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Pancreatic Cancer 

What is pancreatic cancer? 
Pancreatic cancer is the abnormal growth of cells of the pancreas (Figure 1), 
it may be subdivided into two different types, i.e. exocrine pancreatic cancer 
and endocrine (also known as neuroendocrine) pancreatic cancer. More than 
95% of patients are diagnosed with exocrine pancreatic cancer. These 
tumours start in the exocrine cells, which produce pancreatic enzymes that 
help in food digestion. The majority of exocrine pancreatic cancers are 
adenocarcinomas (pancreatic ductal adenocarcinoma (PDAC)), accounting 
for about 90% of pancreatic cancer. The remaining 5% of patients are 
diagnosed with neuroendocrine pancreatic cancer, which is caused by the 
abnormal growth of hormone producing endocrine pancreatic cells called 
islet cells. Neuroendocrine tumours tend to grow slower than exocrine 
tumours. In this thesis, we mainly focus on PDAC.  

 

Figure 1. Illustration of pancreatic cancer. Pancreatic cancer normally starts by uncontrolled 
cell growth in the duct of the pancreas. 

Pancreatic cancer has single-digit 5-year survival rates thereby remaining the 
deadliest variant of all human malignancies. It is ranked fourth among 
cancer-related deaths in Europe and the United States. In 2014, the estimated 
incidence of pancreatic cancer in the United states was 46.420 cases, and an 
estimated 39.590 patients died from the disease [1]. Especially when tumour 
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cells metastasize to peritoneum or distant organs, overall survival is very 
short. Indeed, patients with metastatic disease show an average survival of 
less than 6 months. 

The development of pancreatic cancer can be described in four stages, i.e. 
stage I, II, III and IV. In stage I  the tumour is limited to the pancreas; in 
stage II the tumour cells extends beyond the pancreas without involvement 
of the celiac axis or superior mesenteric artery,  or  have spread to regional 
lymph nodes; in stage III the tumour  involves the celiac axis or superior 
mesenteric artery  and may have spread to regional lymph node whereas 
stage IV describes the situation in which the tumor has already spread to 
distant organs, such as liver or lung. The majority of patients newly 
diagnosed with PDAC are already in stage III/IV due to lack of symptoms at 
earlier stages, and this is one of the major reasons for the low overall 
survival of pancreatic cancer patients and for the difficulty to treat these 
patients.  

 

Current Treatments for Pancreatic Cancer 
Currently, there are different types of standard treatments available for 
pancreatic cancer patients: surgery, chemotherapy, chemoradiation therapy 
and targeted therapy. Although surgery is the best option, it is only 
applicable in patients diagnosed early (stage I and some stage II patients). In 
most patients, pancreatic cancer is diagnosed too late for surgical resection , 
and these patients will receive chemotherapy and/or radiotherapy. In the 
Netherlands, gemcitabine is first-line standard of care for inoperable 
pancreatic cancer although the observed benefits are small [2-5] and seem 
restricted to patients with a good performance status. Combination therapies 
with different chemotherapeutic agents, like FOLFIRINOX [6] or 
gemcitabine/nab-paclitaxel [7], is superior over single-drug regimens but 
only applicable in patients with an optimal performance status because of 
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considerable side effects of these regimens.. Consequently, a large research 
effort focusses on urgently needed novel treatment modalities. These new 
drugs are (different to chemotherapy) developed to attack specific targets on 
cancer cells, and such treatment is called targeted therapy. For pancreatic 
cancer, only erlotinib, an epidermal growth factor receptor (EGFR) inhibitor, 
is approved by the FDA for combination therapy with gemcitabine [8]. 
Alternative targeted therapies focusing on anti-angiogenesis factors or drugs 
that target the tumour stroma are currently being tested in clinical trials, 
although recent studies may indicate that angiogenesis inhibitors are not as 
effective as promised in pancreatic cancer. 

