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              What is cancer? 
 All cells in a human body normally obey some highly conserved rules 
stated early in the evolution of the multi-cellular organism. Rules that 
strictly dictates when to divide, when to stay still and wait, when to 
differentiate and when to die. Cells capable of rebelling against these rules 
also have the potential to overrule their neighbors and have the possibility 
to overcome new characteristics useful when conquering new 
environments. The initiation of this revolt usually first appears in one cell, 
but through its superiority it soon, encouraged by the Darwinian rules, 
manage to spread and ultimately defeat the organism that have nurtured it 
throughout its entire existence and thereby also terminate itself. This is 
cancer, a seemingly meaningless clonal expansion of cells not following 
common cellular manners.  

              The origin of a cancer has its roots in one single event, a random 
mutation, a mishap in the DNA copying machinery that happens to occur at 

a key position in the genome. This will open up for a cascade of events that 
without intervention will cause devastating harm for the individual. 

Through evolution this suffering has not been stopped. The reason for this is 
the fundamental importance of the random mutation. Mutations are the 

engine of evolution, the essential force driving the natural selection. 
Mutations occur, most often they will not matter, sometimes they will gain 

the organism that harbors it and will be passed forward, but sometimes 
they kill. Cancer is the price we have to pay for the mutation rate inborn in 

our cells that have carried us with a decent velocity throughout evolution. 
With a perfect copying machinery we would not have cancer, but then on 

the other hand we would not be what we are today, and we would most 
certainly not be capable of asking ourselves;  

what is cancer? 
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Abstract 
 
Background: Among the common malignancies, pancreatic cancer has the 
shortest long-term survival. The aggressive, rapid, and infiltrative growth 
pattern of pancreatic cancer, together with the lack of specific symptoms, 
often leads to late diagnosis. Metastases are frequently found at the time of 
diagnosis, which prevents curative surgical treatment. Good tumor markers 
would enable early detection, thus improving the prognosis. Unfortunately, 
no such markers are available in the clinic. 

The tumor stroma is defined as the non-malignant cells and the 
extracellular matrix (ECM) of a cancer. Pancreatic cancer is characterized by 
an abundant tumor stroma, rich in ECM proteins such as collagens, which 
have been shown to play important roles in tumor progression. Furthermore, 
pancreatic cancer cells produce large quantities of ECM proteins, especially 
the basement membrane (BM) protein type IV collagen. All epithelial cells 
are anchored to a BM, which must be degraded in order for an in situ cancer 
to become invasive. Matrix metalloproteinases (MMPs) are enzymes 
involved in BM degradation.  

In this thesis, the tumor stroma of pancreatic cancer is studied, focusing 
on the BM proteins type IV and type XVIII collagen, with the aim to clarify if 
the stroma could be a source of novel tumor markers for this form of cancer. 
Additionally, the role of type IV collagen produced by the cancer cells is 
studied.  
 
Methods: Expression patterns of type IV and type XVIII collagen, MMPs 
involved in collagen degradation, and collagen receptors (integrins) were 
studied by immunoflourescence in both normal and pancreatic cancer tissue, 
and in pancreatic cancer cell lines. Circulating plasma levels of type IV and 
type XVIII collagen and conventional tumor markers (TPS, Ca 19-9, CEA and 
Ca 125) were measured in controls and pancreatic cancer patients at the time 
of diagnosis and after treatment. 

The role of cancer cell produced type IV collagen was studied in human 
pancreatic cancer cell lines by functional blocking of integrin receptors 
(integrin "1, "2 and !1) and integrin-binding sites on type IV collagen, and 
by siRNA-induced down-regulation of type IV collagen synthesis. 
Proliferation was analyzed by a luminescence based cell viability assay, 
migration by time-lapse microscopy, and apoptosis by M30-neoepitope 
detection.  
 
Results: MMPs involved in BM degradation were upregulated in pancreatic 
cancer tissue. The expression of type XVIII collagen shifted from a general 
BM expression pattern in normal tissue, to mainly being found in the tumor 
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vasculature in pancreatic cancer. Type IV collagen, on the other hand, 
remained highly expressed in the vicinity of the cancer cells. The "1, "2, and 
!1 integrin receptors were highly expressed at the cancer cell surface.  

Both down-regulation of type IV collagen synthesis and blocking the 
integrin/type IV collagen interaction decreased cell proliferation and 
migration. The proliferative capacity was rescued by the addition of 
exogenous type IV collagen. 

Furthermore, the circulating levels of both type IV and type XVIII collagen 
were increased in pancreatic cancer patients at the time of diagnosis 
compared to controls. After treatment, the levels were normalized for type 
XVIII collagen, whereas the levels of type IV collagen remained high after 
surgery. High postoperative levels of type IV collagen were associated with 
short overall survival. A similar association to short survival was found for 
preoperative type XVIII collagen levels. No such associations to survival 
could be detected for the conventional markers.   
 
Conclusion: The results of this thesis show that type IV and type XVIII 
collagens can serve as tumor markers for pancreatic cancer with advantages 
compared to conventionally used markers. Additionally, evidence is provided 
of an autocrine loop, involving type IV collagen and its integrin receptors, 
with importance for retaining a proliferative and migratory phenotype in 
pancreatic cancer cells.  
 
Keywords: Pancreatic cancer, tumor marker, basement membrane, type IV 
collagen, type XVIII collagen, matrix metalloproteinase, integrin, autocrine 
loop, tumor stroma 
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Sammanfattning på svenska 
 
Av de vanligaste cancertyperna har cancer i bukspottskörteln 
(pankreascancer) den högsta dödligheten. Trots extensiv forskning och 
åtskilliga försök med att introducera nya behandlingsmetoder har den dåliga 
prognosen inte förbättrats nämnvärt under de senaste decennierna. 
Pankreascancer kännetecknas av ett aggressivt och infiltrativt tillväxtsätt, 
och detta i kombination med att sjukdomen yttrar sig i sena och ospecifika 
symtom gör att diagnosen ställs sent i sjukdomsförloppet. Tumörsjukdomen 
har då oftast redan hunnit sprida sig (metastasera) till andra delar av 
kroppen, vilket omöjliggör botande kirurgisk behandling. Sjukdomen är 
också känd för att svara dåligt på cellgiftsbehandling. 

En tumörmarkör är ett ämne som kan mätas i t.ex. blod, och som kan 
avslöja om en person har en sjukdom eller inte, och detta i bästa fall tidigt i 
sjukdomsförloppet när patienten ännu är symptomfri. En tumörmarkör kan 
också spegla en sjukdoms allvarlighetsgrad och prognos. Tillförlitliga 
tumörmarkörer skulle kunna bidra till att pankreascancer upptäckts i ett 
tidigare skede och därmed till att förbättra prognosen. Dessutom kan 
tumörmarkörer vara vägledande vid val av behandlingsmetod genom att 
kunna avgöra om en tumör växer lokalt (kan opereras bort) eller om den är 
spridd (ska behandlas med cytostatika). Tyvärr finns ingen välfungerande 
tumörmarkör för pankreascancer.  

En cancertumör består av elakartade (maligna) cancer celler och en 
omgivande bindvävsrik vävnad (tumörstroma). Vid pankreascancer är 
tumörstromat särskilt intressant eftersom pankreascancer kännetecknas av 
en uttalad bindvävstillväxt. Bindväven i tumörstromat produceras av såväl 
cancercellerna själva som omgivande stödjeceller, och är rikt på ämnen som 
bland annat kollagener (ett slags fiberprotein). I tumörstromat återfinns 
många substanser som spelar en viktig roll för reglering av cancertillväxten 
genom att t.ex. ge tillväxtsignaler till cancercellen.  

Basalmembran är bindvävsstrukturer som utgör en barriär mellan cellen 
och den omgivande vävnaden. I normalfallet, innan en cell blir elakartad, 
vilar den på ett basalmembran, och denna barriär måste på något sätt brytas 
ner för att cancercellen ska kunna sprida sig.  

I denna avhandling studeras två proteiner som båda finns i 
basalmembranen, typ IV och typ XVIII kollagen (typ 4 och typ 18 kollagen), 
med syfte att förstå basalmembranens roll i regleringen av cancercelltillväxt, 
samt för att bedöma om ämnen från basalmembranet kan användas som 
tumörmarkörer vid pankreascancer.  

Mer specifikt studeras proteinuttrycket av typ IV och typ XVIII kollagen, 
liksom uttrycket av enzymer (matrix metalloproteinaser) som bryter ner 
dessa två kollagener, samt uttrycket av integrin-receptorer 
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(”bindningsställen”) som finns på cancercellernas yta och som kollagener 
kan binda till. Samtliga dessa proteiner studerades i såväl normal 
pankreasvävnad och pankreascancervävnad (från patienter) samt i isolerade 
pancreascancerceller (i provrör). Resultaten visade att stora mängder av typ 
IV kollagen fanns i direkt anslutning till cancercellerna, och på samma 
ställen som integrin-receptorerna. Detta talar för en interaktion mellan 
integrin-receptorerna och typ IV kollagen. Även matrix metalloproteaserna 
var uppreglerade i pankreascancervävnad, vilket skulle kunna tala för en 
ökad nedbrytning av basalmembranen i pankreascancer. 

I provrör kunde interaktionen mellan typ IV kollagen och integrin-
receptorerna på cancercellernas yta studeras vidare. Först och främst kunde 
det visas att stora mängder typ IV kollagen producerades av cancercellerna, 
och om interaktionen mellan typ IV kollagen och integrin-receptorerna 
blockerades, eller om produktionen av typ IV kollagen minskades, så växte 
cancercellerna långsammare och rörde sig mindre. 

Nivåer av typ IV och typ XVIII kollagen mättes i blodet, tillsammans med 
de för tillfället mest studerade och använda tumörmarkörerna, hos patienter 
med pankreascancer och jämfördes med patienter som insjuknat i andra icke 
elakartade sjukdomar i bukhålan. Resultaten visade att nivåerna av både typ 
IV och typ XVIII kollagen ökade i blodet hos pankreascancerpatienter, och 
att mycket höga nivåer var associerat med en kortare överlevnad. Liknande 
associationer kunde inte ses för de tumörmarkörer som används idag. 

Av resultaten från denna avhandling kan slutsatsen dras att ämnen från 
basalmembranen har potential att kunna användas som tumörmarkörer vid 
pankreascancer. Resultaten visar också att typ IV kollagen produceras av 
cancercellerna och att denna produktion är viktig för att cancercellerna ska 
kunna behålla sin rörlighet och för att de ska kunna fortsätta tillväxa i snabb 
takt, två funktioner som är av yttersta vikt för att ge det aggressiva växtsätt 
som kännetecknar pankreascancer.      
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Abbreviations & Definitions 
 
5-FU 5-fluorouracil [5-fluoro-1H-pyrimidine-2,4-dione] 
"-SMA "-smooth muscle actin 
ACC Acinar cell carcinomas 
BSA  Bovine serum albumin 
BM Basement membrane 
Ca 125 Cancer antigen 125 
Ca 19-9 Cancer antigen 19-9 
CAF  Cancer associated fibroblast 
CEA Carcinoembryonic antigen 
CK19 Cytokeratin 19 
DAPI 4',6-diamidino-2-phenylindole (DNA binding flourophore)  
ECM Extracellular matrix 
ELISA Enzyme-linked immunosorbent assay  
ERCP Endoscopic retrograde cholangio-pancreatography 
FCS Fetal calf serum 
FGF Fibroblast growth factor 
H&E  Hematoxylin and eosin staining 
HSPG Heparin sulphate proteoglycan 
IP Intraperitoneal 
IPMN Intraductal papillary mucinous neoplasia 
MCN Mucinous cystic neoplasms 
MMP Matrix metalloproteinase 
MTS  Masson’s trichrome staining 
NC-domain Non-Collagenous domain 
PanIN Pancreatic intraepithelial neoplasia 
PBS Phosphate buffered saline  
PDGF Platelet-derived growth factor 
PEN Pancreatic endocrine neoplasm 
PSC Pancreatic stellate cell 
TGF-! Transforming growth factor-! 

TIMP Tissue inhibitors of matrix metalloproteases 
TSP-1 Thrombospondin-1 
TPS Tissue polypeptide specific antigen 
VBM Vascular basement membrane 
VEGF Vascular endothelial growth factor 
 
 
Metaplasia – Cell type conversion 
Desmoplasia – Connective tissue expansion 
Tumor stroma – The non-malignant cells and ECM in solid tumors 
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I. Introduction 

The aim of this thesis is to find novel tumor markers derived from the 
basement membranes (BMs) and to investigate the functional role of the 
basement membrane collagens in pancreatic cancer. The introduction will 
give a brief but essential background to the subject. It starts with a short 
overview of the physiology and anatomy of the pancreas (Chapter 1), then 
focuses on different aspects of pancreatic cancer such as etiology, 
epidemiology, prognosis, treatment and survival (chapter 2). Next, the 
extracellular matrix (ECM) and the BMs will be discussed in general (chapter 
3) and then in the context of pancreatic cancer (chapter 4). In the last 
chapter (chapter 5) the tumor markers available today for pancreatic cancer 
will be presented and the drawbacks of these will be enlightened. The 
chapter will end with a presentation of potential stroma-derived tumor 
markers and the current state of knowledge of these.  

Chapter 1: The pancreas  

1.1 Anatomy 
The pancreas is a retroperitoneal organ found posterior to the stomach. It 
originates from the endodermal germ layer, and the organ is made up of two 
major types of tissue, the exocrine and the endocrine parts of the pancreas. 
The pancreas is mainly supplied with blood from the superior 
pancreaticoduodenal artery (from the gastroduodenal artery), the inferior 
pancreaticoduodenal artery (from the superior mesenteric artery) and small 
branches from the splenic artery (see figure 1). The venous blood is drained 
to the splenic vein and the superior mesenteric vein, which both end up in 
the portal vein. Anatomically pancreas can be divided into the head (caput), 
body (corpus) and tail (cauda). The pancreatic duct (Ductus pancreaticus) 
extends throughout the whole organ, all the way from the tail to the head 
where it finally merges with the common bile duct and passes through 
papilla of Vater, and then terminates in the second portion of the duodenum.  

1.2 The endocrine pancreas 
The endocrine part of the pancreas is composed of the islets of Langerhans, 
cell dens structures that look like small islets under the microscope. In total 
there are over 1 million islets of Langerhans in an adult human pancreas 
distributed all over the pancreas, but these islets nevertheless only constitute 
1 % of the pancreas volume. The islets contain three major types of cells, the 
alpha, beta and delta cells, which all secrete important regulatory metabolic 
hormones directly to the blood stream. The beta cells produce and secrete 
insulin, the alpha cells glucagon and delta cells somatostatin. Deficiency of 
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the endocrine part of the pancreas is the origin of type I diabetes mellitus 
and the endocrine cells are also the source of neuroendocrine tumors. 

1.3 The exocrine pancreas 
The exocrine part of the pancreas represents 99 % of the total pancreas 
volume and produces, secrets and transports important digestive enzymes 
and fluids to the intestine. The acini are rounded structures formed by acinar 
cells, which produce the digestive enzymes, surrounding a central lumen. 
The acinar cells are polarized in a baso-lateral and apical axis and in the 
apical domain secretory zymogen granules are stored, containing the 
precursors of pancreatic digestive enzymes such as lipases (fat digestion), 
alpha-amylases (carbohydrate digestion) and trypsin, chymotrypsin and 
carboxypolypeptidase (protein digestion). In the granules also trypsin 
inhibitors are present that will prevent the enzymes from being activated. 
The granules are continuously secreted trough exocytosis, but after a meal 
the secretion is increased. The lumens of the acini are connected to the 
ductules, which are small ductal structures that transport the secreted 
pancreatic enzymes to the major pancreatic duct. The ductal system begins 
with the centroacinar cells that mark the transition between the acini to duct. 
The ductal cells aligning the ductules also produce great quantities of sodium 
bicarbonate ions (and water) and protective and lubricative glucoproteins 
(mucin). Together with the digestive enzymes the substances secreted from 
the ductal cells forms a fluid referred to as the pancreatic juice.  

Surrounding the acini and ductal structures are periacinar and periductal 
myofibroblastic cells called pancreatic stellate cells (PSC) (Omary et al, 
2007). The name “stellate cell” is derived from their morphological shape (in 
latin stella means star), with long cytoplasmic processes that encircle the 
base of the acinus. In normal pancreas the PSC comprises approximately 4 % 
of the pancreatic cell population, but in diseases such as pancreatic cancer 
and chronic pancreatitis the amount and function changes drastically, which 
is further discussed in chapter 4. 

After a meal, when highly acidic food enters the small intestine, cells in 
the duodenal mucosa start to secrete hormones that will affect the pancreatic 
juice secretion. These are cholecystokinin, which stimulates the secretion of 
digestive enzymes in the acinar cells, and secretin, which affects the sodium 
bicarbonate secretion in the ductal epithelial cells. In addition to this, also 
acetylcholine released from the parasympathetic vagus nerve stimulates the 
acinar cell secretion.   

Once the pancreatic juice enters the small intestine the bicarbonate ions 
neutralize the hydrochloric acid that has entered into the duodenum from 
the stomach, and this neutral pH is required for the pancreatic enzymes to 
function. Once in the small intestine trypsin is activated by enterokinase, an 
enzyme secreted from the intestinal mucosa. Activated trypsin will in turn 
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activate more trypsin (autocatalysation) and the other digestive enzymes in 
the pancreatic juice. In total more than 1 liter of pancreatic juice is produced 
and transported to the gastrointestinal tract each day.  

 

Caput

Corpus

Cauda

A. splenica

A. gastroduodenalis

A. mesenterica superior

Papilla of Vater 

Ductus pancreraticus

Islet of Langerhans

Ductule

Acini

Acinar cell

PSC

Zymogen granuleCentroacinar cell

Ductal cell

Basement membrane

Figure 1. The pancreas. Illustration of blood supply and anatomical parts.  Close up of acini, duct and islet of 
Langerhans. © G. Andersson, 2010. 
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The exocrine part of the pancreas is also the origin of many diseases. An 
activation of the pancreatic digestive enzymes before entering the 
duodenum, caused by for instance damage to the pancreas or a blocked 
pancreatic duct, will cause an auto-digestion of the pancreas that will lead to 
acute pancreatitis. Also most of the cancers derived from the pancreas 
originate from the ductal system. 

