567] cells. 

Based on morphology, A549 cells supplemented with 10% FBS appear to have an 

intermediate epithelial/mesenchymal phenotype (figure 20a, upper panel). TGFβ1 

treatment induces a morphological transition into a fibroblast-like mesenchymal shape 

(figure 20a, lower panel) that can be blocked by the TGFβ1 receptor inhibition (ALK4/5/7 

inhibitor, A83-01) (supplemental figure 1, lower right panel). Notably, A83-01 treatment 

reverts A549 cells into a highly epithelial-like round morphology (supplemental figure 1, 

lower left panel). A similar epithelial-like morphology was also achieved by culturing 

A549 cells [567] in 1% serum (figure 20c) and BEAS-2B cells [566] in the absence of 

serum (figure 20e). TGFβ1 induced the expression of EMT markers such as N-cadherin 

and vimentin and repressed E-cadherin expression in A549 cells (figure 20b). In contrast, 

serum withdrawal from A549 and BEAS-2B cells restored E-cadherin expression (figure 

20d, 20f). Both N-cadherin and vimentin were not detectable in BEAS-2B cells (figure 20f) 

as previously reported [566][568]. 
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Figure 20. TGFβ1 and serum withdrawal induce epithelial-like and mesenchymal-like 
phenotypes in A549 and BEAS-2B cells. Hematoxylin and eosin (H&E) staining of (a) 
vehicle (10 mM citric acid)-treated (top) and TGFβ1-treated (20 ng/ml) (bottom) A549 
cells (96 hours), (c) A549 cells cultured in the presence of 10% (top) or 1% (bottom) FBS 
for 96 hours, and (e) serum-supplemented (+10% FBS) (top) BEAS-2B cells, serum-
starved (-FBS) (bottom) BEAS-2B cells after 7 days of serum starvation. (b, d, f) Western 
blot analysis of β-actin, GAPDH, E-cadherin, N-cadherin and Vimentin in the three cell 
models. N-cadherin and Vimentin were not detectable in BEAS-2B cells. 
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3.3 S100A10 mRNA and protein expression is regulated by SMAD4-mediated TGFβ1 

signaling in A549 cells. 

To identify the components of the plasminogen activation system that might 

contribute to the ability of epithelial and mesenchymal cells to activate plasminogen, we 

examined the mRNA expression of a series of 130 putative upstream and downstream 

components of the extracellular protease regulatory components relevant to the 

plasminogen activation system (supplemental table 1) during TGFβ1-induced EMT in 

A549 cells treated with 5ng/ml TGFβ1 for 72 hours[569] (see methods). An overall 

upregulation of these components was observed in TGFβ1-treated A549 cells indicating 

their potential implications during EMT. A p-value of 0.05 and at least a two-fold 

difference were set as cut-offs which resulted in 11 significantly upregulated genes 

(SERPINE1, SERPINE2, TIMP2, MMP10, PLAUR, TIMP3, PLAT, MMP1, S100A10, 

MMP2 and CTSB) (figure 21a). Interestingly, our analysis revealed that S100A10 

(S100A10) was the only plasminogen receptor to be significantly upregulated by TGFβ1 

(5.06-fold increase) among all 11 characterized plasminogen receptors[195] (figure 21b). 

Since plasminogen binding to cell surface receptors is a rate-limiting step in the activation 

of plasminogen by plasminogen activators[570], we further interrogated the significance 

of this observation in the three models of epithelial and mesenchymal cells (figure 20). We 

first confirmed that TGFβ1 treatment increased mRNA expression of S100A10 (figure 

21c). TGFβ1 also upregulated S100A10 protein expression (4.89-fold) in A549 cells 

(figure 21d) in a dose-dependent manner (supplemental figure 2b). Noteworthy, an 

upregulation of β-actin was observed in A549 cells in response to TGFβ1 treatment (figure 

20b). Protein expression was therefore normalized relative to GAPDH under conditions 
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where A549 cells were treated with TGFβ1. To exclude the possibility that the observed 

increases in S100A10 were limited to A549 cells, we treated multiple cancer cell types that 

are known to undergo EMT in response to TGFβ1 treatment. The upregulation of S100A10 

protein was observed in HMLE [571], MCF-7 [572], and Panc10.05 cells (supplemental 

figure 2c, 2d, 2e respectively).  
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Figure 21. TGFβ1 increases the expression of the plasminogen receptor S100A10 at 
the protein and mRNA levels in A549 cells. (a) Volcano plot showing the differential 
gene expression of 130 genes involved in the plasminogen activation process. (b) fold-
change and p-value of S100A10 upregulation by TGFβ1 (5 ng/ml) in A549 cells after 72 
hours. (c) RT-qPCR, (d) western blot analysis and quantification of S100A10 levels in 
vehicle-treated and TGFβ1-treated (96 hours) (20ng/ml) A549 cells. 
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Next, we utilized A83-01 to inhibit TGFβR1-mediated EMT[573] in A549 cells 

(supplemental figure 1). The inhibition of TGFβ-receptor signaling in A549 cells is known 

to promote cell proliferation and inhibit TGFβ1-mediated apoptosis[574], migration[575] 

and invasion[576]. TGFβR1 inhibition decreased N-cadherin expression and importantly 

abrogated S100A10 upregulation after TGFβ1 treatment (figure 22a, 22b). Collectively, 

these results confirmed that the plasminogen receptor S100A10 is uniquely regulated by 

TGFβ1/ TGFβR1 signaling. Notably, and in contrast to Panc10.05 cells, TGFβ1 failed to 

upregulate S100A10 in the pancreatic cancer cell line BxPC-3 (supplemental figure 2f). 

The latter harbors a homozygous deletion in Smad4 and is therefore not responsive to 

TGFβ1 [577]. To assess the effect of canonical Smad-dependent TGFβ1 signaling on 

S100A10 expression, SMAD4 was depleted in A549 cells using short-hairpin RNA. 

Smad4-depleted cells treated with TGFβ1 failed to upregulate S100A10 (figure 22c, 22d) 

indicating that S100A10 regulation by TGFβ1 is dependent on Smad4. Similarly, Smad3 

inhibition with the inhibitor SIS3 [578] achieved a similar reduction in S100A10 

upregulation upon TGFβ1 treatment (supplemental figure 3a, 3b). In addition, we utilized 

bhFGF/H (basic human fibroblast growth factor constituted in heparin) treatment to 

prevent EMT-induced changes as demonstrated in A549 cells treated with TGFβ1[579]. 

bhFGF/H inhibited both N-cadherin and S100A10 upregulation by TGFβ1 in A549 cells 

in a dose-dependent manner (figure 22e). 
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Figure 22. S100A10 expression is driven by canonical SMAD4-dependent TGFβ1 
signaling in A549 cells. Western blot analysis (a) and quantification of S100A10 protein 
levels (b) of A549 cells treated with 20 ng/ml TGFβ1 (96 hours) with and without the 
TGFβR1 inhibitor (A83-01, 25 μM). Western blot analysis (c) and S100A10 protein 
quantification (d) of TGFβ1-treated cells transfected with a stable pGIPZ shRNA 
knockdown construct targeting SMAD4. (e) Western blot analysis and quantification of 
protein lysates from vehicle-treated and TGFβ1-treated (20ng/ml) (96 hours) A549 cells in 
the presence of ascending concentrations of 0 to 200 ng/ml of bhFGF-1/H (basic human 
fibroblast growth factor-1 constituted in 100 ug/ml heparin) after 72 hours. 
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3.4 S100A10 is a TGFβ1-responsive gene and not an EMT gene. 

Concurrent treatment of TGFβ1 and A83-01 or SMAD4 depletion prevented A549 

cells from undergoing EMT hence not allowing us to discern a TGFβ1-specific response 

or a global EMT effect on S100A10. To address this issue, we examined how S100A10 

expression was affected in epithelial and mesenchymal cells independent of TGFβ1 using 

the serum-withdrawal models in A549 and BEAS-2B cell models (figure 20). Surprisingly, 

serum withdrawal, which induces an epithelial-like morphology [566][567], also 

upregulated S100A10 protein (figure 23a) and transcript (figure 23b) in A549 cells. Similar 

increases in S100A10 protein (figure 23c) and transcript (figure 23d) were also seen in 

BEAS-2B. Importantly, TGFβ1 treatment of serum-supplemented BEAS-2B cells, that are 

mesenchymal in nature, upregulated S100A10 protein expression (supplemental figure 3c). 

We were not able to examine the effect TGFβ1 treatment on BEAS-2B cells deprived of 

serum due to substantial cell death (data not shown). Collectively, these findings suggested 

that the effect on S100A10 is a TGFβ1-dependent response and is not necessarily linked to 

the epithelial or mesenchymal status of the cell.  

3.5 PI3kinase signaling represses S100A10 expression via FOXC2. 

The serum withdrawal experiment with BEAS-2B and A549 cells not only 

uncoupled S100A10 expression from the epithelial/mesenchymal status of the cell, it also 

suggested the potential involvement of growth pathways in the regulation of S100A10 

under EMT-inducing conditions. This is particularly relevant since TGFβ1, in addition to 

inducing EMT, inhibited cell growth as seen in A549 cells (supplemental figure 4a) and 

HMLE cells (supplemental figure 4b) concomitant with S100A10 upregulation. The effect 
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of serum withdrawal on A549 cells which increased S100A10 protein expression was 

exacerbated in the presence of TGFβ1 and abrogated by A83-01 (figure 24a). 

Serum growth factors are potent activators of receptor tyrosine kinases which 

trigger intracellular pro-growth signals[580]. In addition, the mechanism of action of the 

growth factor bhFGF is mediated through the activation of two major pathways namely 

MAPK/MEK/Erk and PI3K/Akt/mTOR. Inhibition of both pathways prevented the 

restoration of E-cadherin expression in response to bhFGF in A549 cells treated with 

TGFβ1[579]. To examine the involvement of pro-growth pathways such as the 

MAPK/MEK/Erk and PI3K signaling pathway on S100A10 expression and how it may 

affect TGFβ1-mediated upregulation of S100A10, we treated A549 cells with the MEK 

inhibitor U0126 and the PI3K inhibitor LY294002. Inhibition of MEK did not affect 

S100A10 expression in the absence or presence of TGFβ1 (supplemental figure 4c, 4d). In 

contrast, PI3K inhibition increased S100A10 protein expression, an effect that was then 

exacerbated in the presence of TGFβ1 (figure 24b, 24c). The upregulation upon PI3K 

inhibition was dose-dependent even in the presence of TGFβ1 (supplemental figure 5a). 

S100A10 upregulation was also achieved in A549 cells when treated with mTOR inhibitor 

rapamycin (supplemental figure 5b) implicating the PI3K/mTOR axis in regulating 

S100A10 in addition to the TGFβ1/Smad4 pathway. It should be noted that N-cadherin 

upregulation by TGFβ1 was inhibited by the concomitant inhibition of PI3K demonstrating 

a dependency of N-cadherin expression by both canonical Smad4-dependent TGFβ1 

signaling (figure 22a, 22c) as well as PI3K signaling (supplemental figure 5a). 
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Figure 23. Serum deprivation promotes an epithelial-like phenotype and increases 
S100A10 protein and transcript levels. (a) Western blot analysis and (b) RT-qPCR of 
S100A10 in A549 cells supplemented with 10% serum (FBS) or 1% serum. (c) Western 
blot analysis and (d) RT-qPCR of S100A10 in BEAS-2B cells supplemented with 10% 
serum (+FBS) or no serum (-FBS). 
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A recent CHIP-chip analysis of the transcription factor FOXC2 DNA binding sites 

revealed that the S100A10 gene promoter contains the highly-conserved de novo motif 

(GCCAACAAAAACA, chr1: 150,219,126-150,220,276) [581]. FOXC2 has been 

implicated in PI3K in response to insulin[582][583]. Here we demonstrate that the 

inhibition of PI3K by LY294002 reduced FOXC2 expression [584] (figure 25d). The 

expression of FOXC2 increased phosphorylation of S6K (figure 25d) and partially rescued 

the growth of LY294002-treated cells (supplemental figure 5c) with no effect on TGFβ1-

treated A549 cells. To verify whether FOXC2 regulates S100A10 expression via PI3K 

signaling, A549 cells were transfected with the pBabe-FOXC2 construct. FOXC2 

expression caused a dramatic downregulation of S100A10 protein (figure 25a, 25b) and 

mRNA levels (figure 25c).  
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Figure 24. Serum starvation or PI3K inhibition have an additive effect on TGFβ1-
induced increase of S100A10 in A549 cells. (a) Western blot analysis and S100A10 
protein quantification of A549 cells treated with TGFβ1 and A83-01 for 96 hours in the 
presence/absence of serum. (d) Western blot analysis and (e) S100A10 quantification in 
A549 cells treated with the PI3K inhibitor LY294002 in the presence or absence of TGFβ1. 
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In contrast, knockdown of FOXC2 resulted in an increase in S100A10 expression 

(supplemental figure 6a). FOXC2 has been described as a crucial transcription factor for 

the development of lymphatic vessels during embryogenesis by promoting EMT. Under 

our conditions, FOXC2 increased N-cadherin (figure 25a, 25d) and decreased E-cadherin 

expression in A549 cells [584], consistent with EMT activation, arguably through non-

canonical TGFβ1 signaling PI3K. This is also consistent with the fact that N-cadherin was 

downregulated upon inhibition of PI3K by LY294002 (supplemental figure 5a).  

Since PI3K inhibition increases S100A10 expression, we examined whether the 

downstream inhibitory effect of FOXC2 on S100A10 can abrogate the S100A10 increase. 

Indeed, the expression of FOXC2 sustained the downregulation of S100A10 in the 

presence of LY294002 suggesting that PI3K signaling downregulates S100A10 through a 

FOXC2-dependent mechanism (figure 25d). Similarly, serum withdrawal that normally 

upregulates S100A10 failed to do so when FOXC2 was expressed (figure 25e). FOXC2 

also maintained S100A10 downregulation in the presence of TGFβ1 (supplemental figure 

6b). Together, these results indicate that S100A10 expression is positively modulated by 

canonical Smad-dependent TGFβ1 signaling and negatively by growth factor signaling 

pathways such as PI3K/mTOR via a FOXC2-dependent mechanism.  
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Figure 25. PI3K suppresses S100A10 expression through a FOXC2-mediated 
mechanism. Western blot analysis (a), S100A10 protein quantification (b) and S100A10 
mRNA quantification (c) of pBabe-control and pBabe-FOXC2 A549 cells. Cells were 
transfected with pBabe vector to express FOXC2. Western blot of pBabe control and pBabe 
FOXC2 A549 cells treated with LY294002 (d) or serum starved for four consecutive days 
(e).  
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3.6 S100A10 serves as a plasminogen receptor at the surface of A549 cells. 

Since S100A10 is a well-established plasminogen receptor [259], we examined 

how surface levels of S100A10 modulate plasminogen activation. We first compared total 

and surface S100A10 levels between BEAS-2B and A549 cells using flow cytometry. Both 

total (figure 26a, 26b) and surface (figure 26c) S100A10 protein expression were 

significantly higher in A549 cells compared to BEAS-2B cells. The difference in S100A10 

expression was concomitant with differences in the ability of these cells to activate 

plasminogen (figure 26d) where A549 cells had a 10-fold higher capacity to activate 

plasminogen. ε-aminocaproic acid (ACA), a lysine analog, serves as a plasminogen 

activation inhibitor via inhibiting plasminogen binding to its receptors. ACA treatment 

completely abolished plasminogen activation indicating that plasminogen binding to 

plasminogen receptors is the rate limiting step under these conditions. In addition, we 

depleted S100A10 in both cell lines using a stable shRNA knockdown (figure 27a, 27c). 

The depletion reduced plasminogen activation by 45% at the cell surface of A549 cells 

compared to the scramble control (figure 27b). The remaining 55% was likely contributed 

by other plasminogen receptors (figure 27b). To avoid any compensation mechanisms upon 

stable shRNA knockdown, transient siRNA knockdown (supplemental figure 7a) of 

S100A10 in A549 cells was performed and resulted in a similar reduction in plasminogen 

activation (Supplemental figure 7b). In contrast, S100A10 depletion using shRNA (figure 

27c) or siRNA (supplemental figure 7c) in BEAS-2B cells did not decrease plasminogen 

activation compared to the scramble control which could be partly attributed to the low 

baseline surface plasminogen activation rate (figure 27d, supplemental figure 7d). 

Additionally, ACA treatment did not completely abolish activation suggesting a low 
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expression of plasminogen receptors at the cell surface (figure 27d, supplemental figure 

7d). The latter was concomitant with low surface expression of S100A10 (figure 26b, 26c). 

These findings suggest that S100A10 surface expression is crucial for maintaining the 

activation of plasminogen. However, whether any manipulations of S100A10 levels by 

TGFβ1 in A549 cells or by serum-withdrawal in A549 and BEAS-2B cells can affect 

plasminogen activation were yet to be addressed. 
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Figure 26. Total and surface S100A10 levels and significantly elevated in A549 
compared to BEAS-2B cells concomitant with enhanced plasminogen activation. (a) 
western blot analysis and (b) quantification of total S100A10 protein and (c) flow 
cytometry of surface S100A10 levels in A549 and BEAS-2B cells. (d) Plasminogen 
activation assay of A549 and BEAS-2B cells in the presence of the lysine mimetic ε-
aminocaproic acid (ACA) and protease inhibitor aprotinin (Ap). 
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Figure 27. S100A10 depletion reduces plasminogen activation in A549 cells but not in 
BEAS-2B cells. (a) Western blot analysis of total S100A10 protein in scramble and 
S100A10-depleted (S100A10 shRNA 1) A549 cells. (b) Plasminogen activation assay of 
A549 scramble control and S100A10 shRNA 1 A549 cells in the presence of the lysine 
mimetic ε-aminocaproic acid (ACA) and protease inhibitor aprotinin (Ap). (c) western blot 
analysis of total S100A10 protein in scramble and S100A10-depleted (S100A10 shRNA 
1) BEAS-2B cells. (d) Plasminogen activation assay of A549 scramble control and 
S100A10 shRNA 1 BEAS-2B cells. 
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3.7 Mesenchymal cells downregulate S100A10 surface expression and demonstrate a 

low capacity to activate plasminogen. 