 

Blood Coagulation and Protease activated receptors 

 Blood coagulation 

Upon vascular injury, platelets adhere and aggregate to the sub-endothelial 
layer to form a haemostatic plug. Subsequently, platelets contribute to the 
activation of coagulation factors that circulate in the bloodstream, leading to 
generation of a fibrin clot that reinforces the platelet aggregate. A well-
accepted model of blood coagulation is based on the waterfall- or cascade 
model introduced in the early 1960’s. This classical model involves a series 
(or "cascade") of zymogen activation reactions as shown in figure 2. At each 
stage a precursor protein (zymogen) is activated by proteolytic cleavage of 
peptide bonds in the precursor molecule. More specifically, exposure of 
tissue factor (TF) to factor (F)VIIa results in the activation of FX (either 
direct or via activation of factor IX). Activated FX (FXa) converts 
prothrombin to thrombin, which induces the conversion of fibrin to 
fibrinogen, thereby inducing the formation of a blood clot.  

For decades, it has been thought that coagulation factors represent a group of 
passive mediators involved in the linear transduction of the coagulation 
cascade. Scientific progress in recent years has taught us; (however, that)  
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These factors actively engage target cells to induce signal transduction via 
so-called protease activated receptors (PARs) and thus may fulfill critical 
functions in a wide variety of pathophysiological phenomena (Figure 2).   

 

  

Figure 2. Coagulation cascade. Schematic representation of the coagulation cascade. After 
vascular injury or inflammation, tissue factor (TF) binds with circulating factor (F)VIIa and initiates 
a series of proteolytic reactions that result in thrombin generation and formation of the fibrin clot. 
In addition to propagating the coagulation cascade, individual coagulation factors actively engage 
target cells to induce intracellular signaling via PARs.  

 

Protease activated receptors 

Protease-activated receptors (PARs) belong to the seven transmembrane G-
coupled protein receptor (GPCR) superfamily and consists of four members: 
PAR-1, PAR-2, PAR-3 and PAR-4. PARs are uniquely activated by 
proteolysis and are expressed throughout the body on a plethora of different 
cell types, such as vascular endothelial cells, fibroblasts and epithelial cells, 
as well as astrocytes and other cell types [9, 10]. PARs are critical for 
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transmitting cellular responses and mediate haemostasis, thrombosis, 
inflammation and cancer progression.  

The mechanisms of PARs signaling have been well described by Hollenberg 
and colleagues [11]. In general, PARs are cleaved and activated by 
proteinases like thrombin, trypsin and tissue kallikreins through an 
irreversible proteolytic mechanism. Proteases bind to and cleave the 
extracellular N-ternimal domain of PARs at specific sites to unmask a new 
N-terminus that acts as a tethered ligand that binds to the receptor and 
triggers intracellular signaling (Figure 3A). For scientific research, cleavage 
and tethered ligand formation can be mimicked by short synthetic PAR-
selective activating peptides (PAR agonist peptides, PAR-APs) consisting of 
around 6 amino acids spanning the proteolytic cleavage site (Figure 3B). 

 

Figure 3. Mechanism of Protease-activated receptors (PARs) signaling and activation. (A) 
Activation of PARs by proteolytic cleavage and the revealing of the tethered ligand to stimulate 
signaling. (B) Activation of PARs by synthetic agonist peptide in the absence of proteolytic 
cleavage.   

 

In the setting of cancer, both PAR-1 and PAR-2 are drawing much more 
attention and seems to be more relevant than PAR-3 or PAR-4. Also in this 
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thesis, we focus on PAR-1 and PAR-2 only, and consequently only PAR-1 
and PAR-2 are discussed below. 

PAR-1, also known as the thrombin receptor, has been suspected to play an 
essential role in tumourigenesis and metastasis [12-14]. Many studies have 
demonstrate the important role of  PAR-1 in cancers, such as expression of 
PAR-1 has been detected in variety of cancers including breast [15], ovarian 
[16], prostate [17] and lung cancer [18]. Furthermore, PAR-1 levels are 
correlated with cancer progression and overall survival in breast [19], lung 
[18], gallbladder [20], melanoma [21] and gastric cancer [22]. In line with a 
potential role in tumour cell PAR-1, pharmacological targeting of PAR-1 in 
preclinical animal models shows promising effects. P1pal-7 (PAR-1 
antagonist) treatment significantly inhibited growth and metastasis to the 
lungs in breast cancer xenografts or lung tumor growth in nude mice [18], 
whereas PAR-1 siRNA significantly decreased tumor growth and metastasis 
to the lung in a murine melanoma model [23]. PAR-1 expression on tumor 
cells thus seems to drive tumor progression and metastasis. 