Chapter 2: Pancreatic cancer 

2.1 Tumors in the pancreas 
Malignant tumors are classified on the basis of the cell type from which they 
originate. There are different types of pancreatic tumors; all with different 
origin. The most common ones are of ductal, acinar and endocrine cell 
lineage.  

2.1.1 Endocrine tumors 
The most common endocrine tumors of the pancreas are the pancreatic 
endocrine neoplasms (PENs) (Heitz et al, 1982). The PENs are low-grade 
malignancies and arise from the cells in the islets of Langerhans. 50 % are 
functional (secrete hormones) and the rest is non-functional (Kloppel & 
Heitz, 1988). The functional PENs are named after the hormone they secrete, 
i.e. insulinoma, glucagonoma etc., and increased hormone levels in the 
circulation often results in a variety of symptoms depending on the hormone 
secreted. For instance an insulinoma often presents with (extreme) 
hypoglycemia.  

2.1.2 Acinar tumors 
Less than 1% of all pancreatic cancers are of the acinar cell lineage. The 
acinar cell carcinoma (ACC) lacks the desmoplastic stroma found in ductal 
adenocarcinomas (described below) and is often large in volume at the time 
of diagnosis. Most of the ACCs produce digestive enzymes such as trypsin 
and lipase (Klimstra et al, 1992). In some cases the enzymes are secreted to 
the circulation and cause a lipase hypersecretion syndrome characterized by 
fat necrosis. The median survival of ACC is approximately 19 months, which 
makes ACC more aggressive than PENs but less aggressive compared to the 
ductal adenocarcinomas (Holen et al, 2002).  

2.1.3 Ductal tumors 
Over 85% of all malignant tumors found in the pancreas are of ductal 
lineage. Under the microscope they are well differentiated in their 
appearance and show tubular (lumen forming) structures, cystic formations 
and papillar structures (finger like structures of ductal mucosa which occupy 
the space in the ductal lumen). 
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Despite the well differentiated appearance the ductal adenocarcinoma is 
characterized by a highly aggressive, rapid and infiltrative growth pattern. 
The cancer cells often express MUC1, Ca 19-9, and cytokeratin 19 (CK19) 
(Chen & Baithun, 1985), which makes them easy to recognize with 
immunohistochemical staining methods.  

A quite unique feature of the ductal adenocarcinomas is the extensive 
stroma, referred to as the desmoplastic reaction, surrounding and 
infiltrating clusters of cancer cells. Most of the tumor volume is made up of 
the desmoplastic reaction. The role of this stroma component in 
tumorogenesis is further discussed in chapter 4. 

A ductal adenocarcinoma often develops through different premalignant 
states called Pancreatic Intraepithelial Neoplasia (PanIN), and are described 
later in this chapter. Beside the PanINs, there are also cystic lesions arising 
from the ductal system with premalignant potential. Most of the cystic 
lesions are benign, such as the serous cystadenomas, but the mucinous cysts 
(mucin producing) can be pre-invasive. Both the Intraductal Papillary 
Mucinous Neoplasms (IPMNs) and Mucinous Cystic Neoplasms (MCNs) 
show malignant potential and up to one third have an associated invasive 
cancer (Tanaka et al, 2006). One difference between the cystic lesions and 
the PanINs are that the cystic lesions frequently present with clinical 
manifestations, such as abdominal pain, nausea and jaundice, as they grow 
whereas the PanINs often are asymptomatic.  

IPMNs are made of proliferative intraductal neoplastic cells with papillary 
confirmation that are mucin producing. These will form large dilatations of 
the ductal system (Tanaka et al, 2006). IPMN derived from the main duct 
are more prone to harbor invasive cell components compared to IPMNs 
found in the branch ducts. 

The MCNs are most commonly seen in perimenopausal women and are 
characterized by thick-walled multilobular cysts, most often without 
communication with the ductal system (Thompson et al, 1999).  

As the ductal adenocarcinomas are by far the most common cancer type of 
the pancreas and with most clinical relevance, the expression “pancreatic 
cancer” in common language is often used when referring to the ductal 
adenocarcinomas. In this thesis the term pancreatic cancer will be used 
synonymous to the ductal adenocarcinoma. 

2.2 Malignant transformation and genetic alterations 
Pancreatic intraepithelial neoplasms (PanINs) are precursors to invasive 
pancreatic cancer that develop from the ductal epithelium, accumulating 
histological and genetic abnormalities in their progression to invasive 
cancer.  

The PanIN nomenclature has been standardized (Hruban et al, 2001), and 
the PanINs are subcategorized into different stages, PanIN-1A to PanIN-3. 
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The different stages are illustrated in figure 2A. The normal duct has a low-
columnar epithelium. At the PanIN-1A stage the epithelium becomes taller, 
in 1B the epithelium shows papillary structures. In PanIN-2 the cell starts to 
lose their polarity and in stage 3 clusters of epithelial cells are budding off 
and can be found in the lumen. 

Tissue microarrays have been used to identify genetic alterations 
occurring in the different PanIN stages (Maitra et al, 2003). It has been 
shown that molecular alterations in the PanINs are not random; on the 
contrary, they usually seem to occur in a specific order during PanIN 
development, which is thought to be necessary for the malignant 
transformation. The molecular changes can be stratified into clusters of 
early, intermediate and late alterations, and these are summarized in figure 
2B. Interestingly, activating K-ras mutations and telomere length shortening 
are nearly ubiquitous and occur early in the transformation process, which 
indicates the importance of these molecules in the pathogenesis of 
pancreatic cancer (Bardeesy & DePinho, 2002). Though there are many 
similarities during the transformation process found in the genetic 
alterations studies, it is also evident that the genetic basis in pancreatic 
cancer is extremely complex and heterogeneous (Jones et al, 2008).  

 

 
 

A

B
Early

Intermediate Late
Figure 2. A: Morphological appearance and genetic alterations in different PanIN-stages. Adapted by 

permission from Macmillan Publishers Ltd: Modern Pathology (Maitra et al, 2003), © 2003.  
B: Molecular changes stratified as early, intermediate or late. 
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Furthermore, recent studies indicate that the cell damage and inflammation, 
which occurs during acute or chronic pancreatitis, results in an acinar-to-
ductal metaplasia, where the acinar cells for a short time during tissue 
regeneration show duct like morphology (metaplasia). In the normal 
situations this metaplasia is only transient, but if K-ras is mutated, the 
acinar-to-ductal metaplasia can become persistent and can give rise to 
PanIN development (Morris et al, 2010). This gives new insights into the 
origin and development of pancreatic cancer. 

2.3 Epidemiology and risk factors 
Pancreatic cancer is the 13th most common type of cancer in the world and 
due to poor prognosis it is considered to be the 8th cause of cancer-related 
death (Parkin et al, 2005). It is more common in the developed countries 
and in the western world the disease is the 4th cause of cancer related death 
(after lung, prostate in males, breast in females and colorectal carcinomas), 
causing 6% of all cancer deaths both in males and females (Jemal et al, 
2008). According to the Swedish National Board of Health and Welfare 667 
new cases of pancreatic adenocarcinomas were diagnosed in Sweden in 
2008.  

The disease is slightly more common in males than females, but age is 
considered the most established predictor of pancreatic cancer incidence. 
The incidence increases drastically after the age of 50, and most of the 
pancreatic cancers are diagnosed after the age of 70. 

5-10 % of all pancreatic cancers cases are considered inherited (Greer et 
al, 2007), associated to a diversity of familiarly cancer syndromes such as 
Hereditary Breast/Ovarian Cancer (HBOC), but also to hereditary 
pancreatitis and cystic fibrosis. 

Smoking is the most evident risk factor known to be associated with 
pancreatic cancer, and meta-analysis studies show an increased risk of about 
1,7 for smokers compared to non-smokers (Iodice et al, 2008). Also snus 
(Swedish moist snuff) increases the risk of developing pancreatic cancer 
compared to non-tobacco users (Luo et al, 2007).  

Furthermore, obesity (Berrington de Gonzalez et al, 2003) and type II 
diabetes (Huxley et al, 2005) are considered important risk factors, which 
indicate etiological associations to dietary factors and glucose metabolism. 
Moreover, heavy alcohol consumption (Genkinger et al, 2009) and chronic 
pancreatitis (Lowenfels et al, 1993) increases the risk of developing 
pancreatic cancer. Taken together, many of the risk factors are modifiable 
and a large portion of all cases could therefore be prevented by life style 
changes (Jiao et al, 2009). 
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2.4 Symptoms 
One major disadvantage with pancreatic cancer is that the disease is 
asymptomatic until late in tumor progression, and at the time of diagnosis 
the tumor rarely is at a localized stage (Malagelada, 1979). Even when 
symptoms start to appear, the disease most often presents with vague and 
unspecific symptoms that can cause the diagnosis to be delayed even further.  

The first clinical symptoms are often results from direct local tumor 
expansion. Painless jaundice, secondary to bile duct obstruction, is a 
common first manifestation of the disease if the tumor is located in the head 
of the pancreas and therefore also close to the bile duct. Jaundice is less 
common for tumors in the body of the pancreas. Another major presenting 
symptom is abdominal pain, often located in the epigastric region. In two-
thirds of the pancreatic cancer patients, abdominal pain is present at the 
time of diagnosis (Maringhini et al, 1993). Also back pain is common, due to 
retroperitoneal infiltration of large nerves. A few patients also present with 
an episode of acute pancreatitis, as a result of pancreatic duct obstruction. 

Paramalignant symptoms are also common debut symptoms. Weight loss, 
as a part of the cachexia symptomatology, is found in most patients with 
pancreatic cancer. 

2.5 Staging and clinical classification 
Pancreatic cancers can be classified according to the TNM classification 
(Sorbin L.H, 2002). The T (tumor grade), N (nodal status) and M (distant 
metastases) categories are all assessed by physical examination, imaging and 
surgical exploration.  

A tumor can further be grouped into stages based on the TNM 
classification. There are four different stages, and the stage and TNM 
classification is summarized in table 1.  

 
Table 1. Summary of pancreas tumor classification* 

Stage TNM-grade Characteristics 
Ia T1 (N0 M0) Limited to pancreas, <2 cm 
Ib 
IIa 
IIb 
III 
 
IV 

T2 (N0 M0) 
T3 (N0 M0) 
(T1-T3) N1 (M0) 
T4 (N0-N1 M0) 
 
(T1-T4 N0-N1) M1 

Limited to pancreas, > 2 cm 
Beyond pancreas, but not T4 
Regional lymph node metastasis 
Involving the coeliac axis or the 
superior mesenteric artery 
Distant metastasis 

         *Modified from (Sorbin L.H, 2002) 

Computer tomography with intravenous contrast is used to visualize 
possible metastatic lesions and the primary tumor in relation to the vascular 
system and by this evaluate the resectability of the tumor. Metastases are 
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mainly found in the liver and the peritoneal cavity. Magnetic resonance 
imaging can further be used as a complement in cases where the resectability 
is uncertain. ERCP and diagnostic laparoscopy is also commonly used to 
accurately determine metastatic and vascular involvement. The advantage 
with these invasive diagnostic methods is that tissue samples for correct 
histological diagnosis can be collected in case of unresectability. 

Based on the histopathological appearance and morphology, the tumor 
can further be classified by the degree of differentiation. A tumor can be 
classified as well, moderately, poorly differentiated or undifferentiated.  

Most of the patients (55%) present with a stage IV disease and further 13% 
with a stage III disease (Bilimoria et al, 2007), which makes it clear that a 
majority of the patients have a locally advanced or metastatic disease at the 
time of diagnosis.   

2.6 Treatment strategies 

2.6.1 Early disease 
The treatment strategies for pancreatic cancer have recently been reviewed 
by Dr. Hidalgo (Hidalgo, 2010). For localized tumors surgery is the 
treatment of choice. Depending on the location different surgical strategies 
are used; the cephalic pancreato-duodenectomy (the Whipple procedure) is 
preferred for tumors in the head of the pancreas, distal pancreatectomy in 
the cauda and total pancreatectomy for large cystical lesions. In the Whipple 
procedure the distal half of the stomach, the gall bladder, the distal portion 
of the common bile duct, the head of the pancreas, duodenum, proximal 
jejunum and regional lymph nodes, are all removed. The unaffected parts of 
the pancreas can be spared, and the production of endogenous insulin and 
digestive enzymes can be maintained and therefore the patients do not 
necessarily need substitution of these after the operation. In total 
pancreatectomy the whole pancreas is removed, and both hormones and 
digestive enzymes must be substituted lifelong.  

As a complement to surgery it has been shown in several studies that 
adjuvant chemotherapy (given postoperatively) with gemcitabine or 5-
fluorouracil (read more about these cytotoxic agents later in this chapter) 
improves the progression-free survival (Neoptolemos et al, 2004; Regine et 
al, 2008), but the overall survival is only affected marginally (Oettle et al, 
2007). 

2.6.2 Locally advanced and systemic disease 
To be a candidate for surgery the tumor must be in stage I or II, whereas 
stage III and IV tumors are considered unresectable. Only 20% of the 
patients have a resectable disease at the time of diagnosis (Bilimoria et al, 
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2007). The rest of the patients, and for the patients with a local recurrence of 
tumor after surgery, the treatment of choice is palliative chemotherapy.  
A meta-analysis of published studies show that the survival in patients with 
locally advanced disease is improved with chemotherapy (Sultana et al, 
2007), which indicates that active treatment is beneficial. 

Gemcitabine, a nucleoside analogue that incorporates in the DNA and 
blocks DNA replication, and 5-fluorouracil (5-FU), an inhibitor of the 
thymidylate synthetase, are the two chemotherapeutic agents most 
evaluated. Randomized trials have shown gemcitabine to be more effective 
then fluorouracil when administrated intravenously, with a gain in median 
survival of one month (Burris et al, 1997), which has made gemcitabine the 
drug of choice for the last decade. Several other drugs have been tested, but 
no one has shown such improvement in outcome that it motivates a change 
in treatment praxis.  

To minimize systemic effects of the drugs, administration of 5-FU direct 
into the peritoneal cavity has been tried, showing few side effects and 
temporary stabilization of tumor growth (Oman et al, 2001; Oman et al, 
2005).  

Even though pancreatic cancers show an active neoangiogenesis and an 
over-expression of Vascular Endothelial Growth Factor (VEGF), anti-
angiogenic treatment approaches both with MMP-inhibitors and anti-VEFG 
agents have failed (Saif, 2006). Recently, a large phase III trial was 
published comparing gemcitabine with a combination of gemcitabine and 
bevacizumab (trade name Avastin, an monoclonal antibody blocking VEGF) 
(Kindler et al). This trial showed that the addition of bevacizumab did not 
improve the survival of patients with advanced pancreatic cancer. 

Also endostatin, an anti-angiogenic agent derived from type XVIII 
collagen (further discussed in chapter 3), has been tested in several clinical 
trials as a therapeutic agent for a variety of cancers (Folkman, 2004; Kalluri, 
2003). Interestingly, in a recent study, endostatin and gemcitabine had 
better effect than either gemcitabine or endostatin in monotherapy in an 
animal xenograft model of human pancreatic cancer (Wang et al, 2010), but 
so far no results from clinical trials are available. 

2.7 Survival 
The overall median survival in pancreatic cancer is between 4 and 5 months 
(Bilimoria et al, 2007), and the major causes of death are peritoneal 
dissemination or liver metastases (Saif, 2006). Bilimoria et al have further 
studied the survival in pancreatic cancer in relation to stage, and compared 
resected and non-resected tumors in a large patient population with over 
121.000 pancreatic cancer patients. Selected parts of the results are 
presented in table 2 and show that resection of a tumor at a low stage 
improves the survival radically, but not so surprisingly the gain in survival 
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diminishes at higher stages. It is also noticeable that patients with a stage Ia 
tumor, a small tumor with no signs of disseminated disease, only show a 
median survival of 24,1 months after surgery. In fact, statistics show that 
long-term survival only occurs in 10-20 % of the patients that undergo 
surgery with curative intent (without adjuvant chemotherapy) (Goldstein et 
al, 2004; Yeo et al, 1995). If the staging methods correctly reflected the true 
tumor spread, one would expect a radical resection of a local disease to give 
better results, or even to be curative. The outcome indicates that pancreatic 
cancer seeds metastasis early and that we do not have the instruments to 
correctly classify the disease today.  

The low survival becomes even more obvious when overlooking the long-
term survival data for pancreatic cancer patients. During the past decades 
the 5-year survival rate has only improved marginally, and is today about 
5 % in the Nordic countries (Storm et al), in Europe (Sant et al, 2009) and in 
the United States (Bilimoria et al, 2007; Jemal et al, 2008). This makes 
pancreatic cancer the cancer type with the lowest long-term survival rate 
among all the most common malignancies. 

 
Table 2. Median survival (months) in pancreatic cancer*  

Stage Resected Non-resected Total 
Ia  
Ib 
IIa 
IIb 
III 
IV 

24,1 
20,6 
15,4 
12,7 
10,6 
4,5 

6,8 
6,1 
6,2 
6,7 
7,2 
2,5 

10,0 
9,1 
8,1 
9,7 
7,7 
2,5 

Total 12,6 3,5 4,4 
         *Data from (Bilimoria et al, 2007) 

Chapter 3: The stromal compartment and the basement 
membrane 
 
The stroma is defined as the connective and functionally supportive 
framework of an organ and is made up of vascular, inflammatory and 
epithelial cells within an extracellular matrix (ECM) (containing different 
collagens, fibronectin, proteoglycans, and glycosaminoglycans). The ECM is 
the term used to include all the interstitial matrixes (connective tissues) in 
the body. The basement membrane (BM) is a specialized form of ECM, 50-
100 nm in thickness, and is found attached to the base of all cell monolayers 
such as endothelial and epithelial cells (LeBleu et al, 2007). In fact, a BM is 
always associated with, and separates, the epithelial cells from the 
connective tissue underneath. Furthermore, the BM contains many 
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important binding-sites for cell adhesion receptors, and by binding to these 
sites many important signaling pathways are activated that influence cell 
functions such as apoptosis, growth and migration.  