Our results suggested that S100A10 is differentially expressed in response to 

TGFβ1 or serum withdrawal and is independent of the epithelial/mesenchymal phenotype 

of cells. We then examined how induction of epithelial- and mesenchymal-like phenotypes 

affects plasminogen activation in both A549 and BEAS-2B cells especially in terms of 

S100A10 surface expression. Surprisingly and despite the upregulation of total S100A10 

levels upon TGFβ1 treatment of A549 cells (figure 21d), there was a decrease in S100A10 

levels at the cell surface as demonstrated using flow cytometry (figure 28a, supplemental 

figure 8a, 8b) and surface biotinylation (supplemental figure 8d, 8e). Importantly, the 

decrease in S100A10 surface expression was concomitant with complete loss of 

plasminogen activation (figure 28d) which was predictably not affected by further 

S100A10 knockdown (supplemental figure 8f). In contrast, serum withdrawal of A549 

cells that increased total S100A10 protein expression, resulted in an increase in surface 

expression of S100A10 (figure 26b) and concomitant increase in plasminogen activation 

(figure 26e). Similarly, the withdrawal of serum from restored/increased plasminogen 

activation at the cell surface of A549 (figure 28e) and BEAS-2B (figure 28f, supplemental 

figure 8g) cells, concomitant with increases in surface S100A10 levels (figure 28b, 28c 

respectively). Collectively, these results suggested that mesenchymal cells possess a low 

capacity to activate plasminogen, which is partly attributable to low surface S100A10 

levels. 
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Figure 28. Plasminogen activation is partially dictated by the surface localization of 
plasminogen receptor S100A10 and not by the mesenchymal/epithelial state of A549 
and BEAS-2B cells. Flow cytometry analysis/quantification of surface S100A10 
expression and plasminogen activation upon TGFβ1 treatment in A549 cells (a, d), serum 
withdrawal in A549 cells (b, e) and serum withdrawal in BEAS-2B cells (c, f). 
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3.8 S100A10 and uPAR-mediated plasminogen activation is potentially masked by 

marked PAI-1 upregulation. 

The low rate of plasminogen activation in TGFβ1-treated A549 cells and serum-

supplemented BEAS-2B cells was unlikely to be entirely attributable to the decrease in 

S100A10 surface levels. Indeed, cells possess multiple plasminogen receptors[195] that 

contribute to plasminogen activation but are not necessarily regulated by the epithelial or 

mesenchymal state of cells. This is further supported by the fact that S100A10 depletion in 

A549 cells only resulted in a 45% decrease in plasminogen activation (figure 27b). In an 

attempt to understand the contribution of other components of the plasminogen activation 

system, we focused on the remaining significantly-upregulated genes (figure 21a) 

(supplemental table 1). PLAUR (uPAR, 9.64-fold) and SERPINE1 (PAI-1, 835-fold) were 

of most interest considering their dramatic upregulation and direct involvement in binding 

and inhibiting the plasminogen activator uPA respectively. We first confirmed uPAR 

(figure 29a, 29b) and PAI-1 (figure 29a, 29c) upregulation in TGFβ1-treated A549 cells. 

In contrast, uPAR was upregulated (figure 29d, 29e) while PAI-1 was downregulated 

(figure 29d, 29f) in BEAS-2B cells upon withdrawal of serum, consistent with the increase 

in plasminogen activation). The dramatic upregulation of PAI-1 by TGFβ1 was inhibited 

by A83-01 treatment (figure 29g) and abrogated by Smad4 knockdown (figure 29h). PAI-

1 upregulation was also concomitant with decrease in surface S100A10 levels, together 

contributing to the low rate of plasminogen activation on the surface of TGFβ1-treated 

A549 cells. 
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Since PAI-1 is a potent inhibitor of plasminogen activation, we assessed whether 

the inhibition of PAI-1 can rescue plasminogen activation in TGFβ1-treated A549 cells and 

serum-supplemented BEAS-2B. We treated these cells with the PAI-1 inhibitor tiplaxtinin 

(figure 30a). Only partial inhibition (45%) of PAI-1 was achieved with minimal cellular 

toxicity which might be attributed to plasminogen-independent functions of PAI-1 in cell 

survival[585]. Nonetheless, tiplaxtinin increased plasminogen activation in vehicle-treated 

cells and could restore some activation in TGFβ1-treated A549 cells (figure 30b). BEAS-

2B cells treated with tiplaxtinin showed a similar but less dramatic increase in plasminogen 

activation (figure 30c). These results indicate that PAI-1 upregulation in mesenchymal 

cells greatly contributed to quenching global plasminogen activation.  

  



  215 

 

 

 

 

 

 

Figure 29. S100A10, uPAR and PAI-1 are altered by TGFβ1 in A549 cells and serum 
withdrawal in BEAS-2B cells. (a) Western blot analysis and quantification of uPAR (b) 
and PAI-1 (c) in vehicle-treated and TGFβ1-treated A549 cells. (d) Western blot analysis 
and quantification of uPAR (e) and PAI-1 (f) in serum-supplemented and serum-starved 
BEAS-2B cells. Western blot analysis of PAI-1 in A549 cells either treated with A83-01 
(g) or depleted of SMAD4 (h) in the presence or absence of TGFβ1. 
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Figure 30. Partial Inhibition of PAI-1 restores plasminogen activation in TGFβ1-
treated A549 cells and serum-supplemented BEAS-2B cells. (a) Western blot analysis 
of A549 cells treated with PAI-1 inhibitor tiplaxtinin (10 M) in the presence and absence 
of TGFβ1. Plasminogen activation assay of A549 cells in the presence of TGFβ1 (b) and 
BEAS-2B cells (c) treated with tiplaxtinin.  
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CHAPTER 4: DISCUSSION of chapter 3 

4.1 Discussion 

EMT and MET represent a continuum of cellular changes which provide cells with 

an ability to transition between epithelial and mesenchymal phenotypes. During 

malignancy, a select population of cancer cells, the origin of which remains elusive, can 

acquire the ability to undergo EMT and arguably metastasize [562]. Once cells reach a 

prospective metastasis site, they must implant and populate a clinically-distinguishable 

tumor site. A prerequisite step for cancer cells undergoing EMT is to degrade the 

underlying ECM and basement membrane. ECM degradation during EMT has been 

primarily linked to enhanced production of MMPs. For instance, Twist1 expression in 

HMLE cells increased MMP-dependent proteolysis [107]. Similarly, Snail1 expression in 

MCF-7, MDA-MB-231 [586] and MDCK [587] cells upregulated MMP9, MMP14 (MT1-

MMP) and MMP15 (MT2-MMP) expression and enhanced matrix proteolysis. Meanwhile, 

the role of the serine protease plasmin in ECM proteolysis during EMT has never been 

addressed. This is important since most metalloproteinases are translated in their inactive 

pro-MMP form and require activation [207]. Plasmin is a potent physiologic activator of 

many pro-MMPs including MMP2 [588] and MMP9 [589] both of which are well-

characterized drivers  of cancer cell invasion [590]. Plasmin is also required for MMP2- 

and MMP9-dependent ECM degradation and cellular invasiveness [591]. Nonetheless, the 

role of plasmin and the proteins that regulate its production has never been addressed in 

cells undergoing EMT/MET.  
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The fact that mesenchymal cells are more likely to escape primary tumors does not 

necessitate that these same cells will give rise to metastatic growth. Indeed, the recent 

advent of mouse models that allow EMT lineage tracing of tumor cells has offered new 

insights into the role of EMT in metastasis in vivo. A 2015 report by Fischer et al. 

demonstrated that epithelial and not mesenchymal forms of cancer cells were largely 

responsible for lung metastases formation in breast cancer. Instead, EMT contributed to 

resistance to the chemotherapeutic agent cyclophosphamide [592]. Similarly, Zheng et al. 

reported that EMT induced by Twist and Snail transcription factors was dispensable for 

metastasis in a mouse model of pancreatic cancer [593]. A 2014 report also demonstrated 

that expression of E-cadherin, loss of which is considered a hallmark of EMT, has been 

shown to increase invasiveness of cancer cells in vitro [594]. These studies challenge 

previous notions that claim that mesenchymal cells in primary tumors are solely 

responsible for the dissemination process that initiates metastasis. EMT-dependency and 

metastasis have become matters of contention primarily due to their context-dependency. 

Here we demonstrate that in cells undergoing TGFβ1-induced EMT, a select group 

of plasminogen activation proteins are differentially activated. For instance, S100A10 was 

the only differentially expressed plasminogen receptor that was regulated by TGFβ1 

through a Smad4-dependent mechanism. Canonical TGFβ1 signaling involves the 

activation of Smad2 and/or Smad3 which will then form trimeric complex with Smad4 

[595](figure 31). Smad4 is an integral part of canonical TGFβ1 signaling and is required 

for the induction of EMT. In fact, Smad4 deletion abrogates TGFβ1-induced upregulation 

of N-cadherin (figure 22c) and is associated with a decrease in Snail, CD31 and VE-

cadherin expression and an increase in α-SMA and FSP1 expression [596]. For that 
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purpose, the dependency of S100A10 upregulation on the expression of wild-type Smad4 

was manifested in the absence of a response in the pancreatic cell line BxPC-3 which 

harbors SMAD4 homozygous deep deletions. In addition, Ali et al. utilized mass 

spectrometry to demonstrate that reactivation of mutant Smad4 in HCT116 colorectal 

cancer cells upregulates a series of proteins including S100A2, FSP-1, S100A10 (p11) and 

S100A11 [597]. The question whether the S100A10 promoter or any intragenic sequences 

contain a SMAD4 binding locus is not known. However, a recent report by Kennedy et al. 

applied CHIP-seq genome-wide screen to identify sequences that are bound by SMAD4 

only upon stimulation by TGFβ1 in A2780 ovarian cancer cells. The analysis demonstrated 

that SMAD4 bound the 3’ distal region around 21.009kb of S100A10 transcription start 

site[598] (supplemental figure 10, supplemental table 2). 
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Figure 31. S100A10 and PAI-1 are regulated by Smad4-dependent TGFβ1-mediated 
signaling and FOXC2-mediated PI3K signaling. The model illustrates that the treatment 
of epithelial cells with TGFβ1 increases S100A10 mRNA and protein levels through 
canonical Smad-dependent TGFβ1 signaling. S100A10 is also affected by the pro-growth 
PI3K pathway. Serum starvation, PI3K inhibition or mTOR inhibition upregulate S100A10 
expression suggesting an inhibitory effect through this pathway. The transcription factor 
FOXC2, which is downstream of PI3K, mediates the repression of S100A10 expression.   
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In addition to canonical Smad-mediated signaling, TGFβ1 activates non-canonical 

pathways through PI3K, MAPK and Rho-like GTPases. The pro-growth Akt/PI3K has 

been previously demonstrated to either negatively or positively complement the biological 

and morphological changes associated with EMT [345]. For instance, PI3K and Akt 

inhibited apoptosis induced by TGFβ1 via the interaction of Akt with Smad3 preventing 

Smad3 phosphorylation and its subsequent translocation to the nucleus in Hep3B and 

HEK293T cells [599][600]. mTOR inhibition alleviated the inhibitory effect of Akt on 

Smad3 activity [601]. S6K phosphorylation also hindered the inhibitory effect of TGFβ1 

on cell growth [602]. In certain cell models including those described in this study, the 

cross-talk between TGFβ1 and PI3K signaling pathways produced antagonist effects. In 

A549 cells, the inhibition of PI3K/mTOR or the withdrawal of serum in the presence of 

TGFβ1 increased S100A10 expression partly due to direct Smad signaling as well as 

alleviating the inhibition of Smads by PI3K (figure 24a-24d). Evidently, the activation of 

PI3K by FGF-1 prevented the upregulation of S100A10 by TGFβ1 (figure 24e). This 

indicated that S100A10 is directly repressed by PI3K and induced by TGFβ1 or by 

alleviating PI3K-mediated inhibition of canonical TGFβ1/Smad signaling. 

In other cell models, PI3K and TGFβ1 yield complementary effects. Indeed, the 

activation of PI3K by TGFβ1 can be mediated through Akt phosphorylation followed by 

activation of mTORC1 (mammalian TOR complex 1) and mTORC2 in the murine breast 

epithelial cell line NMuMG [603][521]. The latter represents a classic EMT model where 

the inhibition of PI3K hinders TGFβ1-induced EMT and mTORC1 was found to be 

important for cancer cell invasion and migration while mTORC2 was necessary for the 

transition from an epithelial to a mesenchymal phenotype [521]. TGFβ1-induced activation 
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of mTOR led to enhanced phosphorylation of S6K and 4E-BP1 in HaCAT keratinocytes 

and NMuMG cells. Inhibition of PI3K or inactivation of Akt abrogated TGFβ1-mediated 

activation of mTOR. Inhibition of mTOR also resulted in decrease in cellular migration 

and invasiveness but did not affect the acquisition of the mesenchymal phenotype which is 

likely induced via canonical smad signaling [603]. To that purpose and in our model 

systems, N-cadherin upregulation was primarily regulated by canonical Smad-dependent 

TGFβ1 signaling but was also regulated by PI3K signaling in A549 cells. Inhibition of 

PI3K by LY294002 (figure 24b) or serum withdrawal (figure 24a) reduced N-cadherin 

expression, an effect that was also achieved by TGFβR1 inhibition (figure 22a) or Smad4 

depletion (figure 22c) in TGFβ1-treated cells. 

Whether the dependency of TGFβ1-induced EMT on PI3K activation is a universal 

mechanism remains elusive and is highly context-specific [604]. Some earlier evidence 

suggested that the PI3K-dependency is present in systems where TGFβ1-mediated 

signaling was not reliant on Smads to downregulate E-cadherin and upregulate N-cadherin 

as seen in NMuMG cells [358]. In addition, treating NMuMG cells with TGFβ1 resulted 

in downregulation of S100A10 expression consistent with the PI3K dependency in this cell 

line (supplemental figure 9a, 9b). Notably, the modulation of S100A10 expression was not 

linked to N-cadherin expression indicating that S100A10 is a TGFβ1- and PI3K-regulated 

gene and not an “EMT gene”. This becomes more evident in BEAS-2B cells where serum 

withdrawal, known to diminish PI3K signaling, induced an epithelial-like morphology and 

increased S100A10 expression (figure 23c, 23d). These results are consistent with the idea 

of uncoupling EMT from S100A10 expression and vice versa. 
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The suppression of S100A10 by PI3K was likely mediated through a FOXC2-

dependent mechanism (figure 25a, 25b) (figure 31). The transcription factor FOXC2 

belongs to the forkhead-box family of transcription factors and is required for the 

maturation of the primary lymphatic plexus into collecting lymphatic vessels during 

embryonic development [581]. FOXC2 has also been implicated in oncogenic progression 

[605] and in promoting EMT and downregulating E-cadherin expression in breast cancer 

cells [606]. Yu et al. recently demonstrated that FOXC2 expression in A549 cells is driven 

by PI3K signaling and not by canonical TGFβ1 signaling [584] (figure 25d). In fact, 

FOXC2 overexpression in A549 cells treated with the anti-proliferative inhibitor 

LY294002 partially restored their growth capability (supplemental figure 5c) confirming 

that FOXC2 is indeed downstream of PI3K in A549 cells. The regulation of S100A10 by 

FOXC2 occurred at the transcriptional level where FOXC2 overexpression suppressed 

S100A10 mRNA levels (figure 25c). Whether FOXC2 can directly bind the S100A10 gene 

promoter is yet to be addressed. Norrmén et al. utilized CHIP-chip analysis to generate a 

genome-wide map of FOXC2-binding sites. The FOXC2 motif GCCAACAAAAACA was 

present in the promoter region of the S100A10 gene upstream of the transcription start site 

[581]. However, whether FOXC2 can directly bind upstream of the S100A10 gene remains 

to be addressed. 

Since S100A10 was the only plasminogen receptor to be differentially regulated by 

TGFβ1, we tested if the regulation of S100A10 under epithelial and mesenchymal states 

influenced plasminogen activation. The depletion of S100A10 in A549 cells resulted in 

marked decrease in plasminogen activation, which is likely justified by an adequate level 

of S100A10 expression at the cell surface (figure 27a). However, in the context of EMT, 
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the impact of S100A10 expression on plasminogen activation was not linked to the 

epithelial or mesenchymal state of the cell but rather to the surface expression of S100A10. 

Despite the upregulation of total S100A10 expression by TGFβ1, plasminogen activation 

was dramatically reduced (figure 28d), which is associated with lower surface S100A10 

expression. Similarly, serum-supplemented BEAS-2B cells possessed a limited capability 

to activate plasminogen, which could be restored when an epithelial phenotype was 

induced (figure 28f). In addition, serum withdrawal of A549 cells increased plasminogen 

activation (figure 28e). Serum-starved A549 cells may represent a more epithelial state of 

A549 cells evident by E-cadherin expression (figure 20d). Dong Su et al. demonstrated that 

the epithelial-like morphology of A549 caused by serum withdrawal was mediated via c-

src activation and subsequent upregulation of E-cadherin [567]. Our findings indicated the 

first association between the epithelial and mesenchymal state of cells and their differential 

capacity to activate plasminogen (figure 32).  

An interesting observation emerged in which an increase in plasminogen activation 

occurred upon S100A10 knockdown (both shRNA and siRNA) in BEAS-2B cells (figure 

27d, supplemental figure 7d). Although the lack of a decrease is potentially attributed to 

the low overall rate plasminogen activation at the cell surface, the observed increase may 

potentially implicate a novel process by which plasminogen activation is compensated for 

by other regulators of plasminogen. Although the concept of compensation among 

plasminogen receptors is novel, it may support the possibility that build-in redundancy 

and/or compensation is/are part of the rescue mechanisms by which cells and tissue systems 

maintain homeostasis despite a defect in one of these regulators. Evidence of such 

redundancy is seen mice lacking either tPA or uPA which do not display any of the major 
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organ pathologies (e.g. tissue repair) seen in mice lacking both [607]. Additionally, uPA is 

normally expressed at low levels in the central nervous system and appears not to contribute 

to the physiological activation of plasminogen which is mostly driven by tPA [608]. 

The lack of plasminogen activation in mesenchymal A549 and BEAS-2B cells 

(figure 28d, 28f respectively) could not solely be explained by the low surface levels of 

S100A10 since S100A10 depletion only yielded a 45% decrease in plasminogen activation 

in A549 cells (figure 27b, 27d). This suggested the involvement of other components of 

the plasminogen activation system with focus on uPAR and PAI-1. Even though the 

expression of proteins involved in plasminogen activation have been reported, the interplay 

between these proteins has never been addressed particularly how they collectively 

contribute to plasminogen activation. We report that both uPAR and PAI-1 were markedly 

induced by TGFβ1 in A549 cells (figure 29a). PAI-1 was likely the major contributor to 

quenching plasminogen activation (figure 32) since its inhibition partially restored 

plasminogen activation in A549 (figure 30b) and BEAS-2B (figure 30c) cells. In contrast, 

uPAR and S100A10 upregulation coupled with PAI-1 downregulation contributed to the 

drastic increase in BEAS-2B cells upon serum withdrawal (figure 32). Interestingly, both 

uPAR signaling and PAI-1 expression have been shown to be required for activation of 

EMT in breast cancer cells [609] and fibroblasts [289] respectively. It is possible that 

TGFβ1-mediated activation of EMT was further compounded by the concurrent activation 

of PAI-1 and uPAR. In that context, S100A10 expression was downregulated when PAI-1 

was inhibited (figure 30a). The plasminogen-independent function of PAI-1 in EMT could 

be explained by its interaction with LRP1 [585][610], through PAI-1-mediated activation 

of PI3K/Akt signaling [611] and/or activation of erk1/2 [612]. Zhang et al. showed that 
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transfection of lung mouse fibroblasts with PAI-1 siRNA inhibited the phosphorylation of 

erk whereas PAI-1 overexpression increased erk phosphorylation [612]. Interestingly, the 

PAI-1 inhibitor SK-216 did not alter phosphorylation of erk and Smad2 in A549 cells 

treated with TGF-β. However, SK-216 inhibited mRNA expression of the EMT-ATFs Slug 

and Snail.  

