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Oral Medicine,  P.O. Box 5281, FI-90014 University of Oulu, Finland; University of Oulu,
Faculty of Medicine, Institute of Diagnostics, Department of Clinical Chemistry,  P.O. Box
5000, FI-90014 University of Oulu, Finland
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Abstract
Cancer progression is a multistep process dependent on tumour-stroma interactions. Various cell
types, such as fibroblasts, endothelial, inflammatory and stem cells, as well as extracellular matrix
(ECM) proteins, such as collagens, contribute to the tumour outcome. Tumour growth and
invasion is accompanied by the proteolysis of ECM components mediated by various enzymes,
such as matrix metalloproteases (MMPs). Proteolytic fragments released into the circulation may
reflect cancer progression. The aim of this study was to develop novel in vitro methods for
investigating cell invasion and for measuring cancer-associated collagen degradation. 

Human carcinoma cell invasion studies in vitro are often performed in organotypic cell culture
models, mainly composed of rat or mouse ECM proteins. To create a human microenvironment
for invasion studies, a novel organotypic model based on human uterine myoma (benign tumour)
tissue was developed. Compared to the conventional collagen-based organotypic model, in the
myoma model the carcinoma cell invasion depth was about eightfold and the invasion resembled,
to a greater degree, the invasion pattern of dissected tissue samples of cancer patients. In addition,
the invasion was easily quantified with a novel radioimmunoassay measuring type III collagen
degradation products from the organotypic culture media. 

As human mesenchymal stem cells (MSCs) are one of the stromal cell types that may affect
tumour progression, the mechanisms of stem cell invasion were also studied. On the surface of
MSCs, Toll-like receptor 9 (TLR9) functions in immune defence against microbes. The activation
of TLR9 with microbial DNA-resembling molecules induced human MSC invasion into the
myoma tissue in a MMP-13-mediated fashion. 

To analyse cancer-associated soft tissue degradation, a novel enzyme immunoassay was
developed. This novel assay enabled, for the first time, the measurement of type III collagen
degradation products from human serum samples. In head and neck cancer patient sera, high levels
of type III and type I collagen degradation products were shown to predict poor survival. 

In conclusion, the novel myoma model showed that the tumour microenvironment crucially
affects carcinoma cell invasion. In addition, cancer-associated type III collagen degradation was
successfully measured in cell cultures and in human sera by novel immunoassays. 

Keywords: carcinoma, collagen degradation, immunoassay, matrix metalloproteinases,
myoma, neoplasm invasiveness, neoplasms, organotypic cell culture, stem cells, Toll-
like receptor 9
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Tiivistelmä

Syövän eteneminen on monivaiheinen tapahtuma, jossa syöpäsolut ovat vuorovaikutuksessa
lähiympäristönsä kanssa. Ympäristön eri solutyypit, kuten kantasolut ja sidekudoksen fibroblas-
tit sekä soluväliaineen proteiinit kuten kollageenit, vaikuttavat syöpäsolujen invaasioon eli tun-
keutumiseen ympäröivään kudokseen. Syövän invaasiossa useat entsyymit, mm. matriksin
metalloproteaasit (MMP:t), hajottavat soluväliainetta. Kasvaimen kehittymisen aikana veren-
kiertoon vapautuu soluväliaineen hajoamistuotteita, joiden määrä voi kuvastaa sairauden etene-
mistä. Väitöstutkimuksen tarkoituksena oli kehittää uusia menetelmiä solujen invaasion ja syö-
pään liittyvän kollageenin hajoamisen tutkimiseen. 

Ihmisen karsinoomasolujen invaasion tutkimuksessa on perinteisesti käytetty kolmiulotteisia
soluviljelymalleja, jotka koostuvat pääasiassa rotan tai hiiren soluväliaineproteiineista. Työssä
kehitettiin uusi viljelymalli, jossa soluja kasvatettiin ihmisen hyvälaatuisen kohtukasvainkudos-
palan eli myooman päällä. Perinteiseen kollageenimalliin verrattuna myoomamallissa karsinoo-
masolut tunkeutuivat noin kahdeksan kertaa syvemmälle, ja solujen kasvu muistutti enemmän
potilaiden syöpäkudosnäytteissä havaittua kasvutapaa. Invaasion voimakkuuden määrittämiseen
kehitettiin vasta-aineisiin perustuva menetelmä, jolla mitattiin soluviljelmän kasvatusliuokseen
myoomakudoksesta vapautuneiden tyypin III kollageenin hajoamistuotteiden määrää. 

Koska kantasolujen tiedetään voivan vaikuttaa syöpäkasvaimen leviämiseen, tutkimme myös
ihmisen luuytimen kantasolujen invaasiota. Kantasolujen pinnalla TLR9-reseptori osallistuu
immuunipuolustukseen mikrobeja vastaan. Kun reseptoria aktivoitiin mikrobi-DNA:ta muistut-
tavilla molekyyleillä, kantasolut alkoivat invasoitua myoomakudokseen ja MMP-13:n aktiivi-
suus soluissa lisääntyi. 

Syöpään liittyvän pehmytkudoksen hajoamisen tutkimiseksi kehitettiin vasta-ainemenetel-
mä, jolla onnistuttiin ensi kertaa mittaamaan potilaiden seeruminäytteistä tyypin III kollageenin
hajoamistuotteita. Pään ja kaulan alueen syöpäpotilailla korkean tyypin III kollageenin hajoa-
mistuotepitoisuuden todettiin liittyvän huonoon ennusteeseen. 

Tutkimus osoitti, että kasvaimen ympäristö vaikuttaa olennaisesti syöpäsolujen leviämiseen.
Syöpään liittyvää tyypin III kollageenin hajoamista pystyttiin työssä kehitetyillä menetelmillä
mittaamaan sekä soluviljelmistä että potilaiden seeruminäytteistä. 

Asiasanat: invaasio, kantasolut, karsinooma, kollageenien hajoaminen, kolmiulotteinen
soluviljelymalli, matriksimetalloproteinaasit, myooma