In total about 50 proteins have been shown to contribute to the BM 
(Kalluri, 2003), The four major components of the BM are type IV collagen 
(contributes to about 50% of the total BM protein mass), laminin, 
nidogen/entactin, and perlecan. Type IV collagen and laminin individually 
self-assemble into sheet-like suprastructures crucial for the stability of the 
BM.  Both perlecan and nidogen have a role in cross-linking the laminin and 
type IV collagen matrices and by this further increase the BM stability. Also 
other minor components contribute to the BM, such as type XV and type 
XVIII collagen. However, the composition of the BMs differs in different 
tissues of the body and promotes diverse BM functions, such as the filtering 
capacity in the kidneys etc. These different properties can be achieved by 
variations in the expression of subtypes of laminin, type IV collagen or the 
other minor components of the BM.  

In light microscopy the BM can only be visualized as one structure. With 
electron microscopy the BM can further be subdivided in the lamina 
basilaris (closest to the epithelial cells) and lamina reticularis (facing the 
connective tissue underneath). Lamina reticularis is synthesized by cells in 
the underlying connective tissue and is rich of fibronectin. The lamina 
basalis can be even further subdivided into lamina lucida close to the 
epithelial cells containing laminin, and the electron dense lamina densa rich 
of type IV collagen. The structure of the BM is schematically illustrated in 
figure 3.  
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Figure 3. The basement membrane. © G. Andersson, 2010. 
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The BM is constantly remodeled in a dynamic process. Most cells, except 
immune cells, are known to produce BM constituents to some degree 
(Kalluri, 2003), and furthermore, many proteases are known to degrade BM 
components. 

In this thesis type IV and type XVIII collagen have been studied in the 
context of pancreatic cancer, and therefore the structure and function of 
these collagens, receptors known to bind to these collagens and the matrix 
metalloproteinases known to process these collagens will be discussed in this 
chapter. At the end of this chapter an introduction to the role of the stromal 
compartment in cancer in general will be presented. 

3.1 Collagens 
Collagens are a class of proteins with repeats of a unique amino acid 
sequence in which every third amino acid is a glycine (the “Gly-X-Y motif”). 
Because of this sequence the collagens have the ability to trimerize into triple 
helical structures. One of the most abundant proteins in all mammals is type 
I collagen, which forms large macromolecules, fibrillar in shape, which 
constitutes most of the connective tissue (Shoulders & Raines, 2009). Type 
II and III collagens possess the same features and these collagens are often 
referred to as fibrillar collagens. There are today about 30 different types of 
collagen known in the humans, and they can be grouped by the 
macromolecular structures they form. 

3.2 Type IV collagen 
Not all collagens form fibrillar structures. Type IV collagen only occurs in the 
BM and forms flat, sheet-like networks. The protein is comprised of six 
genetically distinct "-chains, "1(IV) to "6(IV), derived from six separate 
genes, COL4A1 to COL4A6. Each "-chain consists of a non-collagenous 
domain (NC1-domain) at the C-terminal, an intermediate collagenous 
domain (containing the Gly-X-Y motifs) and a N-terminal 7S domain. 

The "-chains assemble in different protomers, heterotrimerizations of "-
chains, and "1"1"2, "3"4"5 and "5"5"6 are the protomers found naturally 
in BMs. Protomers of "1"1"2 are present in all BMs, whereas "3"4"5 are 
present in the glomerular, lung, testis and ocular BMs and "5"5"6 are found 
in skin, smooth muscle and the kidney, and contributes to the unique 
properties of these BMs.   

The human type IV collagen genes are arranged in three pairs on different 
chromosomes, showing a head-to-head organization. COL4A1-Col4A2 is 
found on chromosome 13, COL4A3-COL4A4 on chromosome 2 and 
COL4A5-COL4A6 on chromosome X (Khoshnoodi et al, 2008). The gene 
pairs share the same bidirectional promoters, but still the regulation of type 
IV collagen production is not well understood. Levels of mRNA for "1(IV) 
and "2(IV) chains vary under different conditions, but still the ratio of 
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translated "-chains remains the same. This indicates the presence of a 
translational and posttranslational regulation (Khoshnoodi et al, 2008).  

The protomers start to form in the Golgi apparatus, where the NC1-
domains initiate the triple helical formation in a zipper-like manner. The 
protomers are secreted and self-assemble into the type IV collagen 
supramolecule, where four 7S-domains join and covalently stabilize, and two 
NC1 domains form head-to-head interactions (LeBleu et al, 2007), together 
forming a sheet-like structure. In figure 4 the "-chains and the assembly of 

these is illustrated. 
Mutations in type IV collagen genes that give structural changes or affect 

the assembly process lead to a variety of diseases, such as Alport’s Syndrome 
and Goodpasture’s Syndrome (Hudson et al, 2003), but as type IV collagen 
is such an essential protein most mutations that occur are believed to cause 
lethal phenotypes (Poschl et al, 2004). 
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Figure 4. The six "-chains of type IV collagen with the 7S domain at the N-terminal end, the intermediate 
collagenous domain, and the NC1 domain at the C-terminal end. The "-chains forms different protomers, 
"1"1"2, "3"4"5, "5"5"6. The protomers assembles extracellulary in sheet-like structures where the NC1 

domains interact head-to-head and four 7S domains joins together. 
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3.3 Type XVIII collagen 
Type XVIII collagen is a non-fibrillar heparin sulphate proteoglycan (HSPG) 
found in most BMs. It is sometimes mentioned as a collagen-proteoglycan 
hybrid because it has heparin sulphate (a polysaccharide) attached at 
different sites of the protein backbone. In humans only one "-chain and one 
gene coding for this "-chains is known (COL18A1). As all collagens also type 
XVIII collagen contains a collagenous domain with repeats of the Gly-X-Y 
motif. This triple-helical collagenous domain is found in the center of the 
molecule and is flaked by non-collagenous domains, ten NC domains in the 
N-terminal and one NC domain in the C-terminal (LeBleu et al, 2007). The 
central triple-helical domain is involved in the formation of polymers where 
three "-chains of type XVIII collagen are brought together (Iozzo, 2005). 

The N-terminal NC-domains can be spliced alternatively, and type XVIII 
collagen is therefore found in a short and a long isoform (Saarela et al, 
1998). The short isoform is found in most BMs, but the long one is 
exclusively expressed in the liver.  

Type XVIII collagen has been extensively examined during the last decade 
because endostatin, a potent anti-angiogenic fragment, is derived from the 
C-terminal NC-domain of type XVIII collagen. Endostatin will be further 
discussed later in this chapter (section 3.6). 

3.4 Integrin receptors 
As mentioned, the BM provides a scaffold for assembly and mechanical 
stability, but it also contains important binding-sites that are crucial for cells. 
The BM interaction is important in cell adhesion, migration, proliferation 
and differentiation. Many different cell types bind to type IV collagen; most 
endothelial and epithelial cells, platelets (important for homeostasis), 
hepatocytes, keatinocytes and mesangial cells (in the kidney), and these 
bindings are mediated by cell surface receptors.   

The integrin receptors, a family of transmembrane glycoproteins, are the 
major surface receptors for the ECM. They are present as heterodimers of 
one " and one ! subunit, and in mammals 18 different " subunits ("1-"11, 
"D, "E, "L, "M, "V, "W, "X) and 8 ! subunits (!1-!8) are known. Through 
different combinations of " and ! subunits, affinity for different binding-
sites on the ECM molecules is achieved. Most adherent cells are depending 
on integrin-mediated adhesion for their survival, and loss of this interaction 
leads to cell apoptosis (Huveneers et al, 2007). 

A variety of integrin combinations show affinity for collagens. Both "1!1 
and "2!1 bind type I and type IV collagen, though "1!1 has a higher affinity 
for type IV collagen and "2!1 for type I collagen. The importance of this 
interaction has been shown by deletion of the "1!1 integrin, which decreases 
the migration of fibroblasts and smooth muscle cells on a type IV collagen 
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matrix, and furthermore antisense mRNA of "2!1 causes decreased cell 
adhesion (Khoshnoodi et al, 2008).  

A major binding-site for integrins to type IV collagen has been 
characterized to a site within the collagenous triple-helical domain referred 
to as the CB3-region. By using antibodies directed to the CB3 region in a 
variety of carcinoma cell lines, 80% of the cell adhesion to type IV collagen 
was inhibited, indicating the importance of this region for cell adhesion 
(Vandenberg et al, 1991). Furthermore, the binding site for "1!1 and "2!1 

integrin has been located to different but adjacent positions at the CB3 
region (Kern et al, 1993). 

Not only the CB3-region of type IV collagen has been shown to interact 
with integrins, also the NC1 domain promotes cell adhesion and inhibits 
angiogenesis (Khoshnoodi et al, 2008). A summary of the different integrin 
binding-sites on the "1"1"2 protomer of type IV collagen is illustrated in 

figure 5.  
 

 

3.5 Matrix metalloproteinases 
Matrix metalloproteinases (MMPs) are a family of zinc-dependant proteases 
with the ability to degrade extracellular matrix and BM components 
(Egeblad & Werb, 2002; Overall & Kleifeld, 2006). 

Today more than 21 human MMPs are known and they are further sub-
grouped based on substrate specificity. Among the most well studied groups 
are the collagenases (MMP1, 8, 13 among others), capable of degrading 
triple-helical fibrillar collagens, and the gelatinases (MMP2 and MMP9) with 
type IV collagen as a substrate (among others). 

The MMPs are produced as inactive zymogens (pro-MMPs) and are 
activated extracellulary by proteolytic removal of the pro-peptide that hides 
the catalytic domain. Most MMPs are activated by other already activated 
MMPs. Also tissue inhibitors of matrix metalloproteases (TIMPs) are known, 
blocking the protease activity both in vitro and in vivo (Moses, 1997).  

The MMPs are involved in many important physiological processes where 
tissue remodeling is required, such as tissue repair and morphogenesis. 
Furthermore, MMPs can, because of their ability to cleave ECM molecules 
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Figure 5. Binding sites for different integrin receptors to the CB3-regionon and the NC1-domain on the 
"1"1"2 protomer of type IV collagen. Modified from (Khoshnoodi et al, 2008). 
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and through this liberate otherwise biologically inactive fragments hidden 
within the ECM molecules, indirectly inhibit angiogenesis (further discussed 
in section 3.6).  They are also directly involved in the regulation of cellular 
functions, and as an opposite effect to the anti-angiogenic properties, MMPs 
have been shown to regulate endothelial cell adhesion, proliferation and 
migration, and by this affect neovascularization (Rundhaug, 2005).  

Also many pathological processes are dependant on MMP activity, for 
example cirrhosis and arthritis. MMPs are of crucial importance in cancer 
progression and spreading because of their role in carcinogenesis and 
angiogenesis. Studies have found that the expression of MMPs is 
upregulated in many malignancies and that MMPs promote cancer growth. 
As an example, MMP9 deficient mice show decreased tumor growth 
(Coussens et al, 2000). 

3.6 Stroma-derived angiogenic factors 
In the last decades it has become evident that fragments derived from the 
ECM function as endogenous anti-angiogenic factors, and the BMs seem to 
be a particular rich source of these factors. Arresten, tumstatin and 
canstatin, which are all derived from the NC1 domains of type IV collagen 
(the "1(IV)-, "2(IV)- and "3(IV)-chains respectively) have been shown to 

inhibit tumor growth in vivo by inhibiting angiogenesis (Colorado et al, 
2000; Kamphaus et al, 2000; Maeshima et al, 2000; Sund et al, 2005a). As 
an example, tumstatin induces apoptosis and inhibits endothelial cell 
proliferation through its binding to integrin "V!1 (Maeshima et al, 2002; 
Sudhakar et al, 2003). Also fragments derived from the "4(IV)-, "5(IV)- and 
"6(IV)-chains (tetrastatins, pentastatins and hexastatins) have shown anti-

angiogenic properties in vitro (Karagiannis & Popel, 2007) and in vivo 
(Mundel et al, 2008). 

Another example of a BM derived anti-angiogenic factor is endostatin; a 
protein fragment cleaved off from the C-terminus of type XVIII collagen, 
which has been shown to be a potent anti-angiogenic agent (O'Reilly et al, 
1997). Endostatin can bind a diversity of integrin receptors on the 
endothelial cells, such as "5!1, "V!3 and "V!5 (Rehn et al, 2001; Sudhakar 
et al, 2003). It inhibits endothelial cell proliferation and migration, induces 
apoptosis and G1 arrest via a variety of signaling pathways (Dhanabal et al, 
1999a; Dhanabal et al, 1999b; Wickstrom et al, 2002; Wickstrom et al, 
2004). Endostatin does not only influence the angiogenesis by affecting the 
endothelial cells but also modulates matrix remodeling by inhibiting MMP2 
activity (Kim et al, 2000).  

Several MMPs, such as MMP3, 7, 9, 13 and 20 have been shown in vitro to 
be able to process endostatin from type XVIII collagen (Heljasvaara et al, 
2005). This MMP step is the initial step and elastase is subsequently 
required to generate active endostatin (Heljasvaara et al, 2005; Wen et al, 
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1999). Furthermore, MMP9 has been shown to cleave tumstatin from the 
"3(IV)-chain (Hamano et al, 2003). In other words, MMPs are of 

importance in the processing and remodeling of type IV and type XVIII 
collagen, and in this sense MMPs can also inhibit neovascularisation by 
degradading the ECM and liberating anti-angiogenic substances.  

It is not exclusively fragments derived from collagen that have anti-
angiogenic properties in the ECM. Endorepellin (derived from the C-
terminal of perlecan), anastellin (a fibronectin fragment) and 
thrombospondin-1 and -2 (TSP-1 and TSP-2; secreted glycoproteins found 
sequestered in the ECM) all have anti-angiogenic activity (Bix & Iozzo, 2008; 
Sund et al, 2005b). 

Furthermore, the ECM not only harbors anti-angiogenic substances, but 
also pro-angiogenic factors are stored in, and are produced by cells in the 
stroma. VEGF, maybe the most extensively studied pro-angiogenic 
substance, is found and sequestered in the ECM, ready to be used when 
liberated after for instance tissue damage. 

In the normal tissue there is a balance between the pro- and anti-
angiogenic substances in the extracellular milieu resulting in a low 
angiogenic activity. In the case of cancer, the balance is tilted in favor of the 
pro-angiogenic substances, leading to tumor vascularization. This change is 
often referred to as the angiogenic switch. 

3.7 The role of stroma in cancer 
A solid tumor can in many senses be considered as an unorganized organ, 
and interestingly only a small part of the total tumor volume is made up off 
cancer cells and the rest consists of stroma (Ronnov-Jessen et al, 1996). In 
recent years efforts have been made on understanding the role of the tumor 
associated stroma, a stroma also referred to as the reactive or desmoplastic 
stroma. Compared to normal stroma, reactive stroma shows increased 
number of fibroblasts and capillaries and an abundant deposition of type I 
collagen and fibronectin (Ronnov-Jessen et al, 1996). The production of the 
tumor stroma is promoted by growth factors, such as TGF-!1 (Transforming 

growth factor), PDGF  (Platelet derived growth factor) and FGF-2 (Fibroblast 
growth factor), produced by the cancer cells, which in turn activate 
fibroblasts to produce more ECM (Elenbaas & Weinberg, 2001). 
Furthermore, parts of the tumor stroma, such as BM components, are 
produced directly by the cancer cells, which will be shown in the next chapter 
for pancreatic cancer. 

It has been shown, as reviewed by Kalluri and Zeisberg (Kalluri & 
Zeisberg, 2006) that components of the stroma, such as cancer-associated 
fibroblasts (CAFs) and the endothelium, have many important roles in the 
progression, growth and spread of cancers. Many growth factors, 
chemokines and ECM proteins in the stroma have an effect on the cancer 
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cells. The ECM in a tumor is also constantly undergoing remodeling, a 
process potentiated by different proteases in the tumor microenvironment. 
In this process many factors important for tumor progression, such as VEGF 
(Hutchings et al, 2003), are released. The important stromal function of 
angiogenesis regulation is discussed in section 3.6. 

The BM is of importance in cancer development and metastasis. Many 
cancer cells produce discontinuous BM structures, and certain cancer cells, 
such as breast and prostate carcinomas, melanomas, fibrosarcomas and 
gliomas, are known to bind type IV collagen (Khoshnoodi et al, 2008). 

The importance of the tumor stroma is not only shown in cancer 
progression but also in resistance to therapy. Interactions with the tumor 
stroma can regulate drug resistance and the ECM has been shown to have 
protective properties for instance in small-cell lung cancer (Hodkinson et al, 
2007) and in pancreatic cancer (Grzesiak et al, 2007; Sebens Muerkoster et 
al, 2009).  In breast cancer the gene expression of tumor stroma both can 
predict clinical outcome (Finak et al, 2008), and resistance to chemotherapy 
(Farmer et al, 2009).  

The focus of this thesis has been on the role of ECM/BM derived 
substances as tumor growth regulators and as tumor markers in pancreatic 
cancer. The next chapter will in detail discuss the stroma in pancreatic 
cancer and the role it has in pancreatic cancer progression. 

Chapter 4: The stroma in pancreatic cancer 

4.1 The desmoplastic reaction 
Pancreatic cancer is characterized by an abundant fibrotic host tissue 
reaction referred to as the desmoplastic reaction that surrounds and 
infiltrates clusters of tumor cells. Approximately 80 % of the tumor mass is 
made up by this stroma, which is composed of ECM proteins, predominantly 
type I and III collagen and glycoproteins (Goldstein et al, 2004), but also 
new blood vessels, inflammatory cells and activated pancreatic stellate cells 
(PSC).  