Interestingly, FOXC2 which downregulates S100A10, was reported to be linked to 

higher plasma levels of PAI-1 and TGFβ1 during intravascular thrombosis [613]. In 2006, 

Fujita et al. demonstrated that FOXC2 binds upstream of SERPINE1 (PAI-1) in response 

to TGFβ1 (through Smads) or to insulin (through PI3K) in bovine and human endothelial 

cells [582][583](supplemental figure 5d). Rømer et al. demonstrated that PAI-1 protects 

murine fibrosarcoma cells from etoposide toxicity via activation of PI3K pathway[611] 

which can potentially contribute to S100A10 repression. Whether PAI-1 regulates 

S100A10 through PI3K during EMT remains elusive (figure 31). 
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Figure 32. Proposed model of plasminogen activation at the cell surface of epithelial 
and mesenchymal cells. Although mesenchymal cells upregulate total S100A10 
expression, epithelial cells express higher surface levels of S100A10 compared to 
mesenchymal cells. The latter are likely shuttling S100A10 for an unknown intracellular 
function. Similarly, both uPAR and PAI-1 are also upregulated in mesenchymal cells. PAI-
1 release hinders plasminogen activation into plasmin by inhibiting uPAR-bound uPA. The 
decrease of plasmin generation reduces extracellular matrix (ECM) degradation. 
Noteworthy, S100A10 is expressed on the cell surface as part of the annexin A2-S100A10 
heterotetramer.   
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4.2 Study limitations and future directions 

4.2.1 3D vs 2D models to study EMT 

The use of 3D models to study EMT would offer an additional insight to the 

behavior of cancer cells within a multi-dimensional microenvironment. The above study 

utilized 2D culture systems which first, lack the supportive matrix and second offer little 

insight into the localization of proteolysis particularly sites of plasminogen activation. 

Bidarra et al recently developed an optimized soft alginate hydrogel embedded with cell 

adhesive RGD peptide. This matrix formulation supported epithelial growth and promoted 

conversion into a mesenchymal-like morphology in the presence of TGFβ1 [614]. The 

addition of fluorescence protease substrates (e.g. gelatin) into the 3D matrix will allow 

measurement of protease activity at the cell surface and importantly enable the localization 

of proteins such as S100A10, uPAR and PAI-1 using subsequent confocal microscopy. A 

recent report showed that HEY ovarian cancer cells treated with TGFβ1 have distinct gene 

expression profiles when grown in 3D cultures compared to 2D cultures. Genes such as the 

E-cadherin regulator CCDC80 were downregulated while others such as aldo-keto 

reductase AKR1C1 were drastically upregulated in TGFβ1-treated 3D cultures compared 

to TGFβ1-treated 2D cultures. Gene ontology analysis of altered genes showed enhanced 

tumorigenicity, amino acid metabolism and activated stress responses (e.g. hypoxia and 

nutrient scarcity). Interestingly, further analysis of differential gene expression identified a 

epigenetic cluster of genes which suggested that changes in methylation profiles might be 

responsible for differences between 2D and 3D cultures [615]. Therefore, it is essential to 
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complement the performed 2D studies with 3D cultures and re-assess the impact of TGFβ1 

on plasminogen activation. 

4.2.2 Global perspective on E/M phenotypes 

The three proposed models of epithelial and mesenchymal cells (figure 20) can 

offer further insight into the distinctive characteristics of each phenotype beyond 

plasminogen activation. More specifically, analysis of surface proteins using biotinylation 

followed by mass spectrometry will allow identification and quantification of all surface 

proteins [616]. These proteins will generate a list of differentially-expressed proteins of 

which top “hits” can be individually studied and functionally tested. In addition, 

plasminogen-related proteins can be studied accordingly.  

4.2.3 Effect of other EMT-ATFs on S100A10 

Our current study delineated a crucial role of smad4 as a mediator of TGFβ1-

induced upregulation of S100A10. Whether smad4 directly binds the S100A10 promoter 

remains elusive. The use of EMSA (electrophoretic mobility shift assay) will allow 

identification of whether smad4 can bind the S100A10 promoter. In addition, if the smad4 

binding is valid, what other transcription factor associates with smad4 is yet to be 

determined. The impact of EMT-ATFs that are downstream of smad signaling on S100A10 

expression was not elucidated in this dissertation (figure 14). Whether factors such as Snail, 

Slug, Twist and ZEB1/2 affect S100A10 expression is yet to be addressed. 
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4.2.4 Inter-dependency of S100A10, uPAR and PAI-1 

Despite concomitant regulation of S100A10, uPAR and PAI-1 in epithelial and 

mesenchymal cells (figure 29), the dependency among these three proteins is of great 

interest. Our attempt to inhibit PAI-1 achieved partial inhibition along with 

downregulation of S100A10 and N-cadherin. Further PAI-1 knockdown will ensure the 

extent of S100A10 and N-cadherin dependency on PAI-1 expression. Similarly, whether 

the knockdown of S100A10 or uPAR affects PA1-1 is yet to be addressed. This 

particularly relevant since both uPAR and PAI-1 have been shown to be required for 

TGFβ1-inuced EMT [609] [289].  
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CHAPTER 5: THE PLASMINOGEN ACTIVATION PATHWAY 

IS UNIQUE TO NON-SMALL CELL LUNG CANCER 

5.1 Study rationale 

The involvement of various components of the plasminogen activation system in 

lung cancer cells (e.g. A549 and BEAS-2B) undergoing EMT prompted further 

investigation into their potential clinical implications. A549 and BEAS-2B cells 

respectively represent the adenocarcinoma and squamous cell-like subtypes of NSCLC 

(figure 19). Various early reports have implicated different components of the plasminogen 

system in determining NSCLC patient outcome particularly those related to uPA/uPAR-

mediated activation of plasminogen and inhibition by PAI-1 [139]. In addition, a recent 

report also demonstrated that S100A10 expression (IHC) correlated with worsened 

prognosis, poor differentiation, higher TNM stage and increased severity and occurrence 

of intra-tumoral vascular invasion [617]. As discussed in the introduction, the distinction 

between SCLC and NSCLC is distinct as determined by its site of origin, histological 

morphology, biological behavior and risk factor correlations. However, differential gene 

expression between both lung cancer types have not been substantially addressed 

particularly in terms of the differential expression of components of the plasminogen 

activation system.  

5.2 Developing a strategy to study PA genes in NSCLC 

To assess the expression of genes that are part of the plasminogen activation system 

(henceforth referred to as PA genes), a multi-step hierarchical strategy was developed 
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(figure 33). First, z-scores of 16,215 genes from 52 SCLC and 106 NSCLC lung cell cancer 

lines from the CCLE (Cancer cell line encyclopedia) were downloaded from Cbioportal 

(figure 34). NSCLC cell lines exhibited 2,707 differentially-expressed (DE) compared to 

SCLC cell lines with at least a 2-fold change and an adjusted p-value of less than 0.01 

(figure 35).  

  



  237 

 

 

 

 

 

 

 

 

Figure 33. Schematic summary of the strategy used to generate outcome prediction 
models and gene signatures. Gene expression values were extracted from Cbioportal as 
z-scores. A total of 106 NSCLC and 52 SCLC cell lines were found based on the 
“histologic subtype” sorting criteria (see methods). 
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However, only 26 out of the 130 PA genes were fit to the DE criteria as shown in figure 36 

and supplemental table 3). Most of the DE PA genes (24/26) were upregulated in NSCLC 

while 2 genes were downregulated (HMGB1, ADAM22) (figure 36). To gain further insight 

into the co-expression profiles of the 26 upregulated genes, k-mean hierarchical clustering 

(up to 50 clusters) based on Euclidean distance was used to generate 8 distinct clusters 

(figures 37 to 44) (supplemental tables 4 to 11). Clusters 3, 4, 5, 6 and 8 contained PA 

genes (supplemental tables 6, 7, 8, 9 and 11). Cluster 3 contained 10/26 (38.46%) (ANXA2, 

SERPINB6, PLAUR, S100A10, SERPINH1, CTSC, CTSL, CTSZ, PLAU and CTSA), cluster 

4 contained 2/26 (7.69%) (CTSB and SERPINB8), cluster 5 contained 1/26 (3.85%) 

(ADAM22) and cluster 6 contained 3/26 (11.54%) (ADAM8, ADAM15 and SERPINB5) of 

the upregulated PA genes (supplemental tables 6, 7, 8, 9 and 11). Although Cluster 3 PA 

genes were overexpressed in NSCLC cell lines, further stratification into the three 

histological subtypes of NSCLC showed that these genes are uniformly expressed in 

adenocarcinoma, squamous cell carcinoma and large cell carcinoma. are expressed at 

similar levels among NSCLC subtypes (figure 45). Gene ontology analysis of cluster 3 

revealed a variety of pathways (supplemental tables 12 and 13) which were then reduced 

and visualized using REVIGO (Reduce and Visualize Gene Ontology) [618]. These 

pathways included endocytosis, NF-κB signaling (e.g. RELA, FADD, TRADD, 

TNFRSF1A), protein hetero-oligo-dimerization (e.g. STOM, CAV1, HMOX1, CLDN1, 

TGM2), cell adhesion (e.g. ITGA3, PDLIM5, ARHGAP18, TAGLN2, ANXA2), GTPase 

signaling (S100A10, ARHGAP18, CDC42EP1, RASA1), and inhibition of apoptosis (e.g. 

RELA, ANXA1, HMGA2, ANXA4, PLAUR, TNFRSF10D). (figures 46 and 47)   
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Figure 34. Differentially-expressed genes in NSCLC vs. SCLC. The volcano plot shows 
the fold-change of all genes no change (1), downregulated (<1) and upregulated (>1)). A 
standard two-tailed t-test was performed using MeV. The raw p-value was then adjusted 
base on the Bonferroni test threshold to generate an adjusted p-value (see methods). 
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Figure 35. Differentially-expressed genes in NSCLC vs. SCLC with at least 2-fold 
difference and an adjusted p-value < 0.01. The volcano plot shows genes that showed at 
least a 2-fold change with a p-value less than 0.01. 
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Figure 36. The 26 differentially-expressed PA genes in NSCLC vs. SCLC with at least 
2-fold difference and an adjusted p-value < 0.01. The volcano plot shows PA 
(plasminogen activation) genes that showed at least a 2-fold change with a p-value less 
than 0.01. 

  



  245 

 

 

 

  

0.1 1 102.00.5

1×10-15

1×10-10

1.0×10-5

0.001
0.01
0.1
1.0

Fold-change

p-
va

lu
e 

ADAM9

CTSZ

PLAU
PLAUR S100A10

CTSD
CTSB ADAM15

ADAM22 SERPINB1 CTSL

PLAT ADAM8
SERPINB6

CTSA
ANXA2SERPINH1

SERPINE1
S100A4KLK6

CTSH CTSC

HMGB1
TIMP4 SERPINB8

SERPINB5

2-fold

DOWN UP

2-fold

Adj p-value 
threshold



  246 

 

 

 

 

 

 

Figures 37-44. Eight relevant gene clusters in NSCLC vs. SCLC. Up to 50 clusters were 
generated using MeV as heatmaps. eight heatmaps were significantly clustered between 
NSCLC and SCLC. Red and green color signify high and low z-scores respectively.  
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Figure 37,Figure 38 
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Figure 39, Figure 40 
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Figure 41, 

Figure 42, 

Figure 43 
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Figure 44 
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Figure 45. Subtype-specific expression of PA genes in cluster 50. NSCLC cell lines 
from the CCLE cohort were subdivided into the three histological subtypes, 
adenocarcinoma (n=69), squamous cell carcinoma (n=23) and large cell carcinoma (11). 
SCLC is predominantly small cell lung carcinoma of neuroendocrine origin (n=52). No 
further SCLC subtypes were included in the CCLE array. 
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Figures 46 and 47. Gene ontology (GO) analysis of biological processes in cluster 3. 
All gene ontology annotations were obtained from the publicly available source Gene 
Ontology through http:// www.geneontology.org. The “biological process” of genes were 
considered for this experiment. Total listed genes were 386 out of 424 in cluster 3. The 
remaining genes are not linked to known pathways and biological processes.  
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Figure 47  
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5.3 Select cluster 3 PA genes are predictive of overall survival in adenocarcinoma 

patients and not squamous cell carcinoma patients.  

To assess a potential association between cluster 3 PA genes and patient outcome, 

a merged training cohort of 11 individual cohorts was utilized. The survival times and 

statuses of a total of 720 adenocarcinoma patients and 524 squamous cell carcinoma 

patients were examined (supplemental table 14) (see methods). A median cut-off was 

applied as an independent binary classifier to discern high- and low-risk patient groups. 

Kaplan Meier survival analysis showed that 6 genes were predictive of overall survival in 

adenocarcinoma patients. These gene are PLAU (HR:2.691, p-value<0.0001), PLAUR 

(HR:2.267, p-value<0.0001), ANXA2 (HR:2.469, p-value<0.0001), S100A10 (HR:1.914, 

p-value<0.0001), SERPINH1 (HR:1.296, p-value=0.0286), CTSA (HR:1.612, p-

value<0.0001) and CTSC (HR:0.6744, p-value=0.0009) (figure 48). In contrast, only 

ANXA2 (HR:1.371, p-value=0.0084) was predictive of overall survival in squamous cell 

carcinoma patients (figure 49). Collectively, these results demonstrated that these PA genes 

are potential predictive markers of overall survival in adenocarcinoma patients but not 

squamous cell carcinoma, even though they are expressed at similar levels.  

5.4 A four-gene signature is a predictor of adenocarcinoma patient overall survival. 

Using the 10 candidate prognostic genes, co-expression profiles were created based 

on Pearson correlations of gene expression in the CCLE NSCLC cell lines (supplemental 

table 15a) and the provisional TCGA adenocarcinoma patient cohort (n=517) 

(supplemental table 15b). Multiple comparisons (see methods) of gene associations 

revealed a strong correlation of expression between S100A10, ANXA2, PLAUR and PLAU 
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in CCLE and TCGA datasets (supplemental table 15). To validate the proposed prognostic 

association of the 4-gene signature, univariate analysis of survival was performed in the 

merged training cohort, TCGA provisional cohort and TCGA Nature 2014 cohort. By 

combining patients with low or high expression of these four genes, the signature achieved 

significance in the training cohort (HR:5.249, p-value<0.0001) (figure 50a) and both 

validation cohorts (HR:1.670, p-value=0.0222 and HR:2.503, p-value=0.0234) 

respectively) (figure 50b, 50c).  
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Figure 48. Kaplan Meier survival analysis of cluster 50 PA genes in adenocarcinoma 
patients. Survival statuses and times were collected from 9 out of the 11 patient cohorts. 
GSE4573 and TCGA cohorts were only squamous cell carcinoma cohorts. A median cut-
off was applied to derive the univariate regression analysis of each gene as an independent 
predictor of overall survival. The survival times were directly extracted from KM plot 
(Kmplot.com). Biased arrays were excluded from the analysis as quality control (see 
methods).  
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Figure 49. Kaplan Meier survival analysis of cluster 50 PA genes in squamous cell 
carcinoma patients. Survival statuses and times were collected from 9 out of the 11 patient 
cohorts. GSE31908 and GSE31210 cohorts were only adenocarcinoma cohorts. A median 
cut-off was applied to derive the univariate regression analysis of each gene as an 
independent predictor of overall survival. The survival times were directly extracted from 
KM plot (Kmplot.com). Biased arrays were excluded from the analysis as quality control 
(see methods).  
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Figure 50. Kaplan Meier survival analysis of the S100A10-ANXA2-PLAU-PLAUR 
gene signature in the multi-cohort discovery studies and two validation studies. 
Kaplan Meier survival analysis of the 9 cohorts in the multi-cohort discovery set (a), TCGA 
lung adenocarcinoma (provisional) (b) and TCGA lung adenocarcinoma (Nature, 2014) 
(c). Low and high expression were determined as patients with below and above 
(respectively) median expression for each individual gene.  
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5.5 S100A10, ANXA2 and PLAUR are predictive of chemotherapeutic response in 

adenocarcinoma patients 

The ability to predict patient outcome is closely linked to the patient response to 

treatment regimen. To examine whether the four PA genes were also predictive of 

adenocarcinoma patient outcome in the context of chemotherapy, patients that received 

adjuvant chemotherapy were included in the analysis (GSE29013; n=19 (treatment 

unspecified) and GSE14814; n=17 treated with (ACT: adjuvant cisplatin/vinorelbine)). 

Only PLAUR (HR:4.585, p-value=0.0111) (figure 51a), ANXA2 (HR:7.331, p-

value<0.0001) (figure 51c) and S100A10 (HR:7.331, p-value<0.0001) (figure 51d) showed 

a strong correlation with chemotherapeutic response. Patients who received adjuvant 

chemotherapy and who had high expression of these three genes are at a higher risk of 

death (i.e. no response to therapy) compared to lower expression (low-risk group) (figure 

X51). In addition, a 100% concordance was present between the high and low-risk patients 

based on ANXA2 and S100A10 expression. This is further supported by the high Pearson 

correlation coefficient of these two genes in the CCLE NSCLC cell lines and the TCGA 

provisional adenocarcinoma patient cohort (supplemental table 15a, 15b).  

5.6 S100A10 is upregulated by various chemotherapeutic agents and may contribute 

to cisplatin resistance. 

In attempt to understand the contribution of PA genes (specifically S100A10) to 

respond to chemotherapies, A549 cells were treated with various chemotherapeutics. 

S100A10 was upregulated by cisplatin in a dose-dependent manner (figure 52a). To discern 

if this response is specific to cisplatin, A549 cells were treated with three other 
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chemotherapeutic agents, doxorubicin (100nM), methotrexate (1 M) and paclitaxel 

(10nM). S100A10 was upregulated by all three agents suggesting that S100A10 is 

responsive to the common pathways activated by these agents (figure 52b). To understand 

whether S100A10 can promote drug resistance, scramble control and S100A10 shRNA 

A549 cells were treated with 5 M cisplatin and stained with apoptosis markers. 

Interestingly, cells depleted of S100A10 were more likely to be in early apoptosis than 

scramble control cells (figure 52c). This suggested that S100A10 is a chemotherapy-

responsive gene that could potentially contribute to drug resistance. 
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Figure 51. Kaplan Meier survival analysis of the individual four genes in patients who 
received chemotherapy. Chemotherapy clinical data was only available for 36 patients, 
19 of which are from the GSE29013 cohort and 17 from the GSE14814 cohort. A median 
cut-off was applied to identify high (n=18) and low risk (n=18) individuals with high and 
low expression of S100A10. 

  



  267 

 

 

 

  



  268 

 

 

 

 

 

 

 

Figure 52. S100A10 is responsive to various chemotherapeutic agents. (a) A549 cells 
were treated with ascending concentrations (0 to 10 M cisplatin) for 72 hours. (b) A549 
cells were treated with sub-cytotoxic doses of four chemotherapeutic agents: 100nM 
doxorubicin, 5 M cisplatin, 1 M methotrexate and 10 nM paclitaxel. (c) A549 scramble 
control and S100A10 shRNA were treated with 5 M cisplatin for 72 hours after which 
cells were stained with Annexin V and 7AAD. 