Besides the thrombin receptor PAR-1, the link between PAR-2 and cancer 
has drawn more attention in recent years. PAR-2 has been found to be over-
expressed on gastric cancer cells, and their activation triggers intracellular 
pathways thereby sustaining gastric carcinogenesis [24]. Several 
experimental evidence suggest that PAR-2 may be important in tumours  
from epithelial origin. Overexpressed PAR-2 is observed in breast tumor 
specimens as compared to normal breast tissue. Other studies also shown 
PAR-2 can facilitate in invasion and metastasis in breast cancer [25], PAR-2 
stimulates both proliferation and migration of colon cancer cells [26, 27], or 
proliferation of cervical cancer cells [28]. In the setting of pancreatic cancer, 
PAR-2 may stimulate proliferation of cancer cells [29, 30], although we 
recently did not observe any effect of PAR-2 stimulation on pancreatic 
cancer cell proliferation  [31]. Moreover, PAR-2 stimulates pancreatic 
cancer cell migration [31], and does induce interleukin-8 release [32]. 
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However, the mechanisms of PAR-2 in cancer are still under investigation. 
Overall, PAR-1 and PAR-2 may play important roles in cancer development.  

 

Coagulation and Cancer 

In general 

As early as 1823, Dr. Bouillard already described his observations on the 
relation between cancer and thrombosis [33, 34]. Since then, several studies 
have documented the fact that there is a close link between patients who are 
diagnosed with cancer and venous thromboembolism [35]. Nowadays it is 
well-know that cancer is associated with a hypercoagulable state and with a 
four-fold increase in thrombosis risk, with chemotherapy elevating this risk 
even more. The pathophysiology of cancer-associated thrombosis is not 
entirely understood, rather than one unifying mechanisms, cancer cells 
manipulate multifunctional mechanisms that may “abuse” the 
hypercoagulable system and lead to more efficient metastasis [36, 37]. After 
noticing this phenomenon, several studies explored the potential beneficial 
effect of anticoagulant therapy in patients with cancer. From a clinical 
perspective, the first reports on a beneficial effect of anticoagulants in cancer 
progression dealt with vitamin K antagonists (VKA) although a subsequent 
meta-analysis did not show any benefit from VKAs in cancer patients [38]. 
In 1992, Prandoni [39] evaluated low molecular weight heparin (LMWH) in 
patients with proven DVT and observed an unexpected reduction in cancer 
mortality, and following studies made  similar observations [40-42]. Due to 
these encouraging results obtained with LMWH, several large randomized 
control studies have been performed in which cancer patients were 
randomised for LMWH or placebo treatment. Despite initial promising 
results (i.e. LMWH treatment increased overall survival of cancer patients 
with a life expectancy of 6 months or more), more recent clinical trials shed 
doubt on the efficacy of anticoagulants for the treatment of cancer. A recent 
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meta-analysis including the most recent clinical trials led to the conclusion 
that LMWH does not seem to impact on the overall survival of cancer 
patients [43]. Even though preclinical animal models strongly support the 
notion that coagulation contributes to cancer progression (excellently 
reviewed in [44]), clinical data do not seem to support an important role of 
coagulation in cancer. Future studies with appropriate patient selection 
should however proof or refute this notion. 

 

Coagulation and Pancreatic Cancer 

Pancreatic cancer and thrombosis are tightly linked [45]. Already in 1938 
the first report on this link was published [46], and since then several 
publications established the close relationship between pancreatic cancer and 
thrombosis. Indeed, pancreatic cancer is known to be associated with 
thromboembolism, particularly, autopsy series of pancreas cancer have 
consistently shown the commonality with thrombosis [47]. Pancreatic cancer 
is thus a hypercoagulable condition, and venous thromboembolism affects 
up to 17% to 57% of pancreatic cancer patients [48]. It is thus tempting to 
speculate that interference with the blood coagulation cascade would serve a 
novel treatment strategy for pancreas cancer. Indeed, low dose warfarin (a 
vitamin K inhibitor that interferes and decrease the activity of coagulation 
factors II, VII, IX and X [49]) treatment increased median survival from 2.3 
to 5 months in a retrospective study [50].  Moreover, a (non-randomized) 
study showed that the addition of LMWH to standard 
gemcitabine/cisplatinum chemotherapy significantly improved survival in 
patients with locally advanced or metastatic pancreatic carcinoma [51]. The 
total response rate was almost 60% for patients treated with LMWH 
compared to only 12% for patients treated with chemotherapy only. In 
addition, median time to progression increased form 4 months in patients not 
receiving LMWH to 7.3 months for patients treated with LMWH, whereas 
overall survival increased from 5.5 to 13 months due to LMWH treatment. 