4.1.1 Regulation and synthesis 
The main producer of the desmoplastic stroma is the activated PSC. In the 
normal situation the PSC is a quiescent fat storing cell, but after activation 
morphological changes occurs and it becomes a highly active matrix-
producing myofibroblast-like cell, expressing "-smooth muscle actin ("-

SMA) and large amounts of type I and III collagen and fibronectin (Bachem 
et al, 2008).  

The PSC can be activated by a variety of different stimuli. The pancreatic 
cancer stroma is hypoxic (Koong et al, 2000), and hypoxia has been shown 
to activate PSC (Masamune et al, 2008). Furthermore, leucocytes recruited 
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after pancreatic tissue damage and stress activates the PSC, but also 
chemokines and growth factors such as FGFs, EGFs (epidermal growth 
factor) and TGF-! have this activating effect (Omary et al, 2007).  

Many of these growth factors are produced by the cancer cells, but also by 
inflammatory cells and by the PSC themselves, thereby forming 
autocrine/paracrine loops that stimulate motility, proliferation, ECM and 
MMP synthesis of the PSCs (Bachem et al, 2008).  

The activation of PSC is also associated with the fibrosis seen in chronic 
pancreatitis (Vonlaufen et al, 2008), which is the reason why it sometimes 
can be hard to distinguish between pancreatic cancer and chronic 
pancreatitis based on histology. 

4.1.2 Function 
There has been a debate whether the desmoplastic stroma seen in pancreatic 
cancer is a sign of host defense or a tumor driven process important for 
tumor progression. The fact that less aggressive mucinous types of 
pancreatic carcinomas are not surrounded by this kind of desmoplastic 
stroma indicates that stroma somehow is related to tumor aggressiveness 
(Kimura et al, 1998).   

Furthermore, as reviewed by Omary et al (Omary et al, 2007), much 
evidence have been collected supporting the idea that the PSCs, through 
their production of the tumor stroma components, support tumor growth. 
For example, conditioned cell media from human pancreatic cancer cell lines 
stimulate PSC proliferation and production of ECM proteins, and the growth 
rate of tumor cells injected subcutaneously (s.c.) into nude mice is markedly 
increased when PSCs are co-injected with the cancer cells.  

It is also evident that the cancer cells are important for initiating the 
formation of the desmoplatic reaction as they induce the proliferation of 
PSCs by secreting PDGF and influence PSC production of ECM proteins by 
secreting TGF-!1 and FGF-2 (Bachem et al, 2005; Lohr et al, 2001). 
Furthermore, cancer cells induce VEGF secretion by the PSCs, which in turn 
increases the endothelial cell growth, whereas cancer cells alone suppressed 
endothelial cell growth (Erkan et al, 2009). 

Taken together all these findings indicate that a tumor supportive 
microenvironment is created when cancer cells activate the PSCs, and that 
there is a symbiotic relationship between pancreatic cancer cells and PSCs 
that results in an overall increase in tumor growth.  

4.1.3 The tumor stroma as a prognostic factor in pancreatic cancer 
A recent study has shown that the amount of stroma and PSCs can function 
as a prognostic factor (Erkan et al, 2008). The activated stroma index, 
defined as the ratio of the "-SMA stained area to the collagen stained area, 
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shows a correlation to prognosis, where high stromal activity in combination 
with low collagen deposition is associated to worse prognosis.  

4.2 The interaction between the tumor stroma and integrin 
receptors in pancreatic cancer 

4.2.1 TGF-! as an active player in pancreatic cancer 
TGF-! is a member of a family of proteins known as the transforming growth 
factor beta superfamily and exists in different forms (e.g., TGF-!1, -!2 and    
-!3). The active form is a dimer composed of polypeptide chains that are 
cleaved from precursor proteins. Active TGF-! can bring together two 
receptor serine/threonine kinases known as the type I and type II receptors. 
The type II receptor then phosphorylates and activates the type I receptor, 
which in turn phosphorylates the SMAD transcription factors. 

TGF-!1 is a soluble growth factor, which has pro-fibrotic effects with 
increased matrix synthesis, including expression of collagens, fibronectin 
and proteoglycans, and inhibition of collagenolysis (Gauldie et al, 2007). 

In normal and premalignant cells, TGF-!1 show tumor-suppressive 
effects, but when cancer cells loose TGF-!1 tumor-suppressive responses, 
they can use TGF-! to their advantage and initiate immune evasion, growth 

factor production and differentiation into an invasive phenotype, leading to 
metastatic dissemination or establishment and expansion of metastatic 
colonies (Massague, 2008). 

Most pancreatic cancers show a deletion in chromosome-region 18q21.2 
leading to a loss of heterozygosity of the tumor suppressor gene DPC4 
(Deleted in Pancreatic Cancer, locus 4; also known as SMAD4) that acts as a 
negative regulator of TGF-!1 (Hidalgo, 2010). This leads to constitutive 
activation of TGF-!1 signaling, which in turn results in proliferation of PSCs. 
PSCs then produce the type I collagen and fibronectin rich desmoplasia 
characteristic for pancreatic cancer, and cancer cell proliferation is 
stimulated by these molecules through integrin receptors on the cancer cell 
surface ("2!1 for type I collagen and "5!1 for fibronectin). TGF-!1 also 

inhibits degradation of the ECM by stimulating production of MMP 
inhibitors (Grzesiak et al, 2007).  

Conditioned media from pancreatic cancer cell lines increases PSC 
proliferation and type I collagen synthesis (Armstrong et al, 2004), and 
neutralizing antibodies against TGF-!1 reduce this effect. In vivo, SD-208 (a 
TGF-!1 blocker) reduces pancreas tumor growth (Medicherla et al, 2007). 

Also integrins binding to type I collagen are upregulated in pancreatic cancer 
cells, as mentioned in the next section. This underlines the importance of 
TGF-! signaling in pancreatic cancer, and this paracrine loop involving TGF-
!1, type I collagen and fibronectin is summarized in figure 6. 
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4.2.2 Collagens in pancreatic cancer 
Type IV collagen expression is upregulated in pancreatic tumor stroma, and 
in the BMs surrounding the cancer cells, it forms discontinuous BM-like 
structures (Lee et al, 1994; Linder et al, 2001). It is also shown that 
pancreatic cancer cell lines and xenografted human pancreatic tumors 
express many ECM related substances (such as type IV collagen, laminin, 
fibronectin, type III collagen and type I collagen) but that level of type IV 
collagen production exceeds that of all other ECM molecules (Lohr et al, 
1994).  

Additionally many of the integrins known to bind type IV collagen are 
upregulated in pancreatic cancer cells. Both in vivo and in vitro "1, "2, "3, 
"6, "v, !1, !3 and !4-integrin subunits are upregulated, and they are 
expressed over the entire tumor cell, not only at the basolateral side as in 
normal pancreas tissue (Lohr et al, 1996). 

Furthermore, as mentioned earlier, type I collagen expression is highly 
upregulated in pancreatic cancer and has been shown to bind to the "2!1 
integrin receptors on the pancreatic cancer cells in vitro. Also "1!1 integrin 
is expressed on pancreatic cancer cells and is found to interact with type IV 
collagen (Grzesiak & Bouvet, 2007). These interactions with integrin 
receptors are of importance for cell migration, and inhibition of integrin !1 
has been shown to suppress invasion for pancreatic cancer cells in vitro 
(Sawai et al, 2008). 

Tumor cell

PSC
FGF-2
PDGF
TGF-!1

Fibronectin

Type I 
collagenFibronectin 

Type I collagen 
Integrin 
receptor"5!1

"2!1 Survival
signal

Desmoplasia 
 

Figure 6.  Pancreatic stellate cells promote cancer cell growth through paracrine stimulation. Mutations in 
pancreatic cancers cause aberrant TGF-!1 signaling. The pancreatic cancer cells secrete growth factors TGF-!1, 

FGF-s and PDGF that activate PSCs. Activated PSCs synthesize ECM proteins that form the tumor stoma. 
Components in the tumor stroma bind to different receptors on the surface of the cancer cells, which provide 

the cancer cells important survival and proliferation signals. 
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The integrin binding also seems to be of importance for cell survival and 
for the cytotoxic resistance seen in pancreatic cancer. Pancreatic cancer cell 
lines attached to type I and IV collagen (or fibronection and laminin) show 
decreased cytotoxicity of anticancer drugs (Grzesiak et al, 2007), and type I 
collagen increases the survival of pancreatic cancer cells treated with 5-FU 
(Armstrong et al, 2004). 

These findings indicate the importance of the collagen/integrin 
interaction in pancreatic cancer cell survival, proliferation and migration, 
and in this thesis these interactions will be examined further. 

Chapter 5: Tumor markers 
 
An ideal tumor marker should be measurable in easily accessible body fluids, 
such as blood or urine, and show acceptable sensitivity and specificity so that 
as few individuals as possible become wrongly classified when used in a 
patient population or the general population. 

Furthermore, a tumor marker can be used in different clinical situations 
and should be able to: 

 
• Distinguish between healthy and diseased individuals (screening 

marker) and/or 
• Distinguish between cancer and other diseases, or local and 

disseminated disease (diagnostic marker) and/or 

• Predict survival (prognostic marker) and/or  
• Evaluate treatment effects and detect disease relapse 

(monitoring marker) 
 

Currently, no tumor marker is available that fully fulfil these clinical criteria 
for pancreatic cancer. As mentioned in section 2.4, clinical symptoms 
present late in the development of the disease, and metastatic lesions have 
often already been seeded at the time of diagnosis. When symptoms arise 
they are often so diffuse and delay a correct diagnosis even further. And last, 
when a pancreatic lesion is identified the clinicians are often facing 
difficulties trying to establish if the lesion is benign or malignant, or if it is 
resectable or already has metastasized. The consequence of the latter is that 
many patients, despite a metastatic disease, will be treated with extensive 
surgery without beneficial outcome.  

Thus, there is a great need of novel tumor markers in order to provide 
early diagnosis, to correctly classify the pancreatic cancer as metastatic or 
localized, and to detect early recurrences and monitor treatment effects. 

In this chapter the currently used tumor markers in pancreatic cancer are 
presented. As this thesis focuses on the BM and ECM in finding novel tumor 



Daniel Öhlund, 2010 

37 

markers for pancreatic cancer, the last section will be dedicated to the 
current knowledge about changes in stroma expression that occurs in cancer 
tissue and the circulating levels of stroma-related substances in cancer.  

5.1 Currently used tumor markers in pancreatic cancer 
Over the years many substances have been proposed as potential tumor 
markers in pancreatic cancer. Decreased survival in patients with high 
expression or circulating levels of oncogene transcription factors such as 
LMO4 (Murphy et al, 2008), the cytokine receptor c-kit (Kimura et al, 2007) 
and K-ras (Castells et al, 1999) have been described. Furthermore, tissue 
microarrays on cell cycle and proliferation makers have shown that loss of 
p53 and high expression of Ki-67 is associated with poor survival 
(Karamitopoulou et al, 2010).  

Also pancreatic juice has been evaluated as a source of novel tumor 
markers (Gao et al, 2010), and telomerase activity measured in pancreatic 
juice has been proposed to help discriminate pancreatic cancer from other 
diseases in the pancreas (Uehara et al, 2008).  

More recently microRNA expression has been studied as a potential tumor 
marker. It has been shown that low expression of certain microRNA was 
associated with benefit from adjuvant treatment (Hwang et al, 2010), but 
also that circulating levels in plasma could discriminate pancreatic cancer 
patients from healthy controls (Wang et al, 2009).   

However, due to low sensitivity and specificity, few of these markers are 
used in clinical practice. No one of the tested tumor markers have achieved 
the levels of sensitivity and specificity required to be recommended for 
screening of asymptomatic patients in the general population (Lee & Saif, 
2009), and most markers have remained as “bench-side” markers and have 
not found their role at the “bed-side” in the clinic. Today the tumor antigens 
Ca 19-9 and TPS are the most commonly used tumor markers in pancreatic 
cancer patients, and Ca 19-9 is somewhat seen as the “golden standard”. 
Therefore, every potential new tumor marker is compared to Ca 19-9. 

In the following part of this the section some of the most evaluated tumor 
markers in pancreatic cancer will be presented a bit more in detail. 

5.1.1 Cancer antigen 19-9 
Cancer antigen 19-9 (Ca 19-9) is by far the most evaluated tumor marker in 
pancreatic cancer (Goonetilleke & Siriwardena, 2007). The antigen is 
identified as the sialytated LewisA blood group antigen (a tetrasaccharide 
attached to the cell surface) and was originally found in colon cancer cell 
lines. With an optimized cut off, Ca 19-9 can reach a sensitivity of 77% and a 
specificity of 87% when used to discriminate between pancreatic cancer and 
other benign pancreatic diseases (Kim et al, 1999). A consequence of the 
insufficient sensitivity and specificity is that Ca 19-9 cannot be used as a 
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screening tumor marker (Chang et al, 2006) or a diagnostic tumor marker 
(Duffy et al, 2009). However, Ca 19-9 has been shown to be useful in 
monitoring treatment effects (Micke et al, 2003; Ohara et al, 2001; Ziske et 
al, 2003) and predicting prognosis preoperatively (Ueda et al, 2009; Waraya 
et al, 2009) or after treatment (Ferrone et al, 2006).  

A major disadvantage is that the Ca 19-9 epitope is not expressed at all in 
10% of the Caucasian population (Duffy et al, 2009). Additionally, many 
other benign (acute pancreatitis, liver cirrhosis, cholangitis) and malignant 
(other gastrointestinal cancers) diseases as well as symptoms (such as 
jaundice) cause elevated levels of Ca 19-9 (Duffy et al, 2009). Furthermore, 
all pancreatic cancer patients do not have increased levels upon the time of 
diagnosis (Duffy et al, 2009). To overcome these obstacles combinations 
with other established tumor markers have been proposed, as discussed later 
in this section, without any overwhelming results. Combinations of Ca 19-9 
with stroma-derived substances, such as MMP9 and TIMP1, have also been 
tested without improvement in diagnostic accuracy (Joergensen et al, 2010). 

5.1.2 Tissue polypeptide specific antigen 
Tissue polypeptide specific antigen (TPS), a soluble epitope from fragments 
of cytokeratin 18, has similar sensitivity for pancreatic cancer as Ca 19-9, and 
has been described to reflect the tumor growth activity more than many 
other tumor markers, which instead correlate to tumor burden (Sandblom et 
al, 2008; Slesak et al, 2000). Furthermore, compared to Ca 19-9, TPS has 
been proposed to better differentiate between pancreatic carcinomas and 
chronic pancreatitis (Slesak et al, 2000), and to be more useful in treatment 
follow-up of these diseases (Slesak et al, 2004). 

5.1.3 Cancer antigen 125 
Cancer antigen 125 (Ca 125) is a tumor marker most commonly used in 
ovarian cancer. Elevated levels have also been shown in breast and lung 
carcinomas. Furthermore, Ca 125 has been evaluated in pancreatic cancer 
patients, with elevated levels in cancer when compared to benign pancreatic 
lesions (Gattani et al, 1996; Omar et al, 1989). Compared to Ca 19-9, Ca 125 
has a slightly lower sensitivity and specificity, and it has also been shown 
that the combinations of Ca 19-9 and Ca 125 do not improve sensitivity and 
specificity when compared to Ca 19-9 alone (Cwik et al, 2006). 

5.1.4 Carcinoembryonic antigen 
Carcinoembryonic antigen (CEA), a widely used tumor marker especially for 
colorectal cancer, has been evaluated in pancreatic cancer and found to be 
less sensitive than Ca 19-9 (Molina et al, 1990). However, the combination of 
CEA with other tumor markers increased the diagnostic specificity to match 
that of Ca 19-9 (Ni et al, 2005). 
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5.2 Tumor markers derived from the stromal compartment 
A multitude of studies have been made on the expression and circulating 
levels of stroma related substances in cancer, and often the focus has been on 
measuring levels of stroma-derived substances involved in angiogenesis. The 
role of these circulating angiogenesis regulators as potential biomarkers in 
cancer patients has previously been reviewed (Kuroi & Toi, 2001). 
Circulating levels of basic fibroblast growth factor (bFGF), VEGF, 
angiogenin, thrombospondin (TSP) and endostatin have been shown to be 
elevated in many different cancer types. Therefore, these substances have 
been thought to be useful as tumor markers with prognostic and diagnostic 
potentials. But still no stroma-derived tumor marker has reached the clinic. 
In this section a detailed overview of stroma-derived substances with 
potential as tumor markers, and therefore of relevance for this thesis, will be 
presented. 

5.2.1 Type IV collagen  
Type IV collagen, as a major component of both vascular and epithelial BMs, 
has been thoroughly studied in cancer. The expression pattern of type IV 
collagen has been characterized in many cancer types, and in breast cancer 
type IV collagen is detected in 100% of the cell cytoplasms of infiltrating 
ductal and 83% of lobular carcinomas. On the other hand, the epithelium in 
normal, benign and hyperplastic breast tissue and most medullary 
carcinomas are negative for type IV collagen (al Adnani et al, 1987). 
Furthermore, it has been proposed that elevated expression of type IV 
collagen in breast cancer may predict disease free survival, because type IV 
collagen expression in the cytoplasm of neoplastic cells is overrepresented in 
tumors that later showed recurrence (De Iorio et al, 2001).  

In laryngeal squamous cell carcinomas abnormal distribution of type IV 
collagen is shown but not in non-neoplastic vocal cord polyps (Lee et al, 
1996). Furthermore, overexpression of type IV collagen and fibronectin is 
detected in prostatic adenocarcinoma when compared with benign prostatic 
hyperplasia (Isisag et al, 2003). In a great majority of human colon 
adenocarcinomas a pronounced stromal reaction with the presence of type 
IV collagen and/or heparan sulfate proteoglycan is found, and this is not 
observed in polyps (Ljubimov et al, 1992). Also in extrahepatic bile duct 
carcinomas there is a deposition of type IV collagen in the desmoplastic 
stroma beyond the basement membrane (Chen et al, 2001).  