  



  269 

 

 

  



  270 

CHAPTER 6: DISCUSSION of chapter 5 

6.1 Discussion 

SCLC and NSCLC are two histologically different cancers in which SCLC arises 

from neuroendocrine cells while NSCLC arises from epithelial cells [619]. However, the 

transcriptomic landscapes of both cancers have not been sufficiently addressed. Although 

such comparisons may not necessarily alter the histological distinction at the diagnosis 

stage, it will however identify novel and unique markers of both NSCLC or SCLC. In the 

current work, we have identified DE genes (e.g. TCF4, LIPH, ARHGAP27, ELAVL1, 

EPHA2) that are of potential interest for further biomarker analyses but were not explored 

in this dissertation due to hypothesis-driven bias (addressed in 6.2.1) (figure 35). Twenty-

six PA genes were however identified as DE in NSCLC compared to SCLC most of which 

were upregulated suggesting a global upregulation of PA genes. Only two genes (ADAM22 

and HMGB1) were downregulated in NSCLC (or upregulated in SCLC) (figure 36). A 

literature search revealed that no associations of these two genes with SCLC have been 

previously made rendering this observation novel. A recent meta-analysis of HMGB1 

mRNA expression studies showed that HMGB1 was upregulated in NSCLC tumors 

compared to normal tissues [620]. However, the question of whether HMGB1 expression 

in SCLC tumors is markedly different than that in NSCLC tumors is yet to be addressed.  

Unsupervised hierarchical clustering revealed that a short list of 10 PA genes that 

were clustered (cluster 3) (figure 39) (supplemental table 6). This multi-step top-down 

approach allowed the identification of a select list of candidate survival predictors (ANXA2, 

S100A10, PLAUR, PLAU, SERPINH1, CTSA and CTSC). The implications of PLAU, 
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PLAUR, S100A10 and ANXA2 have been previously addressed in the literature particularly 

in the context of correlation with clinical features of NSCLC patients. For instance, higher 

stromal tissue levels of uPA have been linked to poor outcome, increased tumor size, lymph 

node involvement and advanced staging in NSCLC [621], consistent with our survival 

analysis of uPA (figure 48). Elevated levels of cleaved and intact uPA have also been linked 

to poor prognosis [617][622][623]. Interestingly, when measured using ELISA, uPA levels 

did not correlate with outcome [624] suggesting potential inconsistencies and variations in 

methods used for measurement. Serum and tumor levels of uPAR levels also correlated 

with poorer outcome and likelihood of metastasis in NSCLC patients [625][626][179] 

which is consistent with our survival analysis of uPAR( figure 48). The cleaved form of 

uPAR in serum was also indicative of increased tumor-associated uPA and, together (i.e. 

uPA and uPAR) offered a higher predictive power than either alone [179]. S100A10 

expression (IHC) correlated with poor prognosis, poor differentiation, higher TNM stage 

and severity of intra-tumoral vascular invasion [617]. In addition, higher expression of 

ANXA2 has been linked to poor prognosis in all NSCLC patients [627] as well as 

adenocarcinoma and squamous cell carcinoma patients [628]. The prognostic roles of the 

remaining genes (CTSA, CTSC and SERPINH1) in NSCLC are novel observations that will 

require future studies for validation. 

PAI-1 (SERPINE1) levels in tumors (IHC) correlated with survival, lymph node 

positivity and stage in squamous cell carcinoma with significant correlations in 

adenocarcinoma. Increased levels and secretion of PAI-1 has also been recently linked to 

enhanced radio-resistance of lung NSCLC cell lines [629]. . Interestingly, PAI-1 and uPA 

(PLAU) serum levels were found to be predictive of disease in lymph-node negative triple 
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negative breast cancer patients [630]. The use of uPA/PAI-1 levels as a biomarker in breast 

cancer has been approved in level-of-evidence 1 studies [631]. Such association between 

uPA and PAI-1 was not seen in our NSCLC analysis (supplemental table 6) which could 

be attributed to either differences in cancer models or poor association between mRNA 

levels and protein (in serum) levels of uPA and PAI-1. In addition, although these studies 

addressed the combinatorial benefit of using two genes/proteins as predictors of outcome, 

these approaches were based on predisposed notion of the function of the two PA genes.  

Ultimately, four genes (PLAU, PLAUR, ANXA2 and S100A10) showed high 

Pearson correlation coefficients (supplemental table 15) which prompted further 

examination of a potential gene signature. All four genes were individually and collectively 

predictive in two independent adenocarcinoma patient cohorts (figure 48 and figure 50a, 

50b, 50c). Interestingly, these genes were not predictive (except ANXA2) in squamous cell 

carcinoma patients (figure 49) even though they were expressed at similar levels in the 

CCLE NSCLC cell lines (figure 45). This is particularly important for two reasons: first, a 

subtype-specific gene signature can be developed regardless of levels of expression across 

various subtypes, and second, the absence of a correlation with the squamous cell 

carcinoma patients serves as an internal negative control for the univariate analysis. The 

prognostic values of PLAUR, PLAU and S100A10 in SCLC have not been addressed in the 

literature. 

The expression of three (PLAUR, ANXA2 and S100A10) of the four genes also 

correlated with response to chemotherapy (figure 51a, 51c, 51d). PLAUR expression was 

shown to reduce cisplatin sensitivity in mesothelioma cells [632] and SCLC [633] but not 
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in NSCLC or adenocarcinoma. Hence, the role of PLAUR in drug resistance in NSCLC 

cell lines and tumors is yet to further addressed. ANXA2 expression was recently linked to 

cisplatin resistance in NSCLC cell lines (A549, H460 and H1650) [634]. Similarly, forced 

expression of S100A10 in COLO-320 colorectal cancer cells increased their resistance to 

oxaliplatin, a platinum-based therapy [635][636]. Nymoen et al. also showed that higher 

S100A10 mRNA expression correlated with increased chemo-resistance in ovarian serous 

carcinoma patients [637]. We showed that treatment of A549 cells with multiple 

chemotherapies increased S100A10 protein expression (figure 52b). Knockdown of 

S100A10 in A549 cells increased the number of cells in early apoptosis suggesting a role 

of S100A10 in drug sensitivity (figure 52c). In that context, various reports demonstrated 

that TGFβ1 promotes drug resistance across multiple cell lines and tumor types [638] 

[639]. Hence, the responsiveness of S100A10 to TGFβ1, serum withdrawal, and/or PI3K 

inhibition further indicate its involvement in drug resistance, through a mechanism that is 

yet to be addressed. 

The Kaplan Meier survival analysis showed that patients with elevated expression 

of these genes (PLAUR, ANXA2 and S100A10) predicted a shorter survival in NSCLC 

patients who received chemotherapy in an adjuvant setting (figure 51). Since mRNA 

measurements were made right after surgical resection (i.e. prior to chemotherapy 

administration), it suggested that intrinsic higher levels of PLAUR, ANXA2 and S100A10 

predicted overall survival although their levels may then be affected the chemotherapeutic 

agent itself. This will potentially lead to increased resistance or positive selection of cell 

populations that express higher levels of these genes.  
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6.2 Study limitations and future directions 

6.2.1 Biased assessment of PA genes 

The above study performed a comprehensive analysis of DE genes in NSCLC vs. 

SCLC cell lines. Although the initial analysis was an unbiased comparison of DE genes 

(figure 35), further assessment of the 130 PA genes (figure 36) added a biased layer driven 

by the proposed hypothesis. This could potentially hinder the identification of the most 

robust DE prognostic markers in preference of examining DE PA prognostic markers. 

Many of the derived prognostic PA markers are novel and will require further validation. 

6.2.2 The impracticality of multivariate regression modeling 

The above study examined 11 merged cohorts of lung cancer patients with various 

degrees of clinical data availability. Although this permitted univariate analysis of overall 

survival based on each predictor (gene expression), multivariate regression analysis was 

not applicable due to the absence of complete annotated clinical covariates of each 

individual cohort (e.g. stage, grade, lymph node involvement, etc.).  

6.2.3 In vivo drug resistance 

Examination of the predictive potential of S100A10, PLAUR and ANXA2 showed 

promising involvement in a drug resistance mechanism (figure 51). Exploration of 

S100A10 only demonstrated that it is involved in protecting cells against apoptosis (figure 

52). Similar examination of PLAUR and ANXA2 is required to discern their potential 

involvement. Ultimately, the knockdown of these genes in lung tumors in vivo will 
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recapitulate their role in protection against apoptosis when mice are challenged with a 

chemotherapeutic agent. 
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CHAPTER 7: The Plasminogen Receptor S100A10 is Predictive of 

Patient Survival and a Driver of Tumorigenesis in Pancreatic Ductal 

Adenocarcinoma 

7.1 Study rationale 

The gold standard for predicting PDAC patient outcome is TNM (tumor, node, 

metastasis) staging which performs adequately in late stage (stage III and IV) patients, in 

which their tumors are usually not resectable. However, the prognostic performance of 

TNM staging is below par in early stage (stage I and II) resectable patients [468]. The 

consequence of this poor performance is a tendency to undertreat patients who have a high 

risk of recurrent disease and over-treating patients who are at low risk of recurrence. 

carbohydrate antigen 19-9 (CA 19-9), a long-established marker of pancreatic cancer has 

shown performance inconsistencies. For instance, 10% of clinically-diagnosed patients do 

not express the (CA 19-9). Furthermore, its levels are heavily influenced by confounding 

medical conditions such as cystic fibrosis, liver cirrhosis, inflammatory bowel disease and 

others [640]. Hence, there is a lack of reliable clinical markers that can identify patients 

with a high risk of recurrence or metastatic disease. Novel biomarkers are therefore needed 

to help identify high and low risk patient subgroups and help shape their treatment 

modalities accordingly. To address these issues, we herein use systematic clinical and 

functional validation methods to describe a novel biomarker, S100A10, and demonstrate 

its efficacy in predicting PDAC patient outcome. The upcoming series of experiments have 

two objectives: first, to establish if S100A10 is involved in the progression of PDAC in 
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cell and mouse models and therefore might represent a targetable protein for treatment of 

PDAC patients, and second, to investigate the potential use of S100A10 as a predictive 

biomarker. Here, we demonstrate that the protease-activating function of S100A10 

regulates PDAC cell invasion in vitro and that it also mediates tumor growth in in vivo 

mouse models. We also demonstrate, for the first time, that S100A10 mRNA and protein 

are overexpressed in pancreatic tumors and that S100A10 mRNA and methylation status 

are prognostic indicators of overall survival and recurrence-free survival in PDAC patients.  

7.2 S100A10 mRNA is highly expressed in pancreatic tumors and cell lines. 

To assess the relative expression levels of the S100A10 gene in cancer, we 

examined S100A10 mRNA levels (RNA Seq V2) across all 33 cancer types in the Genomic 

Data Commons (GDC) portal of the National Cancer Institute (NCI) [641](see methods to 

normalization). S100A10 mRNA expression in PDAC (n=179) was the third highest (mean 

= 1.959, C.I. 1.789-2.129) after Mesothelioma (n=87) (mean = 3.895, C.I. 3.501-4.290) 

and Head and Neck squamous cell carcinoma (n=801) (mean = 2.030, C.I 1.951-2.109) 

(figure 53a). We also examined S100A10 mRNA levels (microarray z-scores) across all 

930 human cancer cell lines listed in the CCLE (Cancer Cell Line Encyclopedia) from the 

Broad Institute (GSE36133) [642]. S100A10 was highly expressed in many cancer cell 

lines including upper respiratory tract (n=30) (mean = 0.6671 C.I. 0.6314-0.7029), 

pancreatic (n=44) (mean = 0.6657, C.I. 0.5948-0.7366) and esophageal (n=25) (mean = 

0.6542, C.I. 0.5838-0.7245) cancer cell lines (figure 53b). These results established that 

S100A10 mRNA is highly expressed in many cancer types including pancreatic tumors and 

cell lines suggesting a possible role for S100A10 in PDAC.  
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Figure 53. S100A10 mRNA is over-expressed in pancreatic TCGA tumors and CCLE 
cell lines. (a) S100A10 REVs (RNA Seq V2 RSEM) were extracted from Cbioportal and 
normalized by dividing by the mean REV of the 33 TCGA tumor types. (b) Z-scores of 
S100A10 of the 930 CCLE cell lines were extracted from Cbioportal. Z-ratios were used 
to determine significance with respect to CML (control). A z-ratio of 1.96 is equivalent to 
a p-value of 0.05. 
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7.3 S100A10 is highly expressed in pancreatic tumors compared to adjacent non-

ductal stroma and normal ducts. 

After establishing that S100A10 mRNA is highly expressed in pancreatic tumors 

and cell lines, we focused on studying its relevance in this cancer. For that purpose, we 

compared S100A10 mRNA expression in normal and tumor samples from previously 

published DNA microarray and RNA Seq expression datasets. A consistent upregulation 

of S100A10 mRNA was observed in pancreatic tumors compared to normal tissues of 

unmatched (figure 54a-54d, supplemental figure 11a, 11b) and matched (figure 54c, 54e, 

supplemental figure 11c) patients. 

To gain further insight into S100A10 expression in pancreatic tumors beyond 

mRNA levels, we examined protein expression in archived human pancreatic tumors using 

immunohistochemistry (IHC). The additional benefit of IHC is the ability to discern the 

type of tissue that is producing the S100A10 protein signal. Consistent with our mRNA 

analysis, S100A10 protein expression was also upregulated in cancerous tissues compared 

to nearby normal ducts (supplemental figure 12a) which could also be visualized within a 

single duct containing both normal and neoplastic ductal epithelia (supplemental figure 

12b, 12c). We then constructed tissue microarrays (TMAs) to examine S100A10 protein 

expression of the entire PDAC patient cohort. Control, pre-cancerous lesions (PanINs), and 

cancerous lesions (PDAC) were selected from each tumor sample and assembled on TMA 

blocks which were then stained with an anti-S100A10 antibody. The quantification of 

protein expression on digitized slides was performed using the IHC profiler plugin in 

ImageJ as described in Verghese et al. [549]. Color deconvolution allowed the separation 
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of the DAB brown-colored stain from the Meyer’s hematoxylin stain. The intensity and 

coverage of the DAB stain was then quantified by ImageJ (figure 55a) (see methods). Six 

different regions of each sample were quantified and were assigned to a three-tier score 

system: high positive (H-score > 200), low positive (100 < H-score < 200) and 

negative/weak (H-score < 100). Weak/negative staining was observed in 0% (0/88) of 

PDAC (cancerous lesions/ducts), 66.67% (38/57) of PanINs, 94.94% (75/79) of normal 

ducts adjacent to PDAC, 87.50% (49/56) of normal duct adjacent to PanINs, 100% (88/88) 

of PDAC non-ductal stroma, and 100% (63/63) of non-ductal PanINs stroma.  Low positive 

staining was observed in 34.09% (30/88) of PDAC, 33.33% (19/57) of PanINs, 5.06% 

(4/79) of normal ducts adjacent to PDAC and 12.50% (7/56) of normal duct adjacent to 

PanINs. Importantly, we observed that high positive staining was exclusive to PDAC at 

65.91% (58/88) (figure 55c). Collectively, the protein levels of S100A10 revealed a similar 

trend of upregulation in tumor tissue compared to normal tissue as observed at the mRNA 

level. Additionally, the immunohistochemistry results demonstrated that S100A10 protein 

is overexpressed in carcinoma (PDAC) regions compared to PanINs, normal ducts and non-

ductal stroma.  
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Figure 54. S100A10 mRNA is overexpressed in pancreatic tumors compared to 
normal pancreatic tissue. Gene expression from six publically available gene expression 
datasets from Oncomine (a-c, e) and gene expression omnibus (GEO) (d, f) were extracted 
from the normalized data on Oncomine (a-c, e) and GEOR (d, f). The datasets compare 
gene expression in normal vs. tumor from pancreatic cancer patients. Badea et al. and 
Balasenthil et al. represent matched samples of pancreatic tumors and corresponding 
adjacent normal tissue. Significance was determined using unpaired (a-d) or paired (e, f) t-
tests. Significance was determined based on a p-value of 0.05. Data are represented as 
means ± SD.  
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Figure 55. S100A10 protein overexpressed in pancreatic carcinoma (PDAC) lesions 
compared to pre-cancerous lesions, stroma and normal tissue. (a) ImageJ IHC 
profiler plugin was used to quantify S100A10 protein expression in 89 patients of the 
CDHA cohort. Briefly, images were color deconvoluted to expose the brown DAB stain. 
An area of interest was manually selected and quantified based on pixel intensity and the 
percentage contribution of each pixel sub-category (0-60, 61-120, 121-180, 181-255). (b) 
The graph demonstrates the S100A10 protein expression quantified by ImageJ in six 
different regions of patient cores. Each H-score was divided by the mean H-score of all 
measurements to yield a mean-normalized H-score ± SEM. Significance was determined 
using one-way ANOVA of unmatched samples (non-paired). Scale bars, 100 m. 
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7.4 S100A10 mRNA expression and copy number are predictive of overall and 

recurrence-free survival in PDAC patients. 

Having established S100A10 upregulation in PDAC, we examined the potential 

clinical significance of S100A10 in the prognosis of the TCGA provisional PDAC patient 

cohort. The latter contains genomic profiles of up to 178 PDAC patients with clinical data, 

RNA-Seq V2 expression data, HM450 methylation data and GISTIC copy number 

alterations. To assess the prognostic value of S100A10 mRNA expression, Kaplan Meier 

survival analysis was performed on patients using three cut-off classifiers (median cut-off, 

optimal cut-off and ternary cut-off) (supplemental figure 13a-13c). A median cut-off (raw 

expression value (REV) > or < median) (supplemental figure 13a) revealed that S100A10 

mRNA expression is predictive of both overall survival (OS; HR=2.16, p-value=0.0003, 

n=178) and recurrence-free survival (RFS; HR=2.42, p-value<0.0001, n=139) (figure 56a, 

56b). High-S100A10 mRNA levels also predicted poorer long-term survival and patients 

were more likely to recur over the 90-month follow-up period. In addition, one-, three- and 

five-year survivals in low-S100A10 patients (e.g. 1yr OS:69.66%, 1-yr RFS: 58.57%) were 

significantly higher than that in high-S100A10 patients (e.g. 1-yr OS: 59.55%, 1-yr RFS: 

49.28%) (Supplemental table 17).  

Although a median cut-off resulted in a strong correlation between OS and RFS and 

S100A10 mRNA expression, we attempted to utilize a more optimal cut-off that would 

allow a strict binary classification of high and low expressors (supplemental figure 13b). 

The cut-off finder tool previously described by Budczies et al. identified a new binary 

classifier with a high-risk group (93.82%) with high expression of S100A10 mRNA 
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(REV>3790.9211) and low-risk group (6.18%) with considerably low expression of 

S100A10 mRNA (REV<=3790.9211) (figure 56c) [643]. The low-risk group had a 

favorable long-term OS. Applying the same REV cut-off to the RFS data revealed a similar 

trend where low-risk patients were unlikely to develop recurrent disease compared to high 

risk patients (figure 56d). To further test the prognostic performance of S100A10 and 

bypass the conservative and biased approach of optimal cut-offs, we developed a ternary 

classifier based on the frequency distribution of REVs in the TCGA cohort (supplemental 

figure 13c) (see methods). The ternary classification identified three subgroups of patients; 

a weak/neg group with a favorable OS and RFS outcomes (p-values of 0.0039 and <0.0001 

compared to high pos) and two largely indifferent groups (low-pos and high pos) with less 

favorable outcomes (figure 56e, 56f) (supplemental table 18). 