Chapter 1 Introduction 

 

 

19 

Moreover, the 1 and 2 year overall survival rate increased from 13,6% and 
3,4% to 58,6% and 27,9% respectively. The response of pancreas cancer 
patients to LMWH treatment was confirmed in a retrospective analysis of 
patients who received chemotherapy for advanced pancreatic 
adenocarcinoma [52]. Of the 213 patients, 94 patients had been treated with 
LMWH after the beginning of chemotherapy, whereas 119 patients had not 
been treated and served as control. The median survival of patients with 
metastatic disease increased from 3.8 to 6.6 months due to treatment. 
LMWH treatment had no significant effect on patients without metastatic 
disease (median survival of 10.3 and 8.3 months for LMWH versus control 
treated patients). Importantly however, the recent IMPACT study 
(randomized control study including 134 pancreatic cancer patients), that 
was published during the completion of this thesis, did not show any benefit 
of LMWH treatment [53]. It thus remains to be seen how relevant 
anticoagulants are in pancreatic cancer.  
 
Bleeding remains a major drawback of anticoagulant drugs and, importantly, 
cancer patients have an even increased risk (3-fold) of anticoagulant-related 
bleeding compared with patients without cancer [54]. Therefore, elucidating 
the underlying mechanism by which anticoagulants may limit tumour 
metastasis might identify novel targets that could lead to the development of 
drugs with higher efficacy and with less side effects. The fact that 
coagulation factors signal through PARs suggest that this family may 
become an interesting target. 

 

PARs in pancreatic cancer 
The importance of PARs for pancreatic cancer is not very well established at 
best. Most importantly, PAR-1 levels are low or absent in healthy pancreas 
tissue but are high in pancreatic cancer tissue and in pancreatic cancer cell 
lines [42]. Moreover it has been shown that the expression of PAR-1 
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correlates with tumour cell differentiation [55] and thrombin significantly 
enhanced adhesion of pancreatic cancer cells to vitronectin through PAR-1 
depending on the presence of integrin β1 [56]. PAR-2 signaling may also 
contribute to the intracellular signaling in pancreatic tumour cells [57] and 
highly malignant potential of human pancreatic cancer may be influenced by 
PAR-2 signaling via up-regulation of interleukin-8 [32]. Moreover, PAR-2 
may be involved in pancreatic cancer proliferation [30] or cancer cell 
invasion [58].  

 

Conclusion 
Taken together, a lot of evidence indicates that PARs may be involved in 
pancreatic cancer cell proliferation and/or metastasis. Whether blood 
coagulation factors are key drivers of PAR-dependent cancer progression is 
however under debate. In the current thesis, we therefore addressed the 
importance of PARs, especially PAR-1 and PAR-2, in pancreatic cancer and 
we show that PAR-1 and PAR-2 indeed seem to play an important (although 
somewhat unexpected) role in this devastating disease.  

 

Outline of this thesis 

In the studies described in this thesis, we sought to obtain more insight into 
coagulation-(in)dependent protease-activated receptor signaling in 
pancreatic cancer development. We started in Chapter 2 with an in vitro 
approach to determine the effect of PAR-2 on pancreatic cancer cells. 
Diverse pancreatic cancer cell lines were used to assess the influence of 
PAR-2 activation on cell proliferation and migration. After showing the 
possible roles of PAR-2 on pancreatic cancer cells, we focused in Chapter 3 
on whether PAR-2 would also play an important role in the tumour 
microenvironment during pancreatic cancer progression. We showed that 



Chapter 1 Introduction 

 

 

21 

PAR-2 in the stromal compartment influenced lymphangiogenesis and in 
Chapter 4 we therefore further analyzed  the relation between PAR-2 
activation and lymphangiogenesis in vitro. In addition to PAR-2, we studied 
the role of PAR-1 in pancreatic cancer development (Chapter 5). We show 
that PAR-1 in the stromal compartment drives chemoresistance via 
modifying macrophage recruitment. As PAR-1 may be activated by different 
proteases, we assesses in Chapter 6 whether thrombin would be the 
endogenous PAR-1 agonist in the setting of pancreatic cancer.  
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