All these studies suggest that a modified tumor stroma with the presence 
of type IV collagen provides a better environment for tumor growth and 
invasion. 

Many published studies have focused on the characterization of the BM 
found in tumor tissue, because the BM must be penetrated before a 
carcinoma can become invasive. Pituitary adenomas have less type IV 
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collagen in their BMs and type IV collagen immunostaining seems to be a 
simple and reliable method of diagnosing pituitary adenomas 
(Jarzembowski et al, 2007).  Thyroid carcinomas with discontinuous type IV 
collagen immunostaining in the BM at the same time show positive 
immunostaining to many proliferating markers. On the other hand, in 
normal thyroid tissue and in benign tumors low proliferative activity and 
intact type IV collagen in the BM is seen. This indicates that immunostaining 
of type IV collagen can be used to predict the aggressiveness of invasion and 
metastasis in human thyroid tumors (Kusunoki et al, 2002).  

Furthermore, in laryngeal carcinomas there is a significant correlation 
between type IV collagen expression and the existence of nodal metastases, 
and loss of a continuous type IV collagen pattern in the BM surrounding 
nests of carcinoma is shown to be an important prognostic factor (Krecicki et 
al, 2001). In colon adenocarcinomas loss of type IV collagen in the BM is 
related to loss of differentiation and the development of the malignant 
potential (Galbavy et al, 2002). 

Collectively, the data from all these studies point to the fact that disrupted 
or discontinuous BM indicate an invasive phenotype. 

Of particular interest, and of high relevance for the topic of this thesis, 
there is an abnormal distribution of type IV collagen in continuous and 
irregular BM-like structures around individual or groups of neoplastic cells 
in pancreatic cancer (Lee et al, 1994; Linder et al, 2001) and deposition of 
both type I, type III, and type IV collagen is found in the desmoplastic 
reaction (Linder et al, 2001). Furthermore, pancreatic cancer cells have been 
shown to produce high amounts of type IV collagen both in vivo and in vitro 
(Lohr et al, 1994). 

Circulating levels of type IV collagen have for a long time been measured 
and used for monitoring chronic liver diseases. Many chronic liver diseases 
are progressive disorders that eventually lead to liver cirrhosis, which is 
characterized by extensive collagen deposition. Numerous different types of 
collagens are increased in the liver during the progression of fibrosis. Type 
IV collagen has been of particular interest because its circulating levels are 
correlated with the hepatic expression levels of type IV collagen, and the 
circulating levels of type IV collagen decrease in response to therapy 
(Tsutsumi et al, 1996). In patients with chronic hepatitis C, type IV collagen 
has been shown to be one of the most useful markers for evaluation of the 
grade of liver fibrosis and a potent indicator for the responsiveness to 
interferon therapy (Yabu et al, 1994). 

The circulating levels of type IV collagen have also been examined in 
healthy controls. The levels of type IV collagen have been measured in 
different age groups (Yokoya et al, 1992) and between the ages of 20 t0 60 
no significant difference could be detected. Under 20 and above 60 the type 
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IV collagen levels were slightly increased. Furthermore, no differences in 
circulating levels according to sex have been detected (Yokoya et al, 1992). 

The circulating levels have also been measured in cancer patients. 
Elevated levels of type IV collagen can be detected in primary and metastatic 
liver cancer as well as in liver cirrhosis (Hong et al, 1995). Patients with 
colorectal cancer and liver metastasis show significantly higher serum levels 
of type IV collagen than those without metastasis (Ambiru et al, 1995). In 
breast cancer type IV collagen levels were found to be significantly higher in 
patients who showed postoperative recurrence, and type IV collagen were 
shown to be a useful marker of recurrent and metastatic breast cancer, 
especially if metastases were located to the bone and/or the liver (Narita et 
al, 1993). Patients with high levels of circulating type IV collagen before 
surgical resection of hepatocellular carcinoma show increased risk of 
recurrence, and univariate and multivariate analysis identified a high serum 
concentration of type IV collagen as an independent risk factor for 
recurrence (Kawai et al, 2003). In a case study of a patient with a granulosa 
cell tumor of the ovary, strong immunohistochemical staining specific for 
type IV collagen and laminin was observed within the tumor, and serum 
concentrations of these BM components were very high before surgery, but 
decreased rapidly postoperatively (decreased 4-fold within 7 days) (Iwahashi 
et al, 1997). The authors suggest that these components might be useful in 
detecting metastatic or recurrent lesions and in monitoring response to 
treatment. 

The type IV collagen levels have also been studied in relation to survival. 
In patients with adenocarcinoma of the gastrointestinal tract the 
concentration of type IV collagen in the peritoneal fluid was significantly 
higher in patients with peritoneal dissemination than in those without 
metastasis, and furthermore a significant correlation between the peritoneal 
type IV collagen level and survival time was shown (Korenaga et al, 1998).   

Taken together, by measuring circulating levels of type IV collagen both 
diagnostic and prognostic information can be gathered in a variety of 
cancers. 

5.2.2 Type XVIII collagen/endostatin 
As pointed out earlier, endostatin is one of the most potent endogenous 
angiogenic inhibitors known and since it discovery (O'Reilly et al, 1997) 
many studies have been done on endostatin and its role in human cancer, 
where expression pattern and circulating levels in different human cancer 
types have been of particular interest.  

In most cancer tissues endostatin expression can be detected and it has 
been shown that the degree of expression correlates to clinical features. In 
osteosarcoma, the expression of endostatin is positively correlated with 
tumor size, histologic stage, and distant metastasis (Kim et al, 2009) and in 
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non-small cell lung cancer (NSCLC) the expression of type XVIII collagen in 
tumor tissue is strongly associated with a poorer outcome and is also 
correlates with elevated levels of circulating serum endostatin (Iizasa et al, 
2004). Other studies on NSCLC confirms that overexpression of type XVIII 
collagen is associated with poor outcome, and it is concluded that type XVIII 
collagen expression may serve as a useful prognostic marker in patients with 
NSCLC (Chang et al, 2004).  

The question has been raised if type XVIII collagen is produced by the 
cancer cells or by the surrounding tumor stroma, and it seems to differ 
between different cancer types. In colorectal carcinomas and liver 
metastases high levels of type XVIII collagen transcripts were observed in 
endothelial cells and fibroblasts, whereas transcripts were virtually absent in 
carcinoma cells (Guenther et al, 2001). One the other hand, in ovarian 
carcinomas, high type XVIII collagen mRNA expression was displayed both 
in carcinoma and stromal cells (Guenther et al, 2001). In hepatocellular 
carcinoma tissue, endostatin expression was detected in various types of 
liver cells and was significantly stronger in adjacent non-tumor tissues than 
in the tumor (Hu et al, 2005). In this study also the type XVIII 
collagen/endostatin expression in non-tumor tissues correlated with tumor 
stages and Kaplan-Meier analysis showed that patients with higher 
expression had significantly shorter overall survival and disease-free 
survival. Also the circulating levels of type IV collagen/endostatin were an 
independent prognostic factor for tumor recurrence.  

Normal physiological levels of endostatin are found in the circulation at 
20-50 ng/ml in serum and 40-100 ng/ml in plasma. The difference in 
circulating levels between plasma and serum is potentially a result of the 
scavenger property of blood platelets, as endostatin is enriched into blood 
platelets (Ma et al, 2001). 

Correlations between circulating levels of endostatin and survival have 
been shown for many carcinomas. In ovarian cancer, high levels of 
circulating endostatin are an independent prognostic factor (Hata et al, 
2003) and in non-Hodgkin lymphoma patients high pre-treatment levels of 
endostatin are associated with high serum VEGF levels and poor survival 
(Bono et al, 2003). Furthermore, elevated endostatin is associated with a 
higher stage and grade of primary transitional cell carcinoma of the bladder 
(Guan et al, 2003), and in patients with head and neck squamous cell 
carcinoma elevated endostatin levels are associated with higher histological 
grade and with both disease recurrence and death from the disease (Homer 
et al, 2002). 

Changes in endostatin levels after treatment have also been studied 
extensively and many studies support the idea off endostatin as a tumor 
marker that predict outcome after treatment. In renal carcinomas circulating 
endostatin levels are elevated and correlate with circulating levels of VEGF at 
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the time of diagnose, and the endostatin levels increase further after 
nephrectomy with the greatest increases found in patients with shortened 
survival times (Feldman et al, 2002). In soft tissue sarcoma serum 
endostatin, VEGF, and bFGF levels are elevated and elevated endostatin 
levels appear to be associated with tumor aggressiveness and furthermore 
high endostatin levels are associated with an increased risk of tumor 
recurrence after resection (Feldman et al, 2001b).  

Also in non-solid tumors, such as hematological malignancies, changes in 
substances derived from the stroma have been observed. In patients with 
acute myeloid leukemia (AML), endostatin serum levels are significantly 
higher in untreated AML patients than in the normal controls (Wrobel et al, 
2005). 

Finally, endostatin has also been seen to be useful during follow-up after 
treatment. In colorectal cancer patients with liver metastases plasma 
endostatin levels are elevated, and further elevation during follow-up are 
associated with disease progression (Feldman et al, 2001a). In endometrial 
cancer endostatin levels decreased significantly after treatment, followed by 
marked elevations at clinical relapse (Shaarawy & El-Sharkawy, 2001). Also 
in melanoma patients, there are indications that endostatin might be useful 
as diagnostic markers for the early detection of locoregional metastasis 
(Kurschat et al, 2007). 

Taken together, endostatin is a potential tumor marker in many cancers. 
But although correlation between endostatin levels and survival and tumor 
stage has been quite consistent in many cancer types, not all show this 
correlation. In patients with vulvar cancer, endostatin levels are not 
correlated to histopatological grade and tumor stage, and levels were not 
associated to impaired prognoses (Hefler et al, 1999). In lung cancer 
patients, both non-small cell lung cancer and small cell lung cancer, the 
serum endostatin concentration does not change after chemotherapy 
(Swidzinska et al, 2005). 

5.2.3 Vascular endothelial growth factor  
Even though cancer cells to some extent can produce vascular endothelial 
growth factor (VEGF), stromal cells are the main source of VEGF production 
in cancer (Fukumura et al, 1998). Like endostatin, VEGF expression in 
cancer tissue is associated to prognosis. For example, in colon cancer, VEGF 
expression has been shown to better predict disease-free survival than 
conventional clinicopathologic factors (Galizia et al, 2004). 

Changes in circulating levels of VEGF after treatment have also been 
shown to give prognostic information. In breast cancer VEGF levels 
decreased significantly after surgery, and the patients with normalized VEGF 
levels after surgery had a lower risk of relapse compared to those where 
VEGF failed to normalize (Zhao et al, 2004). In advanced non-small cell lung 
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cancer (NSCLC) a change in VEGF at week 12 after initiation of 
chemotherapy correlated with response to therapy, and furthermore, 
patients with high pre-treatment levels of VEGF had shorter median survival 
than those with low levels (Dudek & Mahaseth, 2005).  Also in other cancer 
types preoperative VEGF levels can predict outcome. In colon carcinoma 
patients the serum levels of VEGF drop significantly after surgery, and the 
preoperative serum levels are associated to disease-free survival (De Vita et 
al, 2004). There are also indications that high serum VEGF levels correlate 
with metastases and poor outcome in patients with hepatocellular carcinoma 
(Poon et al, 2004; Yamagata et al, 2000) and that VEGF might be a useful 
prognostic marker in patients with hepatocellular carcinomas. 

Measuring both a pro- and an anti-angiogenic substance has also been 
shown to be a fruitful approach. In endometrial cancer circulating levels of 
VEGF and endostatin are increased in patients and correlates with tumor 
stage. Both VEGF and endostatin levels decrease significantly after 
treatment, followed by marked elevations at clinical relapse. The 
VEGF/endostatin ratio is higher in the advanced stages than in the early 
stages of endometrial carcinoma, indicating that the balance of angiogenic 
stimulators and inhibitors may regulate metastasis and affect tumor 
progression (Shaarawy & El-Sharkawy, 2001). 

5.2.4 Other stroma-derived tumor markers 
Even if VEGF, endostatin and type IV collagen might have been the most 
studied stroma-derived substances with tumor marker potential, also other 
have been examined. Perlecan and fibronectin expression have been 
examined in pancreatic cancer (Gronborg et al, 2006) and in liver tumors 
(Kovalszky et al, 1993), and were found to be secreted by the cancer cells 
(Mauri et al, 2005).  

Thrombospondin-1 (TSP-1) is a glycoprotein secreted by platelets and can 
be found as a component of the ECM. It has been shown to be expressed by 
cancer cells (Kawataki et al, 2000), to show elevated circulating levels in 
some malignancies (Qian & Tuszynski, 1996), and decreased levels in others 
(Dudek & Mahaseth, 2005; Ozatli et al, 1999).  TSP-1 is also related to 
prognosis and cancer aggressiveness in certain cancers (Ioachim et al, 2006; 
Paydas et al, 2008; Rice et al, 2002; Wang-Rodriguez et al, 2003; Zubac et 
al, 2009), but not in others (Ohta et al, 1999).  

The expression of TSP-1 has also been shown to correlate to higher 
microvessel density (Kasper et al, 2001), and 3TSR, the anti-angiogenic 
domain TSP-1, have shown similar anti-tumor efficacy as gemcitabine in a 
human pancreatic cancer orthotopic mouse model (Zhang et al, 2005). 

Also platelet-derived growth factor (PDGF) and PDGF receptors have 
been shown to be involved in many tumor-associated processes (Ostman, 
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2004), and expression has been correlated with survival in breast cancer 
(Paulsson et al, 2009) and prostate cancer (Hagglof et al, 2010). 
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II. Aims 

General aims 
The aims of this thesis are to investigate if substances from the stromal 
compartment, such as fragments derived from the BM, can be used as tumor 
markers in pancreatic cancer, and furthermore to clarify what the functional 
role of the BM is in the pathogenesis of pancreatic cancer. The focus of this 
thesis is on two proteins derived from the BM, namely type IV and type 
XVIII collagen. 

Specific aims 
 
• To describe the expression pattern of type XVIII collagen/endostatin 

and MMP1, 2, 3, 7, 9 and 13 in pancreatic cancer patients and in 
controls. 

• To measure the circulating levels of endostatin in pancreatic cancer 
patients, before and after treatment, and compare with controls. 

(Paper I) 
 

• To describe the expression pattern of type IV collagen in pancreatic 
cancer patients and in controls. 

• To measure the circulating levels of type IV collagen in pancreatic cancer 
patients, before and after surgery, and compare with controls. 

• To elucidate if type IV collagen can be used as a prognostic tumor 
marker. 

(Paper II) 
 

• By measuring circulating levels of type IV collagen and type XVIII 
collagen/endostatin together with tumor markers conventionally used in 
pancreatic cancer, examine if stroma-derived substances can function as 
tumor markers.  

• To clarify if the stroma-derived markers will provide any further 
prognostic information compared to conventionally used tumor 
markers. 

(Paper III) 
 

• To study the interaction between pancreatic cancer cell produced type IV 
collagen and integrin receptors on the cancer cell surface, and 
investigate what role this interaction has on cell growth, apoptosis and 
migration. 

(Paper IV) 
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III. Materials and methods  

Chapter 6: Patient samples 
 
The findings in this thesis are based on a human patient material including 
both blood and tissue samples. For the tumor marker studies in paper I-III, 
plasma samples collected from patients with pancreatic cancer and control 
patients were used. In addition to this, for analyzing morphology and 
expression pattern, tissue samples from pancreatic cancer and normal 
pancreas were analyzed in paper I, II and IV. All biological material was 
stored at -80 °C until analysis. 

6.1 Pancreatic cancer patients 
Patients with suspected pancreatic cancer were admitted to the Department 
of Surgery at Umeå University Hospital for diagnostic evaluation with CT 
scan and/or MRI and laparoscopy.   

Patients considered operable, with no signs of metastases or local 
overgrowth at the time of diagnosis, underwent pancreatico-duodenectomy 
(Whipple’s procedure) with curative intent. Plasma samples were collected 
before surgery (preoperatively) and after surgery (postoperatively).  

Patients with a non-resectable or metastatic disease were treated with 
intraperitoneal (IP) chemotherapy with fluorouracil (5-FU). Intraperitoneal 
installation of 5-FU was performed in two consecutive days every third week 
according to a standardized protocol previously described (Oman et al, 
2001). The plasma samples from the IP patients were collected after three 
treatment rounds of chemotherapy.  

As normal tissue regeneration can affect circulating levels of ECM derived 
substances, samples were collected at least 4 weeks after surgery and 12 
weeks after initiation of 5-FU treatment. 

Survival data was obtained by reviewing the clinical records. The clinical 
data from all patients included in the studies are summarized in table 3. 
From some patients, exclusively postoperative plasma samples were 
collected, and these patients were only included in the survival analysis in 
paper II and III. 
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Pre=preoperatively, Post=postoperatively (> 4 weeks after surgery), d.t=during treatment (>12 weeks 
after initiation of treatment).  
Wh=Whipple's procedure, IP= Intraperitoneal Chemotherapy. 
paca=pancreatic cancer, papillary=papillary carcinoma. 
w.d= well differentiated, m.d=moderately differentiated, p.d= poorly differentiated. 

6.2 Control patients 
In papers I-III the plasma levels of the studied substances in the pancreatic 
cancer patients were compared to controls. Control samples were collected 
from patients admitted to the Department of Surgery for non-malignant 
diseases. Clinical data for the control patients are presented in table 4. 
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6.3 Tissue samples 
Representative areas of tissue were cut out and collected directly at the 
operating room by the surgeon and were snap frozen in liquid nitrogen. 
Tissue from normal pancreas was collected from patients who underwent 
surgery for disease outside of the pancreas but where the surgical procedure 
included parts of the pancreas (for instance small bowel or bilary tract 
diseases/tumors). In paper I, II and IV tissue samples from 6 to 9 patients 
with pancreatic cancer, and 5 to 7 control samples were included in the 
analysis.  