To confirm the existence of the low-risk group (weak/neg), we applied the same 

ternary classifier to three additional independent PDAC studies: Chen et al. (GSE57495, 

n=63) [644], Moffitt et al. (GSE71729, n=125)[532] and ICGC (international cancer 

genome consortium, n=133) [645]. Kaplan Meier survival curves revealed a similar trend 

of survivability to that seen in the TCGA PDAC cohort. An equivalent low-risk group with 

favorable OS emerged in Chen et al. (figure 57a, p-value = 0.0402), in Moffitt et al. (figure 

57b, p-value = 0.0026) and in ICGC (figure 57c, p-value = 0.0073) cohorts when compared 

to the high-pos group (supplemental table 18). Collectively, these survival analyses showed 

that low expression of S100A10 mRNA can serve as a strong predictor of favorable short- 

and long-term survival in PDAC patients.   
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Figure 56. S100A10 mRNA expression is predictive of overall and recurrence-free 
survival in TCGA PDAC patient cohort. Kaplan Meier (KM) plots of overall survival 
(n=178) (a, c, e) and recurrence-free survival (n=139) (b, d, f) of patients based on their 
S100A10 mRNA expression. A three-tier method of classification was used; A median cut-
off (a, b), best cut-off (c, d), and a ternary cut-off (e, f) (see supplemental figure 13). 
Optimal cut-offs were determined using the cut off finder database 
(http://molpath.charite.de/cutoff/) Budczies et al. (2012), PLoS ONE 7(12): e51862. In 
summary, patients with low levels of S100A10 mRNA had a better overall and recurrence-
free survival than those with high S100A10 mRNA levels.   
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Since the Kaplan Meier analysis of S100A10 mRNA expression correlated with OS 

and RFS of PDAC patients within the TCGA cohort, we decided to examine whether 

S100A10 gene copy number showed similar correlations. The rationale was driven by the 

fact that S100A10 mRNA expression significantly correlated with the copy number score 

(supplemental figure 14a) and status (supplemental figure 14b) in these patients. Higher 

S100A10 copy number score correlated with poorer OS (HR=1.816, p-value = 0.0357, 

n=176) (supplemental figure 14c) and RFS (HR=1.691, p-value = 0.0190, n=139) 

(supplemental figure 14d). Short-term OS and RFS after one, three and five years post 

diagnosis also correlated with S100A10 copy number score (supplemental table 17). In an 

attempt to complement the copy number score-based stratification, patients were also 

stratified based on S100A10 copy number status (i.e. deletion, diploid, gain, or 

amplification). Patients with S100A10 amplifications had a noticeably shorter OS and RFS 

compared to patients with S100A10 deletions (supplemental figure 14e, 14f) respectively). 

The usage of mRNA levels as a predictive marker is supported by the fact that S100A10 

copy number also possessed similar predictive potential in the same cohort. 
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Figure 57. S100A10 mRNA expression is predictive of overall survival in three 
independent PDAC patient cohorts. Kaplan Meier (KM) plots of overall survival in two 
independent cohorts of pancreatic cancer patients by Chen et al. (GSE57495, 2015) (top 
left), Moffitt et al. (GSE71729, 2015) (top right) and ICGC (bottom). The Ternary cut-off 
was applied to classify the high-pos, low-pos and weak/neg subgroups. P-values were 
adjusted to the Bonferroni-corrected threshold. Adjusted p-value is p-value/K = 0.017 
where K=3 and represents the number of comparisons made. 

  



  293 

 

 

  

0 20 40 60 80
0

20

40

60

80

100

Overall Survival (Months)

Pe
rc

en
t s

ur
vi

va
l

GSE57495

High-pos (n=26)
Low-pos (n=26)
Weak/neg (n=11)

0 20 40 60
0

20

40

60

80

100

Overall Survival (Months)

Pe
rc

en
t s

ur
vi

va
l

GSE71729
High-pos (n=53)
Low-pos (n=53)
Weak/neg (n=19)

0 20 40 60 80
0

20

40

60

80

100

Overall Survival (Months)

Pe
rc

en
t s

ur
vi

va
l

ICGC

High-pos (n=56)
Low-pos (n=56)
Weak/neg (n=21)



  294 

7.5 S100A10 mRNA and lymph node positivity are linked predictors of overall and 

recurrence-free survival.  

To understand the relationship between S100A10 mRNA and other clinical 

covariates, we applied univariate and multivariate regression models. Single variable 

analysis using the Wald test showed that five variables were predictive of OS: S100A10 

mRNA (HR=1.79, C.I. 1.30-2.46, p-value=0.00038), age (HR=1.03, C.I. 1.01-1.05, p-

value=0.008), grade II (HR=2.00, C.I. 1.07-5.08, p-value=0.041), grade III (HR=2.55, C.I. 

1.26-5.14, p-value 0.009) lymph node positivity (HR=2.09, C.I. 1.24-3.51, p-value=0.005) 

and stage II (HR=2.33, C.I. 1.07-5.08, p-value=0.03). Although age as a single variable 

was a significant predictor of OS, the hazard ratio was marginal (table 11). The likelihood 

ratio test for all five variables revealed that S100A10 mRNA (p-value=0.0001), age (p-

value=0.007) and lymph node positivity (p-value=0.003) were significant but not tumor 

grade (p-value=0.111). In contrast, multivariate regression fitting re-confirmed the 

prognostic significance of S100A10 mRNA (HR=1.59, C.I. 1.07-2.35), lymph node 

positivity (HR=2.17, C.I. 1.09-4.35) and age (HR=1.02, C.I. 1.001-1.044) (table 12). An 

ANOVA test of these variables validated their predictive power (p-values 0.007, 0.003 and 

0.034 respectively). A final model using these three variables was then derived which 

shows that for every exponential unit increase (Y=eX, where e=2.718) in S100A10 mRNA 

REV, the likelihood of dying is 1.54 higher (C.I. 1.07-2.21, p-value=0.02). Similarly, being 

lymph node positive increase risk of death by 1.93 times (C.I. 1.15-3.24, p-value=0.01). 

The effect of age on this model is minor although statistically significant. The risk of death 

is 2.97 times higher in lymph node-positive patient with one unit increase in S100A10 
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mRNA (i.e. REV=Y) compared to a lymph node-negative patient with lower S100A10 

mRNA (REV=X) (supplemental table 19). 

Univariate and multivariate regression models of RFS functions were also 

generated. The single variable analysis using the Wald test showed that S100A10 mRNA 

(HR=2.12, C.I. 1.52-2.94, p-value=7.89e-06), grade II (HR=2.14, C.I. 1.08-4.23, p-value 

0.029), grade III (HR=3.29, C.I. 1.61-6.71, p-value=0.001) and lymph node positivity 

(HR=1.79, C.I. 1.10-2.94, p-value=0.018) were predictive of RFS (table 13). The 

likelihood ratio test rendered S100A10 mRNA (p-value=8.97e-07), grade (p-value 

=0.0043), lymph node positivity (p-value 0.0143) as the only significant variables. 

Subsequent multivariate analysis revealed that only S100A10 mRNA (HR=1.71, C.I. 1.12-

2.61) and lymph node positivity (HR=1.96, C.I. 1.00-3.84) were the only significant 

predictors of RFS (table 14). ANOVA tests showed of the above variables showed that 

only S100A10 mRNA and lymph node positivity were the only two significant predictors 

of RFS (p-values 0.0003 and 0.02 respectively. Thus, a final two-variable model was 

derived which predicts that the likelihood of recurrence is 1.89 times higher for every unit 

increase in S100A10 mRNA. The recurrence rate also increases by 1.54 times in lymph 

node-positive patients. Consequently, a lymph node-positive patient with one unit increase 

in S100A10 mRNA is 2.91 times more likely to recur than a lymph node-negative patient 

with lower S100A10 mRNA (supplemental table 19). These results established that 

S100A10 mRNA and lymph node status are linked co-variates and are strong predictors of 

OS and RFS in PDAC patients.  
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Table 11. Univariate cox regression analysis of overall survival (OS) of the TCGA 
PDAC cohort. Abbreviations are as follows: Coef: beta coefficients, exp(coef): 
exponential of the coefficient, se(coef): standard error of the coefficient, z: Z statistics to 
test coefficient =0, Pr(> |z|): P-value based on the Wald test to test coefficient =0, Exp(-
coef): exponential of the negative coefficient, Lower .95 and upper .95: the lower and upper 
limits for the 95% CI for exp(coef). Univariate regression models were fitted to the overall 
survival (OS) of the TCGA PDAC patient cohort. The variables/predictors are: S100A10 
mRNA (RNA Seq V2 RSEM), gender, race, age, grade, tumor dimension, stage, 
metastasis, smoking and alcohol consumption.  
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Table 12. Multivariate cox regression analysis of overall survival (OS) of the TCGA 
PDAC cohort. The fitted multivariate model for predicting OS included all variables 
except smoking history and alcohol consumption due to high number of missing values on 
these two variables.  A semi-parametric proportional hazard regression model was fitted to 
identify variables that are predictors of survival time. 
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Table 13. Univariate cox regression analysis of Recurrence-free survival (RFS) of the 
TCGA PDAC cohort. Univariate regression models were fitted to the recurrence-free 
survival (RFS) of the TCGA PDAC patient cohort. The variables/predictors are: S100A10 
mRNA (RNA Seq V2 RSEM), gender, race, age, grade, tumor dimension, stage, 
metastasis, smoking and alcohol consumption. 
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Table 14. Multivariate cox regression analysis of Recurrence-free survival (RFS) of 
the TCGA PDAC cohort. The fitted multivariate model for predicting RFS included all 
variables except smoking history and alcohol consumption due to high number of missing 
values on these two variables.  A semi-parametric proportional hazard regression model 
was fitted to identify variables that are predictors of survival time. 
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7.6 S100A10 methylation status is predictive of overall and recurrence-free survival 

in PDAC patients.  

The availability of HM450 methylation data of the TCGA cohort enabled us to 

address the methylation status of the S100A10 gene and importantly its correlation with 

S100A10 mRNA. Fifteen probes mapped to the S100A10 gene and promoter regions as 

illustrated in figure 58a. Although the S100A10 gene is encoded on the negative strand (-), 

four probes mapped to the opposite positive (+) strand. Five probes were mapped to 

TSS1500 (region between 200bp and 1500bp upstream of transcription start site (TcSS)), 

three to TSS200 (200bp upstream of TcSS) and seven probes to the 5’UTR (5’ untranslated 

region) (figure 58a). We also identified all the CpG sites corresponding to each probe 

(supplemental table 20). Since mRNA and protein levels were significantly higher in 

PDAC tumors compared to normal tissue, we examined the HM450 β values in both normal 

(n=9) and tumor (n=85) tissues of the TCGA cohort [646]. Six probes met the criteria of 

1) being differentially hypo-methylated in tumor tissue compared to normal tissue and 2) 

negatively correlated with S100A10 mRNA expression (figure 58b). The remaining probes 

were not hypo-methylated in tumors and/or did not negatively correlate with mRNA 

expression (supplemental figure 15). The third criterion was to discern which of the six 

probes was predictive of patient survival in PDAC cohorts. Kaplan Meier survival analysis 

using the ternary classifier showed that high β values of the probes cg13249591 and 

cg13445177 predicted that a low-risk group of patient with high-methylation score of 

S100A10 had favorable OS (figure 59a and 59b respectively) and RFS (figure 59c and 59d 

respectively) compared to the groups with moderate and low methylation scores 

(supplemental table 21). Similar trends in predicting OS and RFS were seen using the 
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median and optimal cut-offs (supplemental figure 18). The OS and RFS curves of the 

remaining four probes are shown in supplemental figures 16 and 17. Noteworthy, under 

the optimal cut-off conditions, there was an 81.82% (9/11) patient concordance in the low-

risk groups and 98.8% (165/167) in the high-risk groups between mRNA and cg13445177 

methylation assessments of OS (figure 56c) (figure 59c). Meanwhile, RFS assessment 

revealed 90% (9/10) and 99.22% (128/129) concordances in the low-risk and high-risk 

groups respectively (figure 56d) (figure 59d). In addition, the low and intermediate groups 

were also largely indifferent in terms of OS and RFS (supplemental table 11) (figure 59). 

We then assessed both probes in the ICGC methylation dataset using the same ternary 

classifier which also yielded similar OS pattern (figure 59e, 59d). To ensure that the high 

β values in the patient subgroup with high methylation scores were not due to global 

increase in methylation by the de novo methyl transferases [647], we compared the mRNA 

expression of these DNMTs with β values of the two probes. No positive correlation was 

observed between the two probes and mRNA expression of DNMT1, DNMT3A or 

DNMT3B (supplemental figure 19a, 19b). 
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Figure 58. Differentially-methylated CpG sites negatively correlate with S100A10 
mRNA expression. (a) Schematic illustration of the human S100A10 gene based on UCSC 
(University of California San Diego) RefSeq. The genomic distance is approximate but is 
not drawn to scale. TcSS: transcription start site, TLSS: translation start site, TSS1500: 
region between 200bp and 1500bp upstream of TcSS, TSS200: region 200bp upstream of 
TcSS, 5’UTR: 5’ untranslated region. (b) The β values of each probe were assessed in 85 
PDA tumors and 9 normal tissues. The raw data was extracted from MethHC 
(http://methhc.mbc.nctu.edu.tw/php/index.php) which was described by Huang et al. 
(2015). Nucleic Acids Res. (database issue): D856-61. Raw β values of individual probes 
were extracted from Maplab Wanderer (http://maplab.imppc.org/wanderer/) (Villanueva et 
al. 2015); Epigenetics Chromatin. 8:22 (eCollection 2015) and plotted against RNA Seq 
(RSEM) expression values of S100A10 in matched patients. Pearson correlation was used 
to generate correlation graphs of β values and S100A10 mRNA expression. β values for 
the probe cg06786599 were absent for normal samples and no significant correlation (p-
value = 0.1023) between S100A10 tumor mRNA and cg06786599 β values was found. 
Cg06786599 was then excluded from further analysis.  
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Figure 59. CpG islands corresponding to probes cg13249591 and cg13445177 are 
predictors of patient survival in the TCGA and ICGC PDAC cohorts. Kaplan Meier 
(KM) plots of (a, b) overall survival (n=178) and (c, d) recurrence-free survival (n=139) 
based on β values of the (a, c) cg13249591 and (b, d) cg13445177 CpG sites. OS in the 
ICGC cohort was assessed based on the β values of both probes (e, f). The same three-tier 
method of classification was used (see supplemental figure 13); Data where a ternary cut-
off was used is shown above. Raw β values of individual probes were extracted from 
Maplab Wanderer (Villanueva et al. 2015). Epigenetics Chromatin. 8:22 (eCollection 
2015) matched with OS and RFS of TCGA PDAC patients. Statistical analysis was 
performed using Bonferroni-corrected p-values (see methods). The p-values are listed in 
supplemental table 21.  
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7.7 S100A10 expression is regulated by methylation in PDAC cell lines 

To validate that S100A10 is regulated by DNA methylation in cellulo, we first 

compared S100A10 mRNA expression in the CCLE cell lines. A negative correlation 

between S100A10 mRNA (RNA Seq V2 RSEM) and DNA methylation was observed 

across all cell lines (Pearson correlation coefficient = -0.581) (figure 60a) including 

pancreatic cell lines (supplemental figure 20a). We then compared S100A10 mRNA and 

protein levels and promoter methylation in three cell lines that are representative of 

expression/methylation spectrum (Panc 10.05, Panc-1 and AsPC-1). Panc10.05 cells had 

the lowest S100A10 mRNA (Fig. 60b) and protein expression (Fig. 60c) followed by Panc-

1 and AsPC-1 cells. To examine whether the S100A10 promoter region was differentially-

methylated in the three-cell line panel, we performed bisulfite conversion followed by 

pyrosequencing of a 377-nucleotide promoter region containing 24 CpG sites (Fig. 60d) 

(supplemental figure 20b). Consistent with the mRNA levels, global DNA methylation of 

that region was the highest in Panc 10.05 cells followed by Panc-1 and AsPC-1 cells (figure 

60e). Notably, AsPC-1 cells had considerably higher mRNA and protein levels and 

significantly low DNA methylation. To address effect of DNA demethylation on S100A10 

expression, all three cell lines were treated with the DNA de-methylating agent decitabine. 

S100A10 mRNA and protein levels were dramatically upregulated in Panc 10.05 (figure. 

61a, 61d) and to a lesser extent in Panc-1 cells (figure 60b, 60e). In contrast, no increase 

was observed in the AsPC-1 cell line (figure 61c, 61f). Despite the differential response in 

S100A10 mRNA, the overall methylation of the promoter region was further decreased in 

all three cell lines in response to decitabine (Fig. 61g, 61h, 61i). Such decrease was also 

seen across the individual CpG sites examined (Fig. 5j, 5k, 5l). Notably, the cg13445177 
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and cg13249591 probes mapped CpG sites 6 and 7 and sites 9 and 10 respectively. Only 

CpG-9 was differentially de-methylated across all three cell lines indicating that this site 

(in addition to others) was likely responsible in sustaining low S100A10 mRNA in PDAC 

patients. Collectively, these results indicated that S100A10 expression is regulated through 

hypomethylation at specific CpG sites.  
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Figure 60. S100A10 mRNA and protein expression is regulated by methylation in 
PDAC cell lines. S100A10 mRNA and protein expression negatively correlated with 
promoter methylation in PDAC cell lines. The relationship between S100A10 methylation 
and mRNA expression in 831 CCLE cell lines. mRNA expression (RNA Seq V2 RSEM) 
and methylation (RRBS β values) were extracted from the broad institute CCLE portal 
(https://portals.broadinstitute.org/ccle). S100A10 mRNA (RT-qPCR) (B) and protein 
expression (C) in three PDAC representative cell lines: Panc 10.05, Panc-1 and AsPC-1. 
(D) S100A10 promoter construct for bisulfite and pyrosequencing covering 24 CpG 
dinucleotides. (E) Global methylation of the 24 CpGs in the S100A10 promoter. The graph 
represents the averages of percentages of all 24 sites in each cell line. Significance was 
determined using one-way ANOVA. Data are represented as mean ± SD.  
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Figure 61. S100A10 mRNA expression is regulated by differential CpG site 
methylation. S100A10 mRNA (a, b, c) and protein (d, e, f) changes in Panc 10.05 (a, d), 
Panc-1 (b, e) and AsPC-1 (c, f) in response to 10µM decitabine (DAC) for 72 hours. Global 
and CpG-specific methylation of the 24 CpGs in the S100A10 promoter in Panc 10.05 (g, 
j), Panc-1 (H, K) and AsPC-1 (i, l). Graphs g-i represent the averages of percentages of all 
24 sites in each cell line. Graphs j-l represent the percentage methylated of cytosines of a 
specific CpG site within each sample. Significance was determined using unpaired t-tests. 
Data are represented as mean ± SD.  
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7.8 S100A10 acts as a plasminogen receptor at the surface of pancreatic cancer cells 

and contributes to cancer cell invasion. 

Considering the predictive role of S100A10 mRNA expression and methylation 

status as classifiers of patient outcome and its epigenetic regulation, the cellular mechanism 

by which S100A10 protein, as a plasminogen receptor, may contribute to the underlying 

pathology of PDAC remains elusive. Our laboratory has extensively studied the functional 

plasminogen-activating aspect of S100A10 [234][235][238][259][237][233][241]. 

However, whether S100A10, plays a role at the surface of pancreatic cancer cells has never 

been addressed. The depletion of S100A10 using short-hairpin sequences (shRNA) (figure 

61a) in Panc-1 cells resulted in a 50% reduction of plasminogen activation (figure 61b, 

61c). ɛ-aminocaproic acid (ACA) is a lysine analog that prevents plasminogen interaction 

with the carboxyl-terminal lysine of plasminogen receptors and hence is a well-established 

inhibitor of plasminogen activation. The dramatic effect of ACA on plasminogen activation 

indicates that plasminogen activation is primarily driven by plasminogen receptors of 

which S100A10 accounts for 50% of that activation at the surface of Panc-1 cells. 

Aprotinin (Ap) is a serine protease pan-inhibitor, which quenches the generated plasmin 

confirming the ability of these cells to generate plasmin (figure 61c). Subsequent 

assessment of cancer cell invasion using the well-established Boyden chamber method 

(figure 61d) revealed that S100A10 depletion reduced the ability of Panc-1 cells to pass 

through the ECM-dense matrigel even in the presence of exogenous plasminogen (+Pg) 

compared to scramble control cells (figure 61e). These findings inferred the role of 

S100A10 as a recognized plasminogen receptor and a mediator of plasminogen-dependent 

invasiveness of pancreatic cancer cells.  
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Figure 62. S100A10 depletion in Panc-1 cells reduces plasminogen activation and 
cellular invasiveness in vitro. (a) Western blot analysis of scramble control and S100A10-
depleted (S100A10 shRNA1) Panc-1 cells. (b) Schematic representation of the 
plasminogen assay; cells were incubated with 0.5µM plasminogen and plasmin activity 
was measured as the absorbance of the chromogenic plasmin substrate (S2251) at a 
wavelength of 405nm. (c) 5x103 cells of scramble control and S100A10 shRNA1 Panc-1 
cells were seeded into 96-well plates. Plasminogen activation (per 1x105 cells) was then 
calculated under the following conditions: no plasminogen, with plasminogen, with the 
lysine analog ɛ-aminocaproic acid (ACA, 100mM) and the serine protease Aprotinin (Ap 
2.2µM). (d) Schematic representation of the matrigel boyden chamber used for the invasion 
assay. The assay assesses the ability of cells to invade through a Matrigel barrier (substitute 
for ECM) in response to a chemoattractant (10% FBS). (e) Invasion assay of scramble 
control and S100A10 shRNA 1 Panc-1 cells in the presence/absence of Pg. The results are 
represented as the number of invading cells per one field of view at 20X magnification.   
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7.9 S100A10 expression is regulated by oncogenic KRASG12D in pancreatic cancer 

cells. 

KRAS mutations are ubiquitous in PDAC with over 95% penetrance [461]. The 

mutation is the earliest genetic alteration and is found as early as low-grade PanIN-A 

lesions [479]. We have previously demonstrated that RAS proteins, particularly HRAS, 

upregulate S100A10 expression in HEK293 cells [233]. Considering the direct 

involvement of oncogenic KRAS activity in PDAC pathobiology and the role of S100A10 

in cellular proteolytic activity and invasiveness, we examined whether S100A10 is 

regulated via KRAS signaling. To address this issue, we utilized three cell lines 

representing three forms of KRAS expression, Bx-PC3 (Wild type-KRAS), Panc-1 (mutant 

KRAS, KRASG12D) and iKRAS (inducible KRASG12D). Treating BxPC-3 and Panc-1 cells 

with the farnesyltransferase inhibitor tipifarnib (Zarnestra) decreased S100A10 protein 

expression in the mutant-KRAS cell line Panc-1 (figure 62a, 62b) but not in the wild type-

KRAS cell line BxPC3 (figure 62c, 63d). Only Panc-1 cells responded to the inhibition 

which is consistent with the fact that active RAS (RAS-GTP) was only expressed in Panc-

1 and not in Bx-PC3 cells. Similarly, ectopic expression of oncogenic KRASG12D in KRAS-

wildtype Bx-PC3 (figure 62e) and HEK293 (figure 62f) cells also upregulated S100A10 

protein expression. The iKRAS mouse cell line possesses a doxycycline-inducible 

KRASG12D construct (figure 63a). Addition of 1 µg/ml of doxycycline induced KRAS 

expression and a concomitant  two-fold increase in S100A10 protein expression which was 

inhibited by Zarnestra (figure 63b, 63c). KRAS induction dramatically increased 

plasminogen activation which was concomitant with S100A10 upregulation while 

Zarnestra treatment abolished this activation (figure 63d). Considering the regulation of 
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S100A10 by methylation, we treated non-induced and induced cells with decitabine. 

Results revealed a potentially independent effect of KRAS induction and promoter 

demethylation since the increase in S100A10 was higher in the presence of doxycycline 

and decitabine compared to either alone (figure 63e). These results indicated that oncogenic 

KRAS regulates S100A10 which in turn drives the activation of plasminogen. 
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Figure 63. S100A10 expression is regulated by oncogenic KRASG12D in pancreatic 
cancer cells. Western blot analysis of S100A10, active RAS, and β-actin in Panc-1 (a) and 
BxPC-3 (c) treated with 10 M of the farnesyltransferase inhibitor Zarnestra for 48 hours. 
A Raf-pulldown was performed to measure RAS activity. Quantification of S100A10 
protein expression normalized to β-actin in DMSO- and Zarnestra-treated Panc-1 (b) and 
BxPC-3 (d). Western blot analysis of S100A10 protein in BxPC-3 (e) and HEK293 (f) cells 
which were transfected with the pBabe Control and pBabe KRASG12D vectors.  
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Figure 64. Inducible expression of KRASG12D upregulates S100A10 protein expression 
and plasminogen activation. (a) Genomic construct setup of the mouse iKRAS pancreatic 
cancer cells. rtTA is a reverse tetracycline trans-activator and is required for doxycycline-
inducible expression of KRASG12D. Western blot analysis (b) and quantification (c) of 
S100A10 protein in iKRAS cells in the absence (-Doxy) or presence (+Doxy) of 1µg/ml 
doxycycline and Zarnestra (10µM) for 4 days. (d) Plasminogen activation assay of IKRAS 
cells treated with Doxycycline and Zarnestra). (e) Western blot analysis of iKRAS cells 
treated with Doxycycline in the presence/absence of 10 M decitabine for 72 hours. 
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7.10 S100A10 is important for growth of pancreatic tumors. 

To address whether S100A10 is implicated in in vivo PDAC tumorigenesis, we 

utilized a well-established intra-peritoneal model of PDAC. It has been demonstrated by 

Schwarz et al. that the intraperitoneal injection of Panc-1 cells into NOD/SCID (immune-

deficient) mice results in spontaneous homing of the Panc-1 cells to the pancreas. This 

quasi-orthotopic tumor development model shares many characteristics with human PDAC 

[648]. After 12 weeks post intraperitoneal injection, juxta-pancreatic tumors were extracted 

and weighed. Results showed that tumors formed by S100A10-depleted Panc-1 cells 

(0.4913g, C.I. 0.3595g-0.6230g, n = 12) were 2.24-fold smaller than tumors formed by 

scramble control cells (0.2188g, C.I. 0.1644g-0.2731g, n = 12) (figure 64a, 64b). In an 

attempt to understand the differences in tumor size, we examined the expression of several 

genes involved in apoptosis (BAD, BAX and PUMA), cell proliferation (CCND1), 

metastasis (MMP9, CDH1, CDH2 and VIM) and angiogenesis (VEGF) using RT-qPCR 

(supplemental figure 21). The results showed that mRNA levels of cyclin D1 (CCND1) 

(0.7219 +/- 0.08553, n=12) and VEGF (0.5118 +/- 0.1614, n=12) were significantly lower 

in S100A10-shRNA 1 tumors compared to Cyclin D1 (1.492 +/- 0.07961, n=14) and VEGF 

(1.608 +/- 0.2094, n=14) in scramble control tumors (figures 64c and 64d respectively). 

The downregulation of cyclin D1 and VEGF was also confirmed at the protein level (figure 

64e, 64f respectively). 
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Figure 65. S100A10 knockdown in Panc-1 cells reduces primary tumor size in vivo. 
5x106 Panc-1 cells scramble control and S100A10 shRNA 1 Panc-1 cells were injected 
intra-peritoneally into 24 NOD/SCID mice (12 mice each group). (a) Representative image 
of extracted tumors from the scramble control and S100A10 shRNA groups (5 mice each). 
(b) 12 tumors from each group were collected and their weights were compared. RT-qPCR 
(c, d) and western blots (e, f) of Cyclin D1 (c, e) and VEGF (d, f).  
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CHAPTER 8: DISCUSSION of chapter 7 

8.1 Discussion 

Cancer advancement into metastasis is increasingly being attributed to aberrant 

expression of surface proteins that drive cancer invasion [649]. These proteins are typically 

overexpressed by tumors and offer a unique opportunity for marker identification and 

potential therapeutic targeting. During the early days of DNA microarrays, Iacobuzio-

Donahue et al. identified the gene encoding the plasminogen receptor S100A10 as one of 

the top upregulated genes in pancreatic tumors and cell lines compared to their normal 

counterparts [650]. Many later studies aimed to further analyze differential gene expression 

using DNA microarrays and more recently RNA-Seq 

[546][547][544][540][650][543][651]. We analyzed these studies and demonstrated that 

S100A10 mRNA is highly expressed in pancreatic tumors and cell lines (figure 53) and is 

upregulated in virtually all pancreatic tumor tissues compared to matched and unmatched 

normal tissues (figure 54, supplemental figure 11). The question whether S100A10 protein 

was also upregulated was first addressed by a study by Sitek et al. which utilized mass 

spectrometry to identify 31 proteins (includes S100A10) that were overexpressed in 

pancreatic tumors [652]. We herein performed an extensive automated quantification 

method of stained tissue microarrays (TMAs) from 88 PDAC patients. The expression of 

S100A10 was found to be markedly low in pancreatic non-ductal stroma and normal tissue 

with no significant difference whether the normal ducts or non-ductal stroma were adjacent 

to PanINs or PDAC. There was however a significant but modest increase in expression in 

PanINs compared to normal ducts which was then exacerbated when these tumors 
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developed into PDAC (figure 55). This presents the possibility that S100A10 upregulation 

by pancreatic tumors is a late event that appears to be unique to PDAC.  

In addition to assessing S100A10 expression in pancreatic tissues, we addressed 

the novel predictive value of S100A10 in PDAC. S100A10 mRNA expression and 

methylation status were found to be predictive of long-term overall survival and 

recurrence-free survival in multiple patient cohorts (TCGA, ICGC, Moffit et al. cohort and 

Chen et al. cohort). We have developed a reliable ternary classification method through 

which we identified a low risk group of patients with very low S100A10 mRNA levels or 

high S100A10 methylation score. These patients had significantly longer survival and a 

lower probability of their cancers recurring. These results delineated, for the first time, the 

predictive role of S100A10 in PDAC. These finding are supported by other studies that 

addressed the predictive potential of S100A10 in various cancer models. Shang et al. 

revealed a correlation between positive S100A10 protein expression and poor tumor 

differentiation, disease stage and poor overall survival in colorectal cancer patients [653]. 

Li et al. demonstrated that, although S100A10 expression did not correlate with long term 

survival in gastric cancer patients, it did however correlate with lymph node positivity 

[654] which is consistent with our multi-model fitting of OS and RFS (supplemental table 

19). Domoto et al. showed that S100A10 is an independent marker of survival in renal cell 

carcinoma while showing no correlation to tumor grade or stage of renal cell carcinoma 

patients [655]. High S100A10 mRNA and protein expression also predicted poorer overall 

survival in serous ovarian carcinoma [656]. These studies establish S100A10 as a robust 

pan-cancer biomarker of patient survivability and tumor progression. 
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The clinical significance of S100A10 in PDAC patients can be partly explained by 

its plasminogen-dependent role in in vitro cancer cell proteolytic activity and invasiveness. 

As mentioned, plasminogen receptors are essential for the binding and the subsequent 

activation of the pro-protease plasminogen into the active protease plasmin 

[657][658][659][199]. Treatment with the lysine analog ε-aminocaproic acid, which 

competes with plasminogen for receptor binding, completely abrogated plasminogen 

activation in Panc-1 cells (figure 62c). Consistent with its well-established role as a 

receptor for plasminogen, S100A10 depletion reduced plasminogen activation which led 

to significant decrease in invasion of Panc-1 cells (figure 62e) (figure 66). Noteworthy, the 

significant reduction in invasion upon S100A10 depletion in the absence of plasminogen 

(-Pg) could be attributed to the plasminogen present in serum [660]. This highlights the 

importance of plasminogen receptors, in general, in activating plasminogen in the presence 

of endogenous levels of plasminogen activators.   

Oncogenic KRAS is a known driver of PDAC tumorigenesis which is attributed to 

a constitutively active form unable to hydrolyze GTP [661] (figure 16, figure 17). Studies 

in the early 1990s demonstrated that KRAS increased levels of total [662] and receptor-

bound tPA and uPA [663] delineating the potential implication of the plasminogen 

activation system in KRAS-mediated oncogenesis. Whether possible aberrant regulation 

of plasminogen receptors is implicated in PDAC has never been addressed. We 

demonstrated that S100A10 protein expression was driven by oncogenic KRASG12D 

contributing to the enhancement of plasminogen activation in pancreatic cancer cells 

(figures 63, figure 64, figure 66). This is supported by our recent findings which showed 

that S100A10 is driven by the RAS family of proteins in HEK293 cells via the RalGDS 
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signaling arm. S100A10 enhanced Ras-mediated plasminogen activation and was 

important for plasminogen-dependent Ras-induced invasion of HEK293 cells [664]. 

Notably, the ACA treatment of iKRAS cells abolished plasminogen activation in induced 

and non-induced cells. Since ACA blocks the interaction of plasminogen with plasminogen 

receptors but does not block the direct interaction of plasminogen with uPA or tPA, it is 

likely that the interaction of plasminogen with plasminogen receptors is the rate-limiting 

step in plasminogen activation by pancreatic cells. Furthermore, since uPA and tPA alone 

have a limited capacity to activate plasminogen in absence of a plasminogen receptor in 

cell-free in vitro conditions, it is likely that the oncogenic activation of plasminogen 

receptors is also the rate-limiting step in plasminogen activation and plasminogen-

mediated invasion [195]. In addition, we have previously demonstrated that S100A10 

colocalized with uPAR at the cell surface of HT1080 fibrosarcoma [234] and colo222 [235] 

colorectal cancer cells to drive plasminogen activation. S100A10 is also capable of 

protecting plasmin from inactivation by α2-antiplasmin [665][666][667]. Collectively, 

these studies strongly indicate that S100A10 is a central player in facilitating uPA-mediated 

cleavage of plasminogen in KRAS-transformed cancer cells. 

Epigenetic modulation of S100A10 gene expression adds a layer of complexity to 

its regulation by KRAS (figure 66). We have demonstrated that methylation of the ~400bp 

promoter region of S100A10 modulates its expression. Previous reports examining the 

1q21 S100 genes revealed that regions upstream of the proximal 400 bp region were 

differentially methylated. The -600 to -745 region and -400 to -652 region were both found 

to be hyper-methylated in human pituitary tumors [668] and in medulloblastoma [669]. It 

should be noted that although the transcription start site of exon 1 of S100A10 appears to 
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be essential for gene regulation, the 97-amino acid protein constitutes only exons 2 and 3. 

CpG islands often occur within gene promoters and their methylation is linked to 

modulation of transcription. A potential CpG island spans the proximal promoter region, 

the untranslated region of exon 1 and part of intron 1 [670]. This CpG island matches the 

stringent measures defined by Takai and Jones which necessitates that a region is 

considered a CpG island if it is longer than 500bp with a G+C content equal to or greater 

than 55% and observed/expected CpG ratio is 0.65 or higher [671] (supplemental figure 

20c). The cg13249591 probe maps to the 5’ region of this CpG island while the 

cg13445177 maps to its south shore. The cg13249591 contains two CpG sites whose 

methylation status was predictive of PDAC patient OS and RFS and was significantly-

demethylated in all three cell lines in response to decitabine. 

Considering the role of S100A10 in pancreatic cancer cell invasion in vitro, we 

addressed the role of S100A10 during in vivo tumorigenesis. The growth of Panc-1 tumors 

in immunocompromised NOD/SCID mice was hindered upon depletion of S100A10 

compared to the scramble control (figure 64a, 64b). This indicates that S100A10 depletion 

in these cells is sufficient to reduce tumor growth in the absence of tumor-promoting 

immune cells. It should be noted that S100A10-depleted Panc-1 cells have similar 

proliferation rates in vitro (supplemental figure 22) which suggests that the in vivo effects 

are likely mediated by the micro-environmental interactions with tumor cells. Our previous 

findings show that LLC (Lewis Lung Carcinoma) cells yield dramatically smaller tumors 

in S100A10-null mice compared to wild-type mice and that both tumoral 

microenvironment and tumor-associated macrophages were essential for sustaining tumor 

growth [238]. These results indicate that both tumor cell and stromal cell S100A10 are both 
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implicated in tumorigenesis. It remains unclear whether the reduced tumor growth is due 

to the plasminogen-dependent function of S100A10 or a novel intracellular function related 

to apoptosis or proliferation. The latter is supported by evidence showing significant 

reduction in expression of VEGF and Cyclin D1 (figure 64e, 64f). Shan et al. recently 

demonstrated that miR-590-5P directly binds 3’ UTR of S100A10 to inhibit its expression 

which was associated with downregulation of cyclin D1 in HepG2 hepatocellular 

carcinoma cells [672]. In addition, Phipps et al. presented that S100A10 deficient mice 

form a poorly vascularized environment for wild-type S100A10 LLC cells based on CD31 

staining [238]. It is hence possible that tumor cell VEGF is required for adequate 

angiogenesis to occur. Collectively, these studies and our findings indicate that S100A10 

potentially contributes to tumor cell proliferation via sustenance of cyclin D1 levels and to 

angiogenesis by maintaining VEGF production to ensure blood vessel development. 
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Figure 66. Schematic representation of KRASG12D- and methylation-mediated 
regulation of S100A10-dependent plasminogen activation. Both oncogenic KRAS and 
DNA demethylation induced S100A10 upregulation which in turn contributed to increased 
plasminogen activation and plasminogen-dependent invasion. A heterotetrameric complex 
is formed of two annexin A2 subunits and 2 subunits of S100A10 (dimer). KRAS is also 
capable of upregulating uPA and uPAR whose localization is induced by S100A10 binding 
to plasminogen. The latter is activated into plasmin which cleaves extracellular matrix 
(ECM) proteins and destabilizes its structure allowing pancreatic cancer cell advancement.  
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8.2 Study limitations and future directions 

8.2.1 S100A10 as a PDAC biomarker and its level-of-evidence 

The majority of PDAC patients (92%) are diagnosed with locally advanced or 

metastatic disease [464]. At that point, surgery is rarely curable and often not recommended 

to avoid post-operative complications. Patients eligible for surgical resection will receive 

adjuvant chemotherapy with or without radiation which results in a 15-30% chance of 

surviving to five years [466][673]. The development of clinical tools for early detection 

and risk prediction is key for improving patient outcome and quality of life. Biomarker 

discovery represents a direct translational path to clinical applications.  