6.4 Ethical approval 
The Regional Ethical Review Board in Umeå ethically approved these studies 
(project number 05-028M and 09-175/2009-1378-31). Informed consent 
was obtained from all patients. 

Chapter 7: Assays and cell lines  

7.1 Cell culturing 
Experiments on pancreatic cancer cell lines were performed in paper IV and 
in parts of paper II. In these papers the type IV collagen production in 
pancreatic cancer cells and the role of the type IV collagen/integrin receptor 
interaction in pancreatic cancer was studied. Two well-characterized human 
pancreatic adenocarcinoma cell lines were used. HPAC (ATCC, CRL-2119) is 
a human pancreatic adenocarcinoma cell line of ductal origin from a woman 
with moderate to well differentiated pancreatic adenocarcinoma (Gower, 
1994). CFPAC-1 (ATCC, CRL- 1918) is derived from a ductal adenocarcinoma 
originated in a male patient with cystic fibrosis (Schoumacher et al, 1990), 
showing epithelial phenotype when using gene expression profiling.   

HPAC was cultured with 1:1 mixture of Dulbecco’s modified Eagle’s and 
Ham’s F12 medium (DMEM/F12), CFPAC-1 with 90% Iscove’s modified 
Dulbecco’s medium (IMDM), both supplemented with 10% fetal calf serum 
(FCS), penicillin (105 IU/L) and streptomycin (100 mg/L) and grown in an 
incubator at 37ºC in an atmosphere with 5% CO2. 

7.2 Migration, proliferation and apoptosis assays 
In paper IV, migration, proliferation and apoptosis were assayed in HPAC 
and CFPAC-1 cells. Cell proliferation was measured with CellTiter-Glo® 
(Promega Corporation), a luminescence based cell viability assay, and cell 
apoptosis was assayed with the M30-Apoptosense® ELISA (Peviva AB). 
Both assays were performed according to the manufacturers’ instructions. 
The cells were verified to be in growth phase when assayed. For both assays 
5-6x103 cells were seeded on 96-well polystyrene plates, culture area 0,34 
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cm2/well (Nunc, Cat. No 136101), on coated or uncoated surfaces. 
Proliferation and apoptosis was measured after 2-3 days incubation.  

For the matrix studies wells were coated with type I and type IV collagen 
(both BD Biosciences, Cat. No. 354245 and 354243) and Bovine Serum 
Albumin (BSA, used as an unspecific control protein). For blocking studies of 
the type IV collagen binding sites, wells were coated with antibodies directed 
against the NC1, CB3 and 7S domains (see table 5). Wells coated with whole 
mouse IgG were used as control. The coated proteins were diluted in 2 mM 
hydrocloric acid or 10 mM acetic acid, followed by incubation in the wells for 
2 hours. The wells were then washed and cells were added under FCS free 
conditions.  

For the integrin blocking studies cells were grown in FCS supplemented 
medium for 1 day, then washed and the functionally blocking antibody 
diluted in FCS free medium was added. Whole IgG antibody served as 
control (see table 5). 

Migration was studied with Differential Interference Contrast microscopy 
(DIC) and pictures were taken with a time lapse of 10 minutes (Olympus 
IX81 with Cell-R software). Cells were grown on polystyrene 24-well plates 
(Nunc, Cat. No. 142475) with a culture area of 1,9 cm2/well, coated or 
uncoated, and morphology and migration was studied for 3 hours. 

7.3 RNA interference 
Down-regulation of type IV collagen was performed in paper IV. CFPAC-1 
cells were transfected with siRNA designed to knockdown the gene 
expression of the COL4A1 gene, and control siRNA designed not to target 
any known human genes served as control (Santa Cruz Biotechnology, sc-
43064 and sc-37007). 5x104 cells/ml were seeded on 6 well plates and 
transfected according to the manufacturer’s protocol. The down-regulation 
of type IV collagen synthesis was confirmed both on protein level through 
immunofluorescence staining of cells, (MAB1, see table 5) and RNA level 
through semi-quantitative RT-PCR (described in section 8.3). The 
transfected cells were assayed for proliferation, apoptosis and migration as 
described above. 

Chapter 8: Protein/mRNA detection and quantification 

8.1 Tissue and cell staining  
In papers I, II and IV immunofluorescence staining was performed on six 
micrometer frozen tissue sections and on cells cultured on Falcon Culture 
Slides (BD Biosciences) with immunostaining-protocols previously described 
(Hamano et al, 2003). In brief, sections and cells were fixed in cold (-20ºC) 
acetone or 4% paraformaldehyde for 10 min and then air-dried. After a quick 
rinse in phosphate buffered saline (PBS) the sections were blocked in a 
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blocking solution containing PBS with 3% BSA for one hour. After the 
blocking procedure the sections were incubated with various primary 
antibodies for one hour. Next, the sections were washed three times in PBS 
and incubated with flourophore-conjugated secondary antibodies for 1 hr 
under dark conditions. After four washes with PBS, Vectashield (Vector 
Laboratories, App Imaging) anti-fade mounting medium containing DAPI 
was applied and the sections were coverslipped and imaged. All incubations 
were performed in room temperature. The antibodies were diluted in the 
blocking solution.  

The primary and secondary antibodies used throughout the studies are 
presented in table 5. Positive control staining for each antibody was 
performed on tissue known to express the antigen in question. As negative 
controls, primary antibodies were omitted and sections were incubated with 
secondary antibodies only.  

General histology was examined with hematoxylin and eosin (H&E) and 
Masson’s trichrome staining (MTS) and were performed according to 
standard protocols. 

8.2 Western blot 
In paper II Western blot was used to detect production and secretion of type 
IV collagen by pancreatic cancer cell lines.  HPAC and CFPAC-1 cells were 
cultured until sub-confluency and then serum-starved for 1–2 days. Cells 
were lysed as previously described (Aebi et al, 1996) on ice in 150 mM NaCl 
containing 5 mM EDTA, 1% Triton X-100, 10 mM Tris/HCl (pH 7.4), 5 mM 
DTT, 0.1 mM phenylmethylsulfonyl fluoride, and 5 mM aminocaproic acid 
for 30 minutes and then the supernatant was collected after centrifugation.  
The proteins secreted to the cell media were collected by ethanol 
precipitation. The cell media layer were mixed with three times the volume 
of ethanol and spinned at 1,5x104 rpm for 15 minutes. The protein pellet was 
dissolved in a reducing buffer. 20 µg of protein from the cell layer and 25 µg 
of protein from the cell media were mixed with loading dye and 0,5 M 
Dithiothreitol, boiled for 5 minutes and were then loaded onto a 12% SDS–
polyacrylamide gels. As positive control 500 ng of recombinant human 
arresten ("1(IV)NC1) (Colorado et al, 2000) and 100 ng canstatin 
("2(IV)NC1) (Kamphaus et al, 2000) were used. The gels were run in 200 V 
for 45 minutes, and the proteins were then transferred from the gels to 
Immobilon-P transfer membranes (Millipore) in overnight transfer at +4ºC 
and 30 V. The membranes were blocked with PBS supplemented with 1 % 
BSA and 0,05% Tween 20. In table 5, the primary and secondary antibodies 
used for the western blot procedure are summarized. All antibodies were 
diluted in blocking solution. Proteins were then detected by 
chemiluminescense (ECL) (GE Healthcare). 
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8.3 sqRT-PCR 
The knowdown of type IV collagen synthesis was verified by semi-
quantitative RT-PCR comparing "1(IV)- and control siRNA transfected cells. 
2x105 cells were harvested by centrifugation for 5 minutes at 150 g, and total 
RNA was extracted using the RNeasy Mini Kit (Qiagen), then equal amounts 
(1 !g) of RNA were reverse transcribed using the QuantiTect Reverse 
Transcription Kit (Qiagen). Both the transcripts of "1(IV) and !-actin 
(housekeeping gene that served as loadling control) were amplified in PCR 
reactions containing 2 !L of cDNA together with 1x PCR buffer (10 mM Tris-
HCl, pH 8.3, 50 mM KCl), 2.5 mM MgCl2, 0.2 mM of each dNTP, 5 U Taq 
polymerase (TaKaRa Bio Inc.), and 10 pmol primers (primer pair A, sc-
43064-PR or sc-108069-PR for COL4A1 or !-actin, respectively) (Santa Cruz 
Biotechnology, Inc.). To ensure logarithmic amplification range both 
reactions were tested with 26-31 cycles, denaturation at 94 °C for 30 s, 
followed by annealing at 55 °C for 30 s, and primer extension at 72 °C for 60 
s. The program was preceded by an extra 2 minute denaturation at 94 °C, 
and was ended by a 2 minute extra primer extension. Nested PCR was 
performed to verify that the correct mRNAs were examined (using primer 
pair B, sc-43064-PR or sc-108069-PR for COL4A1 and !-actin, respectively) 
(Santa Cruz Biotechnology, Inc.). The samples were separated on 1% agarose 
gels. Gels were incubated in ethidium bromide solution and bands were 
quantified using the ChemiDocTM XRS gel documentation system and 
Quantity One® software (v.4.6.9, Bio-Rad). 

8.4 ELISA & Luminex-based assays 
In paper I-III enzyme-linked immunosorbent assays (ELISA) were used for 
measuring the circulating levels of type XVIII collagen/endostatin, type IV 
collagen and TPS in plasma of patients and controls. Endostatin was 
measured with Quantikine® Human Endostatin Immunoassay (R&D 
Systems), TPS with TPS™ ELISA (IDL Biotech AB). Type IV Collagen was 
measured with the Serum Collagen IV EIA (Argutus Medical), and in this 
ELISA two monoclonal antibodies (clones 4H12 and 1D3) directed against 
the 7S and collagenous domain of type IV collagen are used (Obata et al, 
1989).  

In addition to the ELISAs an assay based on the Luminex platform, the 
WideScreen™ Human Cancer Panel 1 (Merck KGaA), was used in paper III 
to measure AFP, CA 125, CA 15-3, CA 19-9, CEA and Prolactin. 

All samples were run in duplicates and according to the manufacturers’ 
instructions. For all assays CV% <15 was considered acceptable. If a 
duplicate showed CV% >15 the sample was measured again.  
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Chapter 9: Statistics 
In paper I and II the circulating levels of type XVIII collagen/endostatin  and 
type IV collagen were compared between patients and controls. Statistical 
analysis was performed by using the Student’s t-test. The variance within the 
groups was first tested for equality by an F-test and the t-test was run as 
homoscedastic or heteroscedestic depending on the F-test result.  

In paper III many of the tested tumor markers could not be assumed to 
follow the normal distribution (failed the normality test). For this reason 
non-parametric tests were used throughout paper III, and Wilcoxon 
matched-pairs signed-ranks test (for paired samples) and Mann-Whitney 
test (for unpaired samples) were used to compare means.  

For the survival analysis and regression analysis in paper II and the COX-
regression and correlation analysis in paper III, the IBM PASW Statistics 18 
software was used.  

All assays in paper IV performed on 96-well plates were run in triplets. 
Normal distribution was assumed. The unpaired t-test was used when 
comparing two groups and the ANOVA with Bonferroni post-hoc test if more 
than two groups were compared.  

A two-tailed analysis was used throughout. P-values < 0,05 were 
considered statistically significant.  
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IV. Results 

Chapter 10: Expression patterns in normal pancreas and 
pancreatic cancer tissue 
 
The expression patterns of the proteins of interest were investigated in 
pancreatic cancer tissue and compared to tissue from control patients with 
an unaffected pancreas by immunohistoflourescense. Hematoxylin and eosin 
staining (H&E) and Masson’s trichrome staining (MTS) were used for 
general histology. 

10.1 Type XVIII Collagen/endostatin  
(Paper I) 
In normal pancreas type XVIII collagen/endostatin was found in the BM 
zones of both the endocrine and exocrine parts of the pancreas (Paper I, fig 
1a).  

In pancreatic cancer a shift in type XVIII collagen/endostatin expression 
could be observed, where the BM staining gradually was lost and most signal 
was found in the vascular BM zones of the tumor (Paper I, fig 1b). 
Furthermore, an overlap between the endostatin signal and the signal from 
the endothelial cells (stained with the CD31 marker) was observed. This 
indicates that endostatin, liberated from the BM and circulating in the blood, 
binds to the endothelial cells.  

10.2 Type IV collagen 
(Paper II) 
The expression pattern of the different "-chains of type IV collagen in 
normal and in malignant transformed tissue was analyzed in paper II. In 
normal tissue the "1- and "2-chains were highly expressed in the basement 

membranes, both vascular and epithelial (Paper II, fig 1a-b). No expression 
of the "3- and "5 chains could be detected. No specific antibodies directed 
against the "4- and "6 chains were found commercially or otherwise, and 
the expression of these chains could therefore not be studied. 

In pancreatic cancer tissue, low levels of type IV collagen expression was 
observed in the desmoplastic reaction surrounding the tumor (Paper II, fig 
2a-b), but in the MTS staining, which stains predominantly fibrillar 
collagens, strong staining in these areas was observed (Paper II, fig 2d).  
Close to the cancer cells, in the tumor stroma, high levels of both "1- and "2-
chains of type IV collagen were expressed (Paper II, fig 2a-b).  High 
expression levels of both the "1- and "2-chains were also seen in the vascular 
basement membranes (Paper II, fig 2a-b inserts). As in normal pancreas 
tissue, the "3- and "5-chains were not expressed in pancreatic cancer tissue. 
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Furthermore, the general histology, as shown by H&E staining (paper II, fig 
1c and 2c), was altered and no or few organized ductal structures were 
observed. 

10.3 MMPs 
(Paper I) 
Because of the importance of MMPs in both type IV and type XVIII collagen 
processing, remodeling and degradation, the expression pattern of MMP1, 2, 
3, 7, 9 and 13 in normal pancreas and pancreatic cancer tissue was examined 
in paper I. The aim was to see whether an upregulation of expression could 
be observed to coincide with the observed changes in type IV collagen and 
type XVIII/endostatin expression. 

In normal pancreas tissue low levels of MMP2 and -3 could be observed, 
and most of the signal was found within the islets of Langerhans (Paper I, fig 
2b-c).  No expression of MMP-1, -7, -9 and -13 could be detected in normal 
pancreas (Paper I, fig2a and g-i).  

A general upregulation of the MMPs was observed when pancreatic cancer 
tissue was examined (Paper I, fig 2d-f and 2j-l), indicating that MMPs known 
to be involved in endostatin liberation (MMP-3, -9 and -13) and type IV 
collagen degradation (MMP 2, -3 and -9) were upregulated. Furthermore, for 
all the MMPs analyzed the signal appeared to be located close to the cancer 
cells. Increased expression of MMP-3 was also observed to be located in the 
vasculature, as indicated with the colocalization to endostatin in the vascular 
basement membrane (Paper I, figure 2f).  

10.4 Integrin receptors 
(Paper IV) 
To examine the possibility of interactions between the type IV collagen seen 
in the close proximity to the pancreatic cancer cells, and cell surface 
receptors known to bind the ECM, the expression pattern of integrin "1, "2 
and !1, all with high affinity for type IV collagen, were studied in relation to 
the expression of type IV collagen. In normal pancreatic tissue "2 and !1 

integrins were expressed basolaterally in the ductal epithelium (Paper IV, fig 
1). !1 was also expressed in acinar cells and endothelial cells. The "1 integrin 
was exclusively found in the endothelial cells. 

Furthermore, the expression pattern of the integrin receptors were 
studied in both moderately and well differentiated pancreatic cancer tissue 
(Paper IV, fig 2). Both "2 and !1 integrin were expressed throughout the 

surface of the cancer cells (not only basolaterally) and independently of the 
differentiation grade. The "1 integrin receptor was found sporadically 
expressed in moderately differentiated pancreatic cancer. Both "1 and !1 
were expressed in the capillary endothelium found in the tumor stroma. All 
the integrins were partly colocalized with the type IV collagen found in the 
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BM-like structures surrounding the cancer cells. The expression pattern was 
also verified in vitro (Paper IV, fig 3). This coexpression and colocalization 
indicates interactions between type IV collagen and the integrin receptors, 
and these interactions are further examined in chapter 13. 

10.5 Type I collagen 
(Paper IV) 
The expression pattern of type I collagen was compared to the type IV 
collagen expression in pancreatic cancer tissue (Paper IV, fig. 3A-B). Type I 
collagen was predominantly expressed in the desmoplastic reaction that 
surrounds and infiltrates clusters of cancer cells, whereas type IV collagen on 
the other hand was highly expressed in close vicinity to the cancer cells. 

Chapter 11: Plasma levels of BM-derived substances in 
pancreatic cancer patients and controls 
 
As many of the MMPs important for BM degradation and collagen cleavage 
were expressed in pancreatic cancer tissue, the circulating levels of type IV 
and XVIII collagen fragments were subsequently analyzed. Circulating levels 
of the BM fragments were measured in plasma from pancreatic cancer 
patients and from control patients with ELISA based assays. 

11.1 Type XVIII collagen/endostatin 
(Paper I) 
In the control patients the endostatin levels in plasma were measured to 
76 ng/ml (Paper I, fig 3a). According to the kit manufacturer, this is well in 
range with previously described control materials. In pancreatic cancer 
patients the circulating levels were significantly increased to 123 ng/ml 
(Paper I, fig 3a). After treatment, both with surgery or intraperitoneal 5-FU 
therapy, the circulating levels of endostatin were significantly reduced and 
normalized at 68 ng/ml and 89 ng/ml respectively (Paper I, fig 3a). The 
reduction was observed for each individual patient included in the study 
(Paper I, fig 3b) and therefore not only seen at the group level. 

11.2 Type IV collagen 
(Paper II) 
A significant increase in circulating type IV collagen was observed in the 
plasma from pancreatic cancer patients before surgery (preoperatively) 
compared to a group of control patients, 154 ng/ml vs. 106 ng/ml (Paper II, 
fig 4a). Furthermore, the levels of circulating type IV collagen in the control 
patients were within the normal interval stated by the ELISA kit 
manufacturer.  
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After surgery, the circulating levels remained high, 222 ng/ml in the 
postoperative group (Paper II, fig 4a). Interestingly, the variation within the 
postoperative group was high, and when looking at the levels after surgery 
for each individual patient the reason to the large variance was revealed 
(Paper II, fig 4b). 55% of the patients had increased levels of type IV collagen 
after surgery, while 45% of the patients showed decreased levels. These 
findings raised the question if the survival was different in the patients with 
high or increased postoperative type IV collagen levels, when compared to 
the patients with levels that were decreased or normalized. This question 
lead to further experiments in order to establish if circulating collagens could 
act as potential tumor markers. 

Chapter 12: BM collagens as tumor markers for pancreatic 
cancer 

12.1 Type IV collagen as a prognostic factor 
(Paper II and III) 
To elucidate the prognostic power in the postoperative levels of type IV 
collagen, the postoperative plasma levels were plotted against the recorded 
patient survival after surgery (Paper II, figure 4c). This graph clearly pointed 
out the correlation between high postoperative levels of type IV collagen and 
short survival time. To further demonstrate this, a Kaplan-Meier curve was 
constructed with the patients divided into two groups, one with 
postoperative type IV collagen levels >200 ng/ml and one with < 200 ng/ml 
(Paper II, figure 4d). The survival between these groups were significantly 
different, and the median survival time in the group with persistent high 
levels of circulating type IV collagen (> 200 ng/ml) was 6.1 months after 
surgery, compared to 28.9 months in the group with low levels (< 200 
ng/ml). 

This finding was later reproduced in paper III in a slightly different 
patient cohort with more restrictive inclusion criteria (though, some patients 
were the same as in paper II, see table 3 in Materials and methods). With 
COX regression high postoperative levels of type IV collagen were associated 
to shorter survival time. An increase of 10 ng/ml increased the hazard by 1,12 
(95% confidence interval; 1,031-1,225). This association to survival was still 
significant after adjustment for sex and age. 

Taken together, these findings illustrates that type IV collagen provides 
strong prognostic value in the patient populations studied.  

12.2 Type XVIII collagen/endostatin as a prognostic factor 
(Paper III) 
In paper I the elevated levels of endostatin in pancreatic cancer patients were 
shown to normalize after treatment. In paper III it was further examined if 
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endostatin provided any prognostic information concerning overall survival. 
In a COX regression model, preoperative high levels of type XVIII 
collagen/endostatin indicated shorter survival with a hazard of 1,24 (95 % 
confidence intercall; 1,001-1,537). This association was till significant when 
adjusted for age, but was no longer significant when adjusted for sex. Also 
the postoperative levels were tested against survival, but did not show any 
associations. 

12.3 Collagens compared to conventional biomarkers 
(Paper III) 
The circulating levels of conventional tumor markers were compared to type 
IV collagen and type XVIII collagen/endostatin in paper III. Similar to the 
BM fragments, the conventional tumor markers TPS, Ca 125 and Ca 19-9 
showed statistically significant elevated levels before surgery when compared 
to control patients (paper III, fig 2a). After surgery the levels remained high 
for TPS, Ca 125 and Ca 19-9. Also the type IV collagen levels remained high 
after surgery, whereas the type XVIII collagen/endostatin levels were 
normalized (Paper III, fig 1a), and this was a reproduction of the results in 
paper I and II in a slightly different patient material. For the tumor marker 
CEA, no significant changes in the circulating levels compared to controls 
were found neither pre- nor postoperatively (Paper III, fig 2a). 

As mentioned above, both type IV collagen and type XVIII 
collagen/endostatin showed associations to survival in a COX model. For 
TPS, Ca 19-9, CEA and Ca 125 no such associations to overall survival were 
found either in the preoperative or postoperative situation. 

Furthermore, when the circulating levels for each individual patient before 
and after surgery were plotted in a graph, the range for the stroma-derived 
tumor markers were found to be narrower than for TPS, Ca 125 and Ca 19-9 
(Paper III, fig 1b and 2b). It became obvious that the circulating levels of 
most of the conventional tumor markers spanned from normal to extremely 
high, thus causing the outliers observed in the boxplots. The same was not 
observed for type IV collagen or type XVIII collagen/endostatin.  

Moreover, potential correlations among the tumor markers that showed 
elevated levels in the pancreatic cancer patients before operation were also 
studied in paper III. A significant correlation between Ca 125 and Ca 19-9 
was found (r=0,867, p=0,001), which indicates that high levels of Ca 125 also 
are reflected in high levels of Ca 19-9. No other such correlations could be 
detected, which points out that the stroma-derived tumor markers tested 
and TPS are all independent from each other and from Ca 125 and Ca 19-9. 
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Chapter 13: Cellular effects of type IV collagen in pancreatic 
cancer 

13.1 Type IV collagen production in pancreatic cancer cells 
(Paper II) 
A strong expression of type IV collagen close to the cancer cells was detected 
in paper II. To study whether the type IV collagen in the tumor stroma was 
exclusively expressed by the surrounding stromal cells, such as the stellate 
cells, or partly by the cancer cells, expression analysis on two well 
characterized pancreatic cancer cell lines was performed. Both the "1- and 
"2-chains of type IV collagen were found to be highly expressed in the cancer 
cell cytoplasm when visualized by immunoflourescence (paper II, fig 3b-d). 
Furthermore, Western blot analysis, on both cell lysate and conditioned cell 
media, showed that type IV collagen was both produced in the cells, and 
secreted to the surrounding media (paper II, fig 3a). 

These results suggested that, at least in part, the type IV collagen observed 
close to the cancer cells in the tumor stroma could be produced by the cancer 
cells. Moreover, as shown in paper IV, integrin receptors with affinity to type 
IV collagen were expressed both in vivo and in vitro on the cell surface of 
pancreatic cancer cells and colocalizes with type IV collagen (paper IV, fig 2). 

The cellular effects of this interaction were further examined in paper IV. 

13.2 Cancer cell growth and migration on type I and type IV 
collagen 
(Paper IV) 
Both type I and type IV collagen were shown to be highly expressed in 
pancreatic cancer tissue (Paper IV, fig 3A). In order to study the cellular 
effects of these collagens, pancreatic cancer cells were grown on both type I 
or type IV collagen matrices. Both types of collagen promoted cancer cell 
growth when compared to a control protein matrix (Paper IV, fig 3C). 
Furthermore, the morphology of the cells was different when grown on the 
collagens compared to the control matrix (Paper IV, fig. 3D), with long actin 
extentions frequently seen by cells grown on collagens. No such structures 
were observed when the cells were grown on a control matrix or plastic, and 
this indicates that both type I and type IV collagens can induce a more 
migratory phenotype in pancreatic cancer cells. 

13.3 The role of the type IV collagen – integrin interaction 
(Paper IV) 
The role of the interaction between type IV collagen produced by the cancer 
cell and integrin receptors on the cell surface of the pancreatic cancer cells 
was studied by blocking the integrin receptors known to bind to type IV 
collagen, by blocking epitopes on the type IV collagen molecule known to 
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interact with integrins and by down-regulating of the endogenous type IV 
collagen synthesis in the cancer cells. 

With monoclonal antibodies the integrin receptors "1, "2 and !1 were 
functionally blocked, and a decrease in cell growth was observed (Paper IV, 
fig 5A). The growth inhibition showed dose dependency for both the "1 and 
!1 integrin blocking antibodies.  

The integrin receptors bind to the CB3 region of the type IV collagen 
molecule, but also to the NC1 domain (see figure 5 in the introduction). By 
blocking these regions with region-specific antibodies, a decreased cell 
growth was seen when blocking the CB3 region, but not when blocking the 
NC1 domain (Paper IV, fig 5B). The 7S domain is not known to bind to any 
integrins, and hence blocking this domain did not affect cancer cell growth.  

Furthermore, the "1(IV) synthesis (the "1-chain of type IV collagen) in 
pancreatic cancer cells was down-regulated through RNA interference and 
the down-regulation was verified on mRNA and protein level (Paper IV, fig 
5C-1). A 0,7-fold decrease in "1(IV) transcripts could be observed, and this 
reduction of endogenous type IV collagen expression led to 20% reduction in 
cell growth when compared to the growth of cells transfected with control 
(nonsense) siRNA (Paper IV, fig. 5C-2). The growth reduction sustained for 
70 hours before it started to fade out. The experiment was repeated 5 times, 
all with similar results. 

Also the migratory capacity was reduced in the "1(IV)-siRNA transfected 
cells (Paper IV, fig 5C-3). The distance the cell front migrated during 3 hours 
in a cell migration assay was approximately 50 µm for the "1(IV)-siRNA 
transfected cells, compared to approximately 130 µm for the control cells. 
Moreover, apoptosis was measured, and the achieved level of down-
regulation of "1(IV) expression did not cause any change in induction of 
apoptosis in the "1(IV)-siRNA transfected cells compared with control 
siRNA transfected cells (Paper IV, fig 5C-4). 

Additionally, the reduction in cell growth induced by down-regulation of 
"1(IV) synthesis was normalized when the cells were grown on a exogenous 
type IV collagen matrix (Paper IV, fig 5D). This effect was not achieved if the 
cells were grown on a control matrix composed of BSA. Moreover, the 
growth rescue failed if integrin !1 was blocked during the time the "1(IV)-
siRNA transfected cells were grown on the type IV collagen matrix (Paper IV, 
fig 5D). 

Taken together, this data provides evidence of an autocrine loop involving 
cancer cell-produced type IV collagen and integrin receptors on the cancer 
cell surface that regulate cell migration and pancreatic cancer cell growth. 
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V. Discussion 
 
There is a shortage of accurate and reliable tumor markers in the pancreatic 
cancer field and currently there are no tumor markers with sufficient 
diagnostic or predictive accuracy available in clinical practice. The aim of 
this thesis was to search for novel tumor markers derived from the tumor 
stroma compartment and to study the role of cancer cell produced BM 
components in pancreatic cancer. The results show the potential of both type 
type IV and XVIII collagen as tumor markers, but also reveal evidence of an 
autocrine loop, involving type IV collagen and integrin receptors, with 
importance for pancreatic cancer cell migration and proliferation. In the 
following chapters the impact of these results will be discussed in relation to 
previously published data and future perspectives will be introduced. 

Chapter 14: Stroma in pancreatic cancer 

14.1 BM degradation and release of anti-angiogenic substances 
In order to become invasive and to be able to seed metastases a cancer tumor 
has to penetrate the BM, infiltrate the surrounding tissue and access the 
circulation. Matrix metalloproteinases are involved in these processes 
(Egeblad & Werb, 2002; Overall & Kleifeld, 2006).  

In paper I an upregulation in the expression levels of MMP1, 2, 3, 7, 9, 
and 13 were shown in pancreatic cancer tissue, and the expression was 
mainly located close to the cancer cells. This upregulation of MMPs has also 
been shown by others in pancreatic cancer tissue (Bodey et al, 2001; Jones et 
al, 2004).   

The upregulated MMPs are all involved in ECM modulation and type IV 
collagen is a substrate for both MMP2 and MMP9 (Nyberg, 2005). 
Therefore, the altered expression pattern of type IV collagen in pancreatic 
cancer tissue observed in paper II can partly be due to the remodeling of the 
pre-existing basement membranes by these MMPs, and together with de 
novo produced of type IV collagen from the cancer cells this might result in 
the expression pattern observed in cancer tissue. 

Also type XVIII collagen is remodeled by MMPs. In vitro studies have 
shown that both MMP3, 7, 13 and 20 can liberate and release endostatin 
from the type XVIII collagen molecule (Heljasvaara et al, 2005), and in this 
thesis an upregulation of the expression of most of these MMPs were shown 
in pancreatic cancer. Moreover, it has previously been shown that circulating 
endostatin binds to "5!1 integrin on the endothelial cell surface and by this 
causes anti-angiogenic effects (Sudhakar et al, 2003). In paper I endostatin 
was found to be bound to the endothelial cells, as indicated by the 
colocalization with the endothelial cell marker CD31 (Paper I, fig 1b insert), 
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and could through this binding potentially influence the angiogenesis 
process in pancreatic cancer. This is well in line with previous findings, 
where active endostatin has been found in pancreatic cancer both in vivo and 
in vitro (Brammer et al, 2005a; Brammer et al, 2005b), and endostatin has 
also been shown to influence the angiogenic switch in pancreatic cancer in 
vitro (Abdollahi et al, 2007). 

Furthermore, other anti-angiogenic substances have been shown to be 
released from the ECM and BMs by different MMPs (Ferreras et al, 2000; 
Hamano et al, 2003; Werb et al, 1999).  

Because of the importance of MMPs in tumor progression MMP inhibitors 
has been proposed to be promising therapeutic agents. However, several 
clinical trials in pancreatic cancer patients have not shown any benefits with 
MMP inhibitors in combination with or compared to gemcitabine. In one 
trial the overall survival was even reduced with MMP inhibitors compared to 
gemcitabine (Saif, 2006). One explanation to this could be that the MMP 
inhibition also negatively affects the release of anti-angiogenic substances 
from the ECM (including the BM), and therefore the tumor 
microenvironment might become more pro-angiogenic and by this promote 
tumor progression. 

14.2 Expression patterns of type I, IV and XVIII collagen 
Data has previously been published demonstrating the expression pattern of 
the different "-chains of type IV collagen in normal pancreas ducts and in 
pancreatic cancer (Kadono et al, 2004). The "1(IV)-, "2(IV)-, "5(IV)- and 
"6(IV)-chains were detected in BM of normal pancreas ducts, whereas the 
"5(IV) and "6(IV) expression were lost in the BM of cancerous ducts. Also in 
this thesis the expression pattern of the "(IV)-chains in normal pancreas and 
pancreatic cancer tissue were studied.  

In normal pancreas the expression of both "1(IV)- and "2(IV)-chains were 
observed in the BM surrounding the acini and distal ducts in the exocrine 
pancreas. This suggests that the type IV collagen protomer "1"1"2 is present 
in normal pancreatic tissue. Kadono et al have in addition to this reported 
expression of "5(IV) and "6(IV) in normal pancreas. In this thesis "5(IV) 
expression was not detected, and moreover, as specific antibodies directed 
against the "6(IV)-chain are not available, the expression pattern of this 
chain could not be studied. Kadono el at looked at the larger pancreatic duct 
structures, whereas the distal pancreatic ducts (ductules), closer to the acini, 
were in focus for this thesis, which can explain the discrepancy of the results. 

In pancreatic cancer tissue the "1- and "2-chains of type IV collagen were 
found, and this is consistent with the findings of Kadono et al. Furthermore, 
the expression of type IV collagen was pronounced in the tumor stroma and 
in the direct proximity to the cancer cells. Previous studies have showed 
similar results (Lee et al, 1994; Linder et al, 2001). 
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In paper I the expression of type XVIII/endostatin was studied. In normal 
pancreas type XVIII collagen was expressed in both ductal, vascular and 
acini BMs. This is consistent with previous studies, where type XVIII 
collagen has been shown to be expressed in most epithelial BM and vascular 
BM (Saarela et al, 1998). In pancreatic cancer the expression was gradually 
lost from the epithelial BM and found mainly in the vascular BM. 
Furthermore, when comparing type IV collagen and type XVIII 
collagen/endostatin expression, both were expressed in the ductal, vascular 
and acini BM in normal pancreatic tissue, but the expression pattern differed 
in cancer, where the shift towards a more vascular BM expression was not 
seen for type IV collagen. These findings also points to the fact that large 
quantities of type IV collagen must be de novo produced in the tumor 
stroma, either by the stellate cells or/and by the cancer cells, and that the de 
novo production in the tumor stroma of type XVIII collagen is less 
pronounced. However, the difference in type IV and type XVIII collagen 
expression in pancreatic cancer must be verified with double 
immunostainings or stainings on consecutive tissue sections.  

The expression pattern of type I collagen was also studied in this thesis, 
both with immunofluorescence and conventional Masson’s trichrome 
staining. Fibrillar collagens (such as type I collagen) were predominantly 
expressed in the dense desmoplastic reaction surrounding clusters of cancer 
cells, whereas only weak expression of type IV collagen was found in these 
areas, indicating a completely different expression pattern of type IV 
collagen when compared to fibrillar collagens. Furthermore, both type I and 
type IV collagen were able to enhance pancreatic cancer cell growth and 
migration in vitro. However, most of the cancer cells are not in direct contact 
with type I collagen in vivo, whereas type IV collagen on the other hand 
forms BM-like structures that colocalize with integrin receptors that have 
high affinity for type IV collagen. These findings underline the importance of 
type IV collagen in the pancreatic cancer, and this role was explored further 
in this thesis. 

14.3 The importance of type IV collagen synthesis in pancreatic 
cancer cells 
In paper II, production and secretion of type IV collagen was found in vitro 
in two well-characterized pancreatic adenocarcinoma cell lines. Other 
human cancer cell lines, such as glioblastomas and.melanoma cell lines, have 
previously been shown to produce type IV collagen (Bouterfa et al, 1999). 
Also in pancreatic cancer, type IV collagen production has been reported in 
cancer cells both in vitro and in vivo (Lohr et al, 1994). Based on these 
findings one can conclude that the altered type IV collagen expression 
pattern seen in pancreatic cancer tissue, with high depositions of type IV 
collagen close to the cancer cells, partly is a result of type IV collagen 
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synthesis and secretion from the cancer cells. Most interestingly, in many 
pancreatic cancer cell lines the type IV collagen synthesis even exceeds that 
of other ECM molecules (Lohr et al, 1994). This most certainly stands for a 
functional importance of type IV collagen. Cancer cells seen in advanced 
cancer tumors are the result of numerous cell generations of active selection 
where the cells most fitted for rapid expansion have gained a foothold in the 
cancer cell population. Protein synthesis is an energy consuming process, 
and if type IV collagen would not be of importance for cancer progression, 
clones with less collagen production would have emerged and would have 
dominated the cancer cell population. As a consequence the accumulation of 
BM structures close to the cancer cells that is seen both in vivo and in vitro 
would not have emerged.  