S100A10 expression has been linked to prediction of patient outcome in PDAC 

(figure 56, figure 57), non-small cell lung adenocarcinoma (figure 48) [674], renal cell 

carcinoma [655], colorectal cancer [653] and ovarian cancer [637], [656]. The above 

studies and the proposed dissertation are retrospective studies that examined the prognostic 

value of S100A10 in archived samples. The next logical step is further validate S100A10 

mRNA levels in other retrospective cohorts and establish a method of measurement (e.g. 

RT-qPCR-based test on biopsies) and the adequate cut-offs for identifying the low, 

intermediate and high risk groups. Once established, the proposed test must be assessed in 

prospective samples in a randomized clinical trial where pre-established guidelines are in 

place. This will achieve a level-of-evidence 1 which requires multiple retrospective studies 

and at least one prospective trial testing the biomarker performance of S100A10. PAI-1 

and uPA have achieved level-of-evidence 1 as biomarkers in lymph node negative breast 

cancer patients [631].  
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8.2.2 Is S100A10 protein expression predictive in the TCGA PDAC patients? 

The promising results of S100A10 mRNA correlation with outcome of PDAC 

patients in the TCGA provisional dataset have promoted us to examine whether S100A10 

protein levels can also predict patient survivability. To answer this question, we performed 

correlation analyses between S100A10 protein expression (as quantified by ImageJ) and 

OS of the CDHA cohort.  

Since all PDAC regions scored as positive/strong, a new score-based dichotomous 

approach was needed. As a result, a H-score of 200 was used to distinguish a low positive 

group (n=30) and a high-positive group (n=58). Kaplan Meier analysis of long-term OS 

showed no correlation with S100A10 protein expression in PDAC lesions (supplementary 

figure 23a). A H-score of 100 was used to stratify expression in PanINs (weak/negative vs. 

strong positive). Similarly, there was no correlation between S100A10 protein expression 

in PanINs and OS in the CDHA cohort (supplementary figure 23b). No correlations were 

found between OS and S100A10 protein expression in the PDAC stroma, PanIN stroma, 

normal adjacent to PDAC or normal adjacent to PanIN (data not shown). However, we also 

assessed short-term survival of the same cohort based on the above cut-offs. S100A10 

protein expression in both PanINs and PDAC lesions correlated with one-year OS but not 

three- or five-year OS. The chance of being alive after one year after diagnosis was higher 

in low-positive PDAC lesions (70%) and negative/weak PanINs (73.68%) compared to 

high-positive PDAC lesions (46.55%) and positive/strong precancerous lesions (55.26%) 

(figure 6c, 6d) (supplementary figure 23c, 23d). The ability of S100A10 expression to 

predict three- and five-year OS was modest.  
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At first glance, these results suggested that S100A10 protein was not predictive of 

OS. However, the clinical data from this cohort raised some concerns. First, the survival 

curve of this cohort is very steep which makes it difficult for any biomarker to identify 

low- and high-risk groups with substantial survival advantage. Second, we also performed 

univariate survival analysis on the remaining clinical co-variates. Only two covariates 

showed correlation with OS: margin involvement (HR=1.659, C.I. 1.132 to 2.709, p-

value=0.0146) and poor differentiation (HR=6.343, C.I. 2.234 to 9.580, p-value<0.0001) 

both of which were not available in the TCGA cohort. Third, lymph node involvement, 

which was predictive of OS in the TCGA cohort, was not predictive of OS in the CDHA 

cohort (HR=0.8266, C.I. 0.5149to 1.300, p-value=0.3991) (data not shown). 

8.2.3 S100A10’s role in metastasis 

Our in vivo experimentation was limited to intra-peritoneal injection of Panc-1 cells 

as means to measure primary tumor growth. Whether S100A10 plays a role in metastasis 

is yet to be deciphered. In that context, Scramble control and S100A10 shRNA 1 cells are 

to be injected into the tail vein of NOD-SCID mice. Liver, lungs and spleen will be 

collected at 12 weeks post injection, fixed with 10% formalin and embedded in paraffin. 

The results are expected beyond the time frame available for the completion of the 

dissertation.  

8.2.4 Transgenic PDAC model 

Orthotopic mouse models described above have clear disadvantages in 

recapitulating human PDAC. These disadvantages include the inability to study the impact 
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of tumor microenvironment and immune surveillance in a context where S100A10 is 

depleted in either tumor cells and/or stromal cells. For that purpose and to bypass such 

limitations, we have acquired a spontaneous PDAC model that was dubbed iKRAS. The 

iKRAS mice are transgenic mice that exhibits pancreas-specific and Doxycycline-

inducible expression of KRASG12D and conditional TP53 null alleles [675]. This model is 

the gold standard murine model for human pancreatic cancer; it utilizes doxycycline to 

induce PDAC in mice with high frequency. iKRAS mice have been crossed with S100A10 

-/- mice in attempt to derive the desired iKRAS S100A10 -/- mice. These mice will 

ultimately permit studying the effect of S100A10 depletion on tumor growth, metastasis as 

well as on immune and stromal cell profiles within the tumor microenvironment.  
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CHAPTER 9: SUMMARIES  

9.1 Chapter 3 summary  

1. Various models of epithelial-like and mesenchymal-like cells were established in 

2D cultures to study plasminogen activation in vitro. 

2. S100A10 mRNA and protein expression is regulated by SMAD4-mediated TGFβ1 

signaling in A549 cells. 

3. S100A10 is a TGFβ1-responsive gene and not an EMT gene. 

4. PI3kinase signaling represses S100A10 expression via FOXC2. 

5. S100A10 serves as a plasminogen receptor at the surface of A549 cells. 

6. Mesenchymal cells downregulate S100A10 surface expression and demonstrate a 

low capacity to activate plasminogen. 

7. S100A10 and uPAR-mediated plasminogen activation is potentially masked by 

marked PAI-1 upregulation. 

9.2 Chapter 5 summary  

1. A multi-step strategy was developed to study PA genes in NSCLC 

2. Cluster 3 PA genes are predictive of overall survival in adenocarcinoma patients 

and not squamous cell carcinoma patients.  

3. A four-gene signature (S100A10, ANXA2, PLAUR and PLAU) is a strong predictor 

of adenocarcinoma patient overall survival 

4. S100A10, ANXA2 and PLAUR are predictive of chemotherapeutic response in 

adenocarcinoma patients 
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5. S100A10 is upregulated by various chemotherapeutic agents and may contribute to 

cisplatin resistance. 

9.3 Chapter 7 summary 

1. S100A10 mRNA is highly expressed in pancreatic tumors and cell lines. 

2. S100A10 is highly expressed in pancreatic tumors compared to adjacent non-ductal 

stroma and normal ducts. 

3. S100A10 mRNA expression and copy number are predictive of overall and 

recurrence-free survival in PDAC patients. 

4. S100A10 mRNA and lymph node positivity are linked predictors of overall and 

recurrence-free survival.  

5. S100A10 methylation status is predictive of overall and recurrence-free survival in 

PDAC patients.  

6. S100A10 expression is regulated by methylation at several CpG sites. 

7. S100A10 acts as a plasminogen receptor at the surface of pancreatic cancer cells 

and contributes to cancer cell invasion in vitro. 

8. S100A10 expression is regulated by oncogenic KRASG12D in pancreatic cancer 

cells. 

9. S100A10 is important for growth of pancreatic tumors. 

 

  



  343 

CHAPTER 10: Conclusions 

10.1 S100A10: one of the best studied plasminogen receptors in cancer. 

This work further establishes S100A10 as a plasminogen receptor and a bona fide 

contributor to tumorigenesis. A summary of this work and previous literature indicates that 

S100A10 responds to various stimuli: oncogene activation (e.g. HRAS, KRAS, PML-

RARα), growth factors (e.g. TGFβ1, TGFα [676], FGF-1, EGF[677], BDNF[678]), 

interferons (e.g. IFN-γ [679]), synthetic compounds (e.g. cisplatin, paclitaxel, 

dexamethasone), transcription factors (e.g. SMAD4, FOXC2) and other signaling 

molecules (e.g. thrombin[680], retinoic acid[681]). The diversity of these stimuli renders 

S100A10 as a highly inducible gene through which it serves both known and potentially 

novel functions. Functions of S100A10 beyond binding plasminogen are under current 

investigation in the Waisman laboratory. This will be an arduous task for two reasons. First, 

the intrinsic plasticity of S100 proteins to bind various interactors (addressed in 1.6.7) 

renders deciphering a new intracellular function difficult. In fact, attempts to detect these 

interactors in the cancer models described above were unsuccessful (e.g. serotonin receptor 

expression in PDAC upon S100A10 depletion, data not shown). Second, the S100A10 

promoter contains consensus sequences for de novo DNA binding proteins (e.g. AP-1, SP-

1, SP-2, ATF and NFkB) [233] delineating both complexity and promiscuity of expression. 

This is further supported by its relatively ubiquitous expression in most cells and tissues. 

This work offers new insights into potential intracellular function/s of S100A10 that might 

involve drug resistance possibly through its contribution to the autophagic response via 

interaction with ULK1 [264]. 
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10.2 S100A10 mRNA vs. protein.  

A strength of this work is the that both mRNA and protein changes in S100A10 

were addressed as means to understand the biological and contextual implications of these 

changes. However, the relationship between said metrics was not directly addressed. This 

is partly due to the fact that the both mRNA and protein levels were concomitantly altered. 

Indeed, the dynamics of S100A10 mRNA and protein expression are of complex nature. 

For instance, S100A10 protein expression is highly dependent on annexin A2 (section 

1.6.6.1); hence any alterations in annexin A2 may affect S100A10 protein expression [248]. 

In contrast, any potential effects on S100A10 protein may not manifest if insufficient 

amounts of annexinA2 are present in the cell.  In addition, the lack of concordance between 

the predictive value of S100A10 mRNA and protein could be explained by the fact that 

changes in mRNA expression does not always result in corresponding changes in protein 

expression. Kosti et al. described a modest correlation between mRNA and protein levels 

in normal pancreatic tissue (spearman correlation factor r=0.360) which was noticeably 

higher than that seen in the TCGA PDAC cohort (r=0.095) [682].  

10.3 Plasminogen activation genes as clinical markers. 

The dissertation represents the first attempt to utilize hierarchical clustering of 

genes involved in protease networks to identify differentially-expressed genes and derive 

a gene signature using a systematic top-down strategy. This strategy is unique as it 

incorporated key genes that are potentially involved in proteolytic networks and was not 

limited to genes with known functions. The reemergence of the PLAUR-PLAU-ANXA2-

S100A10 signature was partly serendipitous since these four genes were found to be highly 
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co-expressed. However, such association is not surprising because the four proteins are 

directly involved in the binding and activation of plasminogen. It is plausible that the co-

expression of these genes is an evolutionarily conserved process that serves to form a hub 

where plasminogen is promptly activated.  

10.4 Uncoupling S100A10 from EMT. 

A major component of this dissertation was the realization that S100A10 was a 

TGFβ1 responsive gene and not an EMT gene. Such observation expands beyond S100A10 

and is highly relevant when it comes to complex processes (e.g. apoptosis, proliferation 

etc.) that involve various interconnected signaling pathway. It is crucial to discern between 

the “responsiveness of a gene” and the “requirement of a gene” for a specific pathway. In 

this case, S100A10 was responsive to TGFβ1 but was not required for TGFβ1 signaling 

(S100A10 knockdown did not affect EMT, data not shown). In contrast, S100A10 

knockdown resulted in increased apoptosis in A549 cells only when treated with the 

chemotherapeutic agent cisplatin but was also responsive to cisplatin treatment. Here, 

S100A10 is both a cisplatin-responsive gene and a gene important for cisplatin resistance.  

10.5 There is a need to study both total and localized expression of any protein. 

Another relevant observation in this dissertation was that of S100A10’s expression 

and localization. The modulation of S100A10 was an example where examining both the 

total and localized expression is essential to make conclusions on the functionality of a 

protein and more importantly the impact it has on a particular phenotype (plasminogen 

activation during EMT in this case). We showed that although S100A10 total levels were 
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higher in TGFβ1-treated A549 cells, its surface expression was drastically lower than that 

in vehicle-treated cells. This had major translatable implications on plasminogen activation 

since S100A10 is a well-established plasminogen receptor. Furthermore, the amount of 

S100A10 on the cell surface will likely dictate the extent of the loss in plasminogen 

activation when S100A10 is depleted. This is a realization that is often under-studied when 

comparing various cell lines. 

10.6 Culture methods “matter”. 

As demonstrated in this work, the culture condition of A549 and BEAS-2B cells 

greatly affected their E/M statuses (figure 20). The ramification of such observation 

expands beyond the effect on plasminogen activation into other areas of research where the 

E/M state of a cell can alter the experimental outcome. More specifically, the presence of 

serum appears to promote a mesenchymal-like phenotype that can be more resistant to 

otherwise cytotoxic doses of a chemotherapeutic agent thus promoting drug resistance 

[683].   

10.7 Mesenchymal cells have a limited capacity to activate plasminogen in 2D 

cultures. 

This dissertation utilized a new approach to study the capacity of epithelial and 

mesenchymal cancer cells to activate plasminogen in 2D cultures. Although different 

components of the plasminogen activation system (e.g. PAI-1[684], uPAR[685]) were 

previously shown to be altered under EMT-inducing conditions, the consequential effect 

on plasminogen activation was never addressed. Here, the role of S100A10, PLAUR and 
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PAI-1 was studied in terms of driving the activation of plasminogen at the cell surface. In 

addition, this is the first time where the impact of these proteins on plasminogen activation 

in epithelial vs. mesenchymal context has been addressed. The novelty of the S100A10 

observation promoted further investigation into the downstream signaling pathways by 

which TGFβ1 and other growth factors regulate its expression. An obvious challenge 

emerged from the substantial cross-talk between pathways particularly the canonical smad-

dependent TGFβ1 signaling and PI3K signaling, both of which are known to affect the 

epithelial/mesenchymal characteristics of cells.  

10.8 Plasminogen activation in 2D in vitro cultures and EMT-dependent invasion and 

metastasis in vivo: A bit of a stretch? 

The initial working hypothesis was that mesenchymal cells will have enhanced 

capabilities to activate plasminogen based on 1) the role of EMT in cancer cell metastasis, 

2) role of plasmin in invasion and 3) the previous involvement of proteins (e.g. S100A10, 

PLAUR) in tumor growth and metastasis. Such a linear result would have rendered our 

conclusions more streamlined and some extrapolations (although not demonstrated) can be 

made regarding the potential effect of enhanced plasminogen activation on in vivo 

tumorigenesis. To our surprise, mesenchymal cells did not have the postulated effect on 

plasminogen activation. Hence, any remarks regarding potential in vivo implications were 

not made particularly since 2D culture systems were utilized which do not mimic the 3D 

microenvironment in vivo. The above argument becomes more complex in light of recent 

publications showing that EMT is not a prerequisite for invasion and metastasis (discussed 

later in 10.10 and 10.11) [686][687]. 
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10.9 A true MET model 

The proposed experiment considered the TGFβ1 treatment of A549 cells as a well-

established model of EMT. While that is true, there are no MET models where an 

epithelial-like cell is induced without the direct inhibition of smad-dependent TGFβ1 

signaling. While the FGF/H model activated an epithelial-like phenotype in A549 cells 

through the activation of PI3K and MAPK/Erk pathways, these pathways are also known 

to inhibit smad signaling. Shimbori et al. demonstrated that FGF-1 reduces 

phosphorylation of smad2 to attenuate TGFβ1-induced EMT [688]. For that reason, we 

refrained from using the term MET and resorted to using “epithelial-like” and 

“mesenchymal-like”. It would however be advantageous to develop a model where MET 

can be induced independently from smad signaling. 

10.10 Context dependency and EMT dispensability  

The role of EMT in cancer metastasis remains a contentious topic. Various studies 

have reported that the activation of the development program driven by EMT plays a 

fundamental role in cancer cell dissemination and metastasis [562]. However, numerous 

reports have addressed that EMT is dispensable for dissemination and metastasis in 

spontaneous transgenic mouse models of cancer. Instead, a role of EMT in promoting 

chemo-resistance in vivo emerged in models of breast cancer [686] and pancreatic cancer 

[687] in two seminal articles by Fischer et al. and Zheng et al. respectively. The Zheng et 

al study utilized transgenic mice where Snail or Twist1 were genetically deleted. This 

resulted in a claimed reduction in EMT as evident by the decreased expression of the 

mesenchymal marker α-SMA. A lineage tracing model which tracks the E/M state of cells 
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was used in vivo to demonstrate that only epithelial cells which never underwent EMT, 

were responsible for PDAC metastatic growth and repopulation. This effect was not 

affected by Snail and Twist1 deletion [687]. Similarly, Fischer et al utilized a Cre 

recombinase-based lineage tracing model where the expression of the EMT markers FSP-

1 or vimentin will induce RFP expression, indicating the occurrence of EMT. Similar to 

the Zheng et al. study, no EMT was observed since no RFP cells were detected in the lungs 

indicating that epithelial cells in the primary tumor never underwent EMT prior to 

metastasizing to the lungs [686].  

Although these studies do not necessarily nullify the previous findings accumulated 

over the past two decades, they do bring into attention that the context or model is 

potentially more relevant in determining the role of EMT than EMT itself. Neito et al. 

recently addressed the context-dependency issue and suggested that EMT-independent 

events such as the role of fibroblasts in pulling cancer cells out of the primary tumors 

contributes to cancer cell dissemination. The fibroblast effect is dependent on both E- and 

N-cadherin expression [689]. 

10.11 The backlash to EMT dispensability 

The dispensable nature of EMT in the breast and pancreatic cancer models was 

recently challenged by two concurrent reviews [690][691] which addressed the 

methodology and conclusions in the previous Zheng et al and Fischer et al studies. Aiello 

et al questioned the usage of α-SMA as a bona fide EMT marker. In fact, Aiello’s response 

demonstrated that α-SMA is not a reliable EMT marker as its expression was rarely induced 

in the same transgenic PDAC model. In addition, Snail or Twist1 genetic deletion is not 
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necessarily sufficient to attenuate EMT. In fact, poorly-differentiated tumor regions (which 

represent EMT) were not affected by Snail or Twist1 depletion suggesting that the 

assumption that EMT was suppressed by the genetic depletion of either of these two factors 

was inaccurate. Instead, Aiello suggested that the occurrence of EMT was in fact still 

plausible independently of the absence of these transcription factors [690]. Xe et al raised 

similar concerns regarding the use of FSP1 and vimentin as “gate-keeping” EMT markers. 

Although FSP-1 is required for EMT activation in vitro in renal proximal tubular epithelial 

cells [692], Xu et al eluded to the fact that extending that assertion to malignant mammary 

epithelial cells was largely inaccurate. FSP-1 knockout mice undergo normal 

embryogenesis and are viable and fertile which undermines the necessity of FSP-1 for 

EMT. Vimentin was also found to be expressed in tumor-associated fibroblasts which were 

still epithelial as indicated by the absence of vimentin-induced RFP-positive cells [691]. 

At the date of publication of this dissertation, the controversial role of EMT in metastasis 

has not been solved and additonal in vivo models of EMT are still requried to discern 

methodoligacal inconsisencies from biolgocial differences. Once resovled, the in vivo role 

of palsminogen activation genes can then be addressed.  
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10.12 Plasminogen activation and cancer: A “revived” association 

The golden era of studying plasminogen activation in cancer is often attributed to 

the 1980s. A fundamental goal of this dissertation was an attempt to revive the golden era 

by generating novel associations between plasminogen activation genes and key cancer 

processes (e.g. EMT, KRAS signaling, methylation etc.) especially in the current era of 

“big cancer data”. The dissertation suggested that plasminogen activation is a biologically 

relevant process that must be addressed in future studies of EMT and metastasis.  
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APPENDIX A: SUPPLEMENTAL FIGURES I 

 

 

 

 

 

 

Supplemental Figure - 1. TGFβ1 treatment of A549 cells induces EMT that can be 
reversed by TGFβR1 inhibition. TGFβ1 induces a morphological change in A549 cells 
to become fibroblast-like mesenchymal cells (upper right panel) compared to vehicle-
treated A549 cells (upper left panel). This change can be inhibited by the TGFβR1 inhibitor 
(A83-01) in vehicle-treated and TGFβ1-treated A549 cells. A83-01 generates a epithelial- 
like phenotype that appears to be more epithelial than the vehicle-treated cells.  
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Supplemental Figure - 2.  The effect of TGFβ1 treatment on S100A10 and other 
plasminogen receptors in multiple cancer cell lines. (a) Identification of the least 
variable house-keeping gene based on consistency of expression between untreated and 
treated samples. A value of indicates no change in expression between untreated and treated 
samples. (b) Western blot analysis of S100A10 in A549 cells treated with a increasing 
concentrations of TGFβ1 (0, 1, 5, 10, 20 and 50ng/ml). Western blot analysis of S100A10 
in HMLE (c), Panc 10.05 (d), MCF-7 (e) and BxPC-3 (f) treated with 20ng/ml TGFβ1 for 
8, 3, 4 and 4 consecutive days respectively.  
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Supplemental Figure- 3.  SIS3 treatment of TGFβ1-treated A549 cells abrogates 
S100A10 upregulation. (a) western blot analysis and quantification of S100A10 in A549 
cells which were treated with the Smad3 inhibitor SIS3 (10 M) in the presence or absence 
of TGFβ1. (c) TGFβ1 (20ng/ml) treatment of serum-supplemented BEAS-2B cells for 72 
hours. 
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Supplemental Figure - 4. TGFβ1 suppresses the growth of A549 and HMLE cells in 
vitro. A549 (a) and HMLE (b) cells were counted after 4 days of vehicle or TGFβ1 
treatment using the Trypan blue dye. (c) Western blot analysis and (d) S100A10 protein 
quantification in cells treated with the MEK inhibitor U0126 (and its negative control 
U0124) and PI3K inhibitor LY294002 in the presence or absence of TGFβ1.  
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Supplemental Figure - 5.  LY294002 and rapamycin treatment of TGFβ1-treated 
A549 cells further increase S100A10 expression. (a) western blot analysis of S100A10 
in A549 cells treated with increasing doses of LY294002 (0, 1, 5, 10, 20 and 50 M) in the 
presence of absence of TGFβ1. (b) Western blot analysis of A549 cells treated with DMSO 
or rapamycin (10 M) for 48 hours. (c) Quantification of cell growth in A549 pBabe ctrl 
and pBabe FOXC2 cells treated with TGFβ1 and/or LY294002 after 72 hours (d) western 
blot of PAI-1 in A549 pBabe ctrl and pBabe FOXC2.  
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Supplemental Figure - 6. FOXC2 represses S100A10 expression despite the addition 
of TGFβ1 and LY294002. (a) western blot analysis of S100A10 in A549 cells stably 
transfected with pGIPZ control or pGIPZ shFOXC2. (b) western blot analysis of A549 
cells stably transfected with pBabe control or pBabe FOXC2 treated with LY294002 and 
TGFβ1. 
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Supplemental Figure - 7. Effect of S100A10 siRNA depletion on plasminogen 
activation on the surface of A549 and BEAS-2B cells. Western blot analysis of A549 (a) 
and BEAS-2B (c) cells which were transiently transfected with non-silencing siRNA or 
S100A10 siRNA. Plasminogen activation assay of A549 (b) and BEAS-2B (d) cells 
transfected with non-silencing siRNA and S100A10 siRNA. 
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Supplemental Figure- 8. TGFβ1 treatment and serum supplementation abolishes 
plasminogen activation in A549 and BEAS-2B cells respectively partly due reduced 
cell surface expression of S100A10. Flow cytometry histogram of S100A10 surface 
expression (FL-2) of vehicle-treated (a) and TGFβ1-treated (b) A549 cells and serum-
deprived BEAS-2B (c). Western blot analysis (d) and quantification (e) of S100A10 
expression in biotinylated lysates from vehicle- or TGFβ1-treated A549 cells. (f) 
Plasminogen activation of A549 cells with scramble control or S100A10 shRNA 1 and 
treated with vehicle or TGFβ1. (g) Plasminogen activation of BEAS-2B cells in the 
presence or absence serum (FBS) or a 1:1 ratio of serum-free and serum-supplemented 
media. 
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Supplemental Figure - 9.  The effect of TGFβ1 treatment on S100A10 in NMuMG 
cells. Western blot analysis (a) and quantification (b) of S100A10 in NMuMG treated with 
20ng/ml TGFβ1 for three consecutive days.  
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Supplemental Figure - 10. Schematic representation of the proposed SMAD4 binding 
site with respect to S100A10 gene. The distance between gene and the binding site is 
drawn to scale and the annotations are based on the GRCh37.p13 assembly. 
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APPENDIX B: SUPPLEMENTAL TABLES I 

 

 

 

 

 

Supplemental Table -- 1. Gene expression analysis of 130 components of the 
plasminogen activation system in response to TGFβ1 treatment in A549 cells. These 
components include plasminogen activators (PLAU, PLAT), plasminogen activator 
receptors (PLAUR), plasminogen activator inhibitors (e.g. SERPINE1), plasminogen 
receptors (e.g. ENO1, HMGB1, RUVBL1, S100A10), MMPs, MMP inhibitors (TIMPs) 
and kallikreins (KLKs). The expression data of vehicle-treated and TGFβ1-treated (72-
hour time point) cells was obtained from the gene expression omnibus (GEO; access code 
GSE17708) (Sartor et al. 2010). The expression values were first normalized against the 
expression house-keeping genre EF1A then against a sample with the lowest normalized 
expression value. The cut-off for the adjusted p-value was 0.05. 

  



  373 

 

 



  374 

  



  375 

 

 

 

 

 

 

Supplemental Table -- 2. SMAD4 proposed binding location at the 3’ distal region of 
S100A10. (a) The genome-wide CHIP (chromatin-immunoprecipitation) was performed 
by Kennedy et al to identify Smad4 binding sites in response to TGFB1 treatment. (b) The 
location of the Smad4 peak was determined based on the Kennedy et al annotation as well 
as the GRCh38.p7 and p13 assemblies. 
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APPENDIX C: SUPPLEMENTAL FIGURES II 

NONE 
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APPENDIX D: SUPPLEMENTAL TABLES II 

 

 

 

 

 

 

Supplemental Table -- 3. 26 differentially-expressed PA genes in NSCLC vs. SCLC 
with at least 2-fold difference and a p-value < 0.01. The table shows the absolute t-value, 
degrees of freedom, raw and adjusted p-values, FDR (false-discovery rate) as well as SCLC 
and NSCLC mean z-scores, SD (standard deviation) of these means and fold-change. 
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Supplemental Tables 4 to 11. The genes in each of the ten relevant clusters that are 
differentially-expressed in SCLC and NSCLC. PA genes are highlighted in red. 
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supplemental Table -- 4,   
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Supplemental Table -- 5  
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Supplemental Table -- 6  
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Supplemental Table -- 7  
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Supplemental Table -- 8  
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Supplemental Table -- 9  
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Supplemental table -- 10  
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Supplemental table -- 11  
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Supplemental Tables 12 and 13. Gene ontology (GO) results of biological processes 
(BP) in cluster 3. The table lists the GO term describing the BP involved, the percentage 
of genes present in the cluster and linked to a BP compared to all genes that are linked to 
the same BP, p-value, list of genes and the fold-enrichment of each biological process. 

 



 390 

Supplemental table -- 12  

39
0



 391 

Supplemental figure 12 continued.  
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supplemental table 13 continued. 
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Supplemental Table -- 14. Summary of the eleven patient cohorts used for survival 
analysis. The table lists the total number of patients and the number of adenocarcinoma 
and squamous cell carcinoma in each cohort. The overall survival times were directly 
downloaded from Kmplot.com. 
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Supplemental Table -- 15. Pearson and Spearman correlation coefficients of cluster 
50 PA genes in CCLE NSCLC cell lines and TCGA adenocarcinoma patient cohort. 
(a) Correlation analyses of gene z-scores for CCLE was performed using GraphPad. (b) 
Correlation analyses of TCGA adenocarcinoma provisional cohort (n=517) was performed 
on Cbioportal. The latter also calculates a logs odd ratio. P-values were adjusted to the 
Bonferroni-corrected threshold. Adjusted p-value is p-value/K = 0.005 where K=10 and 
represents the number of comparisons made (10 comparisons). 
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APPENDIX C: SUPPLEMENTAL FIGURES III 

 

 

 

 

 

 

Supplemental Figure - 11. S100A10 mRNA is overexpressed in pancreatic tumors 
compared to normal pancreatic tissue. Gene expression from an additional three 
publically available gene expression datasets from Oncomine (a-c, e) extracted from the 
normalized data on Oncomine. The datasets compare gene expression in normal vs. tumor 
from pancreatic cancer patients. Zheng et al. represents matched samples of pancreatic 
tumors and corresponding adjacent normal tissue. 

  



  399 

 



  400 

 

 

 

 

 

 

 

 

 

Supplemental Figure - 12. Representative images of S100A10 staining in normal 
ducts and cancerous lesions. Images represent three patient samples showing the 
upregulation of S100A10 (IHC) in tumor ducts/lesions compared to normal ducts. Scale 
bars, 100 m. 
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Supplemental Figure - 13. Identification of the three-tier cut-off system of S100A10 
mRNA based on patient frequency. The three cut-off system is based on the median 
expression value (a), optimal expression value (b), or a ternary expression classifier (c). 
Optimal cut-offs were extrapolated from cut off finder (http://molpath.charite.de/cutoff/). 
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Supplemental Figure - 14. Correlation of S100A10 mRNA expression, linear copy 
number and copy number status with overall and recurrence-free survival. Pearson 
correlation analysis of S100A10 mRNA (expression values normalized to average) with 
(a) relative linear copy number and (b) copy number status. Kaplan Meier analysis of 
overall survival of TCGA PDAC patients in relation to S100A10 copy number score based 
on a optimal cut-off of (c) OS and (d) RFS. Kaplan Meier analysis of (e) OS and (f) RFS 
based on copy number status of S100A10. Gain and amplification are based on the 
Cbioportal definition where gain represents a low-level increase in copy number while 
amplification represents a high-level of increase.  
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Supplementary Figure- 15. The β values of probes (CpG sites) that were not 
differentially-methylated and/or did not negatively correlate with S100A10 mRNA 
expression. The β values of each probe (CpG site) were assessed in 85 PDA tumors and 9 
normal tissues. The raw data was extracted from MethHC 
(http://methhc.mbc.nctu.edu.tw/php/index.php) which was described by Huang et al. 
(2015). Nucleic Acids Res. (database issue):D856-61. Raw β values of individual probes 
were extracted from Maplab (http://maplab.imppc.org/wanderer/) (Villanueva et al. 2015). 
Epigenetics Chromatin. 8:22 (eCollection 2015). and plotted against RNASeq (RSEM) 
expression values of S100A10 of matched patients. used to generate correlation graphs of 
β values and S100A10 mRNA expression.    
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Supplemental Figure - 16. Kaplan Meier survival analyses of OS based on β values of 
the remaining four probes in the TCGA PDAC cohort. Kaplan Meier (KM) plots of 
overall survival (n=178) based on β values of the (a) cg20994097, (b) cg26230275, (c) 
cg06698332 and (d) cg18348690. The same three-tier method of classification was used; 
A median cut-off (top), best cut-off (middle), and a ternary cut-off (bottom). Raw β values 
of individual probes were extracted from Maplab Wanderer (Villanueva et al. 2015). 
Epigenetics Chromatin. 8:22 (eCollection 2015) matched with OS of TCGA PDAC 
patients. β values for probes cg20994097 and cg06698332 were available for 85 patients 
only.  
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Supplemental Figure - 17. Kaplan Meier survival analyses of RFS based on β values 
of the remaining four probes in the TCGA PDAC cohort. Kaplan Meier (KM) plots of 
recurrence-free survival (n=138) based on β values of the (a) cg20994097, (b) cg26230275, 
(c) cg06698332 and (d) cg18348690. The same three-tier method of classification was 
used; A median cut-off (top), best cut-off (middle), and a ternary cut-off (bottom). Raw β 
values of individual probes were extracted from Maplab Wanderer (Villanueva et al. 2015). 
Epigenetics Chromatin. 8:22 (eCollection 2015) matched with RFS of TCGA PDAC 
patients. β values for probes cg20994097 and cg06698332 were available for 61 patients 
only.  
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Supplementary Figure - 18. Kaplan Meier analyses of CpG islands corresponding to 
probes cg13249591 and cg13445177 using median and optimal cut-offs. Kaplan Meier 
(KM) plots of (a, b) overall survival (n=178) and (c, d) recurrence-free survival (n=139) 
based on β values of the (a, c) cg13249591 and (b, d) cg13445177 CpG sites. 
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Supplementary Figure - 19. The β values of the probes cg13445177 and cg13249591 
do not positively correlate with mRNA expression of de novo methyltransferases. Raw 
β values of cg13445177 and cg13249591 were extracted from Maplab and plotted against 
RNA Seq (RSEM) expression values of the de novo methyltransferases DNMT1, 
DNMT3B and DNMT3A.  
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Supplemental Figure - 20. S100A10 promoter methylation. (A) Analysis of relative 
mRNA and methylation scores of the 21 PDAC cell lines in CCLE. The CCLE 
expression values were normalized to the average of the mRNA and methylation scores 
respectively to allow single-axis plot. (B) The 377-nucleotide promoter region of S100A10 
used for pyrosequencing. The sequence highlights the sequenced CpG sites as well the 
location of HM450 methylation probes (as highlighted). The beginning of exon1 is 
underlined. (C) Promoter CpG island analysis using EMBOSS CpGplot tool from the 
EMBL-EBI database: (https://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/). The CpG 
island criteria set by Takai and Jones (2002) were used. These include: 1) minimum length 
of an island is 500bp. 2) Minimum observed/expected is the minimum average observed to 
expected ratio of C plus G to CpG in a set of 10 windows that are required before a CpG 
island is reported. The threshold value is 0.65. 3) Minimum percentage is minimum average 
percentage of G plus C a set of 10 windows that are required before a CpG island is 
reported. The threshold value is 0.55. 
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Supplemental Figure - 21. RT-qPCR of several genes in scramble control and 
S100A10-shRNA 1 Panc-1 tumors. These genes were not significantly altered by 
S100A10 depletion. 
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Supplemental Figure - 22. Assessment of short-term cell viability of scramble control 
and S100A10 shRNA1 Panc-1 cells. Cells were equally seeded into a 96-well plate and 
cell viability was measured every day for three consecutive days. The absorbance of the 
MTS reagent at 490nm is plotted for each time point.   

  



  421 

 

 

 

 

 

  



  422 

 

 

 

 

 

 

 

Supplemental Figure - 23. Overall survival estimators in CDHA PDAC patients based 
on S100A10 protein expression. Kaplan Meier analysis of OS of the CDHA cohort based 
on S100A10 protein expression in the PDAC (a) and PanINs (b) regions. Short-term 
survival (1-, 3- and 5-year) of CDHA patients based on S100A10 expression in PDAC (c) 
and PanINs (d). 
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APPENDIX C: SUPPLEMENTAL TABLES III 

 

 

 

 

 

 

 

Supplemental Table -- 16. Calculation scheme of the H-score. The score represents both 
the intensity and number of DAB-positive pixels in stained tissue microarrays. 
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Supplemental Table -- 17. Higher S100A10 mRNA, higher copy number and low-
methylation scores correlate with lower short-term survival. The percentages are 
calculated as the likelihoods of being alive or recurrence-free. Briefly, the percentage of 
patients alive (y-axis value on KM survival curve) was noted after one, three and five years 
of the duration of follow-up in the CDHA cohort. 
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Supplemental Table -- 18. Multiple comparisons of OS and RFS with the mRNA 
Ternary classifier. Multiple comparisons of S100A10 mRNA survival functions were 
performed on the TCGA, Chen et al. (GSE57495, n=63), Moffitt et al. (GSE71729, n=125) 
and ICGC (international cancer genome consortium, n=133). P-values were adjusted to the 
Bonferroni-corrected threshold. Adjusted p-value is p-value/K = 0.017 where K=3 and 
represents the number of comparisons made. 
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Supplemental Table -- 19. Final three-variable and two-variable models of OS and 
RFS in the TCGA PDAC cohort. These models calculate hazard ratios based on the most 
significant variables in predicting OS and RFS.  
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Supplemental Table -- 20. The location and target sequence of 15 methylation probes 
associated with S100A10. All 15 probe sites were extracted from the Illumina Human 
Methylation450 v1.2(https://support.illumina.com) and CpG sites identified in the 
genomic sequence complementary to each probe. TcSS: transcription start site, TLSS: 
translation start site, TSS1500: region between 200bp and 1500bp upstream of TcSS, 
TSS200: region 200bp upstream of TcSS, 5’UTR: 5’ untranslated region. 
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Supplemental Table -- 21. Multiple comparisons of OS and RFS using the mRNA 
Ternary classifier. Multiple comparisons of S100A10 methylation survival functions 
were performed on the TCGA and ICGC patient cohorts. P-values were adjusted to the 
Bonferroni-corrected threshold. Adjusted p-value is p-value/K = 0.017 where K=3 and 
represents the number of comparisons made. 
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Supplemental Table -- 22. List of human primer sequences used in RT-qPCR and 
pyrosequencing as well as dsDNA oligo used for S100A10 shRNA. b represents 
biotinylated primers. ”Seq” is used for the pyrosequencing step along with the biotinylated 
reverse primer. 
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