Chapter 15: The autocrine loop of type IV collagen in 
pancreatic cancer 
 
The BM, and particularly type IV collagen, has an important role in many 
different cancer types. As described in the introduction, there is evidence 
that supports the hypothesis that tumor stroma with the presence of type IV 
collagen provides a better environment for tumor growth and invasion, and 
disrupted or discontinuous BM corresponds to an invasive phenotype.  

It has previously been shown that the integrin-ECM axis plays an 
important role in regulating growth and migration of pancreatic cancer cells, 
and that many integrin receptors are upregulated in pancreatic cancer 
(Grzesiak et al, 2007; Lohr et al, 1996). Recently it has been shown that "1!1 
integrin is an important type IV collagen receptor in pancreatic cancer cells 
(Grzesiak & Bouvet, 2007). 

In this thesis the expression of type IV collagen, but also integrin 
receptors known to bind type IV collagen, were found colocalized at the 
surface of the cancer cells, indicating a functional importance of the 
interaction between these proteins. Both "2 and !1 integrins were detected 
early in pancreatic cancer development, and furthermore, in moderately 
differentiated pancreatic cancer also "1 integrin expression started to 
appear, an integrin that in normal tissue almost exclusively is found in 
capillary endothelial cells and in smooth muscle cells (Duband et al, 1992). 
Both integrin "1 and "2, in combination with integrin !1 are known to have 
affinity to type IV collagen.  

Furthermore, down-regulation of type IV collagen synthesis in pancreatic 
cancer cells, or blocking the interaction between type IV collagen and the 
integrin receptors, led to reduced cancer cell growth and migration. This 
provides evidence of an autocrine loop involving type IV collagen and the 
integrin receptors expressed on the cancer cell surface (schematically 
illustrated in Paper IV, fig 6), and demonstrates the functional importance of 
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type IV collagen production by the pancreatic cancer cells. It also gives a 
rationale to the type IV collagen depositions close to the pancreatic cancer 
cells seen in vivo.  

For the survival and growth of normal epithelial cells, attachment and 
interactions with the BM are crucial. Integrin receptors play a role in 
anchoring the cells and providing the cells with survival signals. If the 
epithelial cell looses contact with the BM, a cascade of events is initiated 
eventually leading to apoptosis (Huveneers et al, 2007; Hynes, 2002). 

Most cancers are of epithelial origin, as is pancreatic cancer, and during 
the transformation process, the dependence of organized BMs must be 
overcome, otherwise apoptosis will be induced as soon as the BM is degraded 
in order to make tumor growth possible. There might be at least two ways for 
cancer cells to escape the need of BM contact. One obvious way would be to 
accumulate mutations in the signal transduction systems thus making it 
possible for the cancer cells to grow and avoid apoptosis without any contact 
with the BM. Another way would be to continue producing BM components, 
and by anchoring to this self-produced BM be able to continuously and self 
sufficiently achieve the signals needed for survival. It is not farfetched to 
believe that by using this “BM producing strategy” cancer cells also gain 
properties important for a more malignant phenotype. By using this strategy, 
the exact properties of the new environment a metastastatic cell will meet 
becomes less important, as the cancer cells can provide their own matrix to 
grow on. Additionally, by producing barriers against the surroundings also 
chemotherapy resistance and immune defense escape could be achieved. 

When considering the findings in this thesis and the state of knowledge 
concerning the importance of tumor stroma in pancreatic cancer, it is 
reasonable to assume that the “BM producing strategy” is common in 
pancreatic cancer, and might contribute to the properties that cause the 
devastating survival rates seen for this cancer. 

Chapter 16: Collagens as tumor markers  

16.1 Tumor stroma-derived substances as tumor markers 
Evidence of degradation and production of BMs in pancreatic cancer is 
presented in this thesis and by others, and this remodeling process most 
likely causes the release of substances derived from the BM into the 
circulation. This was also the hypothesis and the theoretical background to 
why the circulating levels of type XVIII and type IV collagen were measured. 

Paper II provides the first description of increased levels of type IV 
collagen in patients with pancreatic cancer. One reason to this increase 
might be the degradation of the pre-existing BMs as a result of tumor growth 
and expansion. As shown in paper I and by others, many MMPs involved in 
type IV collagen remodeling are upregulated in pancreatic cancer tissue. But 
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another important cause to the elevated levels of type IV collagen in the 
circulation could be de novo production and secretion of type IV collagen by 
the pancreatic cancer cells. 

Furthermore, in paper II it is shown that the levels of circulating type IV 
collagen after surgery with curative intent can predict prognosis, where high 
levels indicates shorter survival time. However, the preoperative levels did 
not associate with prognosis. This can be interpreted as follows: The 
preoperative level reflects the total tumor load, both the mass of the primary 
tumor and the mass of the metastases. The measured preoperative level 
cannot distinguish between type IV collagen derived from the primary tumor 
or the metastases. Therefore, in the case of a large primary tumor with few 
metastasis, de novo production and remodeling of preexisting type IV 
collagen can give rise to the same circulating levels as in a case of a small 
primary tumor and pronounced metastatic disease, even though the 
prognosis is better in the former case than the latter. Subsequently, after a 
successfully removal of the primary tumor the postoperative levels only 
reflect the mass of the metastatic lesions, and thus high levels are associated 
with a more advanced metastatic disease and hence a poorer prognosis. 

In this thesis the circulating levels of type XVIII collagen/endostatin were 
also measured and shown to be elevated in pancreatic cancer patients, and 
furthermore, the levels were normalized after surgery or treatment with 
intraperitoneal chemotherapy. The preoperative levels of type XVIII 
collagen/endostatin were also shown to be associated with the overall 
survival of the patients. An hypothesis, supported by the expression pattern 
of type XVIII collagen/endostatin in pancreatic cancer tissue shown in this 
thesis, would be that the de novo production is less pronounced for type 
XVIII collagen compared to type IV collagen, although some type XVIII 
collagen synthesis has been shown in pancreatic cancer cells (Brammer et al, 
2005a). High preoperative levels of type XVIII collagen/endostatin most 
likely reflects the degradation and remodeling of the stroma during tumor 
growth, but this source of type XVIII collagen/endostatin would to a great 
extent disappear after treatment. In theory, when the metastatic lesions start 
to grow, the degradation of pre-existing type XVIII collagen in the tissue 
surrounding the tumor will become more pronounced again, and lead to 
increasing circulating levels. This would make type XVIII 
collagen/endostatin an interesting candidate for early relapse detection, and 
this hypothesis should be tested in future studies. 

16.2 The association of high levels of anti-angiogenic substances 
and poor prognosis 
In many forms of cancer increased circulating levels of anti-angiogenic 
substances are correlated with poor prognosis, as reviewed in the 
introduction of this thesis (chapter 5). This also seems to be the case in 
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pancreatic cancer. But how can increased levels of an anti-angiogenic 
substance be associated with poor prognosis? Although endostatin is a 
potent anti-angiogenic substance, the circulating levels of endostatin in 
patients with advanced cancer also reflect a general activation of the 
angiogenic milieu in the tumor stroma, which is also indicated by the 
simultaneously increased levels of pro-angiogenic substances, such as VEGF 
(De Vita et al, 2004; Galizia et al, 2004; Zhao et al, 2004). Therefore, when 
taking both pro- and anti-angiogenic substances in account, the angiogenic 
balance is nevertheless tilted towards pro-angiogenesis thus enabling tumor 
growth (Sund et al, 2005b). High levels of endostatin have also been 
demonstrated in a mouse model, where mice with tumors have increased 
circulating levels (Sund et al, 2005a), although this is not enough to cause 
the angiogenetic balance to be shifted towards anti-angiogenesis. However, 
mice with the same tumor, but overexpressing endostatin, have endostatin 
levels high enough to tilt the balance towards anti-angiogenesis and 
therefore reduced tumor growth (Sund et al, 2005a).   

16.3 Stroma-derived substances as a complement to 
conventional tumor markers 
In this thesis the levels of type IV collagen and type XVIII 
collagen/endostatin, two proteins derived from the basement membranes, 
are shown to be elevated in the circulation of pancreatic cancer patients at 
the time of diagnosis. The same was found for TPS and Ca 19-9, the currently 
most commonly measured tumor markers in pancreatic cancer patients. 
Additionally, Ca 125 was also elevated in pancreatic cancer patients. 
Interestingly, the range of the circulating levels of the conventionally used 
tumor markers in the patient group was clearly larger when compared to the 
range of the BM derived substances. Some patients had normal levels of the 
conventional tumor markers at the time of diagnosis, whereas others had up 
to 100 times the normal value. This degree of variance was not seen for the 
BM-derived tumor markers. Furthermore, only the tumor markers derived 
from the BM were associated with overall survival, with high levels 
indicating poor prognosis. No such associations could be observed for TPS or 
Ca 125, and this is well in line with the findings of Sandblom et al (Sandblom 
et al, 2008). However, in previous studies with much larger patient cohorts 
compared to the material used in this thesis, high levels of Ca 19-9 
preoperatively (Ueda et al, 2009; Waraya et al, 2009) and postoperatively 
(Ferrone et al, 2006) have been shown to be associated with poor prognosis. 
These associations could not be reproduced in this thesis. Nevertheless, and 
despite the relatively low number of patients included in this thesis, the 
associations to survival for BM-derived tumor markers fell out as significant. 
This indicates a strong association for these tumor markers to survival. 
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Pancreatic ductal adenocarcinomas share some features, but as all 
malignancies they are nevertheless clonal diseases, and no malignant tumors 
are exactly the same. Thus, it is unlikely to find a tumor marker that is 
expressed unconditionally in all pancreatic cancers. As an example, 10% of 
all pancreatic cancers do not present with elevated levels of Ca 19-9. A 
hypothesis developed during the work with this thesis is that combinations 
of tumor markers that reflect different aspects of the tumor biology could 
increase the diagnostic and predictive strength. Therefore, it is of great 
importance to identify pairs or groups of tumor markers suitable for being 
combined, and also to identify markers not suitable for combination. In this 
thesis a correlation between the tumor markers Ca 125 and Ca 19-9 is shown, 
indicating that these two markers might reflect the same biological processes 
and would therefore not be suitable for combination, as the combination 
most likely will not yield more information than one of the markers alone. 
This has previously been implied when specificity and sensitivity was 
evaluated for the combination of Ca 125 and Ca 19-9 (Cwik et al, 2006).  

However, the novel BM-derived tumor markers presented in this thesis 
are not specific for pancreatic cancer or even specific for malignancies as 
such. Liver cirrhosis and other conditions affect the levels of circulating 
fragments from the stromal compartment. On the other hand the expression 
of substances thought to be cancer specific also differ from one individual 
cancer to another. Anyhow, all tumors will affect the surrounding stroma 
during tumor progression in one way or another. This is illustrated by the 
results presented in this thesis, where the levels of the BM-derived tumor 
markers in the pancreatic cancer patients showed less variation when 
compared to conventionally used cancer cell specific markers. Instead, 
combinations of markers derived from completely different processes in the 
tumor, for instance a marker reflecting the degree of tumor stroma 
remodeling together with a more cancer cell specific marker (such as TPS or 
Ca 19-9) most likely could give more diagnostic and prognostic accuracy, 
than any one of these markers alone. 

Taken together, the findings in paper I-III, show that substances derived 
from the tumor stroma can be evaluated as tumor markers in pancreatic 
cancer and that important information regarding prognosis and survival can 
be found in the stroma. This underlines the importance of expanding the 
horizon beyond the tumor cell when searching for novel tumor markers. 
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Chapter 17:  Future perspectives 

17.1 In vivo studies of the BM 
The autocrine loop presented in this thesis has to be reproduced in suitable 
animal models and to show validity in vivo. One interesting aspect would be 
to study the changes in BM protein expression in the cancer cells during 
PanIN development to further investigate the role of BMs in the 
pathogenesis of pancreatic cancer. It has also been reported that some 
tumors lose their expression of type IV collagen (Lee et al, 1994), and it 
would be of great interest to study if these patients have a more (or less) 
aggressive disease, and furthermore if they show different response to 
therapy or show different survival rates.  

17.2 Studies of other BM components 
Pancreatic cancer is characterized by an aggressive and infiltrative growth 
pattern, and in this thesis the regulation of both cell migration and growth 
was shown to be influenced by the expression of type IV collagen by the 
pancreatic cancer cells. The results from this thesis also show that apoptosis 
is not effected by type IV collagen, at least not after the degree of down-
regulation achieved in these experiments. Other BM-derived substances 
expressed by the cancer cells might influence apoptosis, and might also be 
required for avoiding apoptosis, and a more detailed investigation of other 
BM components would be in place. Here laminin, maybe the most important 
BM component besides type IV collagen, is of particular interest.  

TGF-!1 is defined as a key player in pancreatic cancer when it comes to 
regulation of tumor stroma production, and mutations in the TGF-!1 

pathway are frequently seen in pancreatic cancer. It would be of interest to 
study the role of TGF-!1 in the regulation of BM protein expression, in order 
to see whether the BM production can be found down-stream in the TGF-!1 
pathway.  

Furthermore, the BMs in cancer are often described in the literature as 
discontinuous, based on electron microscope imaging, indicating differences 
in the cancer BMs compared to normal BMs. Many of the molecules found in 
normal BM have different binding-sites that can affect the epithelial cells in 
both a promoting and in an inhibitory manner. An interesting question to be 
answered is if the binding-sites with inhibitory potentials somehow are 
sequestered or posttranslationally changed in cancer, so that only the 
oncogenic potential is preserved in the discontinuous BM. If this is the case, 
identification of these changes are of importance, and if they were shown to 
be unique for cancer they would be interesting new therapeutic targets. 
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17.3 Larger patient cohorts and follow-up studies 
As initial studies, the tumor marker papers in this thesis are based on a 
relatively small patient cohort and must in the future be reproduced in a 
larger patient material. Also screening potential and the result of 
combinations of stroma-derived and conventional tumor markers would be 
interesting to investigate. It is also of importance to conduct follow-up 
studies to see if for instance increased endostatin levels can be observed 
before clinical relapse occurs, and then more aggressive adjuvant therapy 
might be offered in time. The possibility to distinguish between local 
(resectable) disease and metastatic disease by using stroma-derived markers 
would also be of high clinical interest.  

17.4 Cancer specificity might be found in protein fragments 
In the stromal compartment of cancer, when compared to normal tissue, not 
only the expression patterns of structural macromolecules are altered, also a 
completely different composition of proteinases processing theses molecules 
are found in the tumor microenvironment. This potentially gives rise to 
different degradation patterns of these structural proteins, and some of these 
could be released into the circulation and easily be detected. Also differences 
in glycosylation, protein truncations, and posttranslational changes might 
occur. By studying degradation fragments derived from the stromal 
compartment in blood, different sizes and pattern might be recognized in 
cancer patients when compared to healthy controls, and this might be a 
successful approach to develop more cancer specific tumor markers. 

17.5 Collection of patient material and collaboration 
Umeå University hospital is a relatively small pancreatic cancer centre. To be 
successful in the search for new tumor markers large patient cohorts must be 
easily available, otherwise promising new markers might continue to be just 
“bench-side” markers without sufficient empirical facts helping them to find 
their way out into the clinic. No surgical pancreatic cancer centre in Sweden 
has sufficient patient volumes to support this, which calls for national and 
international collaborations if results are to be achieved. 
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VI. Conclusions 

Overall conclusions of this thesis: 
The results of this thesis show that substances derived from the stromal 
compartment, such as type IV and type XVIII collagen, can serve as tumor 
markers for pancreatic cancer with advantages compared to conventionally 
used markers. Additionally, evidence is provided of an autocrine loop, 
involving type IV collagen and its integrin receptors, with importance for 
retaining a proliferative and migratory phenotype in pancreatic cancer cells.  
 
More specifically, it is concluded that: 

• Type XVIII collagen/endostatin expression is shifted in pancreatic 
cancer tissue, where the BM localization is gradually lost and replaced by 
expression in the vascular BM zones of the tumor. 

• The expression of MMPs, known to be involved in type IV and type 
XVIII collagen remodeling and the degradation of BMs, are upregulated 
in pancreatic cancer tissue. 

• Type IV collagen is extensively expressed in the close proximity to the 
pancreatic cancer cells, forming BM-like structures surrounding clusters 
of cancer cells. 

• The circulating levels of both type IV and type XVIII collagen/endostatin 
are elevated in pancreatic cancer patients compared to controls. 

• After treatment the levels of type XVIII collagen/endostatin are 
normalized, but the type IV collagen levels remain elevated. 
Furthermore, high levels of circulating type IV collagen after surgery is 
associated with shorter survival time, indicating that the postoperative 
levels of type IV collagen can reflect the metastatic load. Moreover, high 
preoperative circulating levels of type XVIII collagen are also associated 
with shorter survival. In our patient material no such associations could 
be found for the conventional tumor markers (TPS, Ca 19-9, CEA and Ca 
125). 

• BM-derived protein fragments demonstrate tumor marker potential, as 
both type IV and type XVIII collagen can serve as tumor markers in 
pancreatic cancer patients, with advantages compared to conventionally 
used markers. 
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• Type IV collagen is produced by pancreatic cancer cells, and down-
regulation of type IV collagen production by the pancreatic cancer cells, 
or blocking of the interaction between type IV collagen and integrin 
receptors at the cancer cell surface (integrin "1, "2 and !1), reduces 
proliferation and migration, but does not affect apoptosis. The 
proliferative phenotype can be rescued by the addition of exogenous type 
IV collagen.  

• Type IV collagen production by the cancer cell forms an autocrine loop 
that regulates tumor growth and supports migration.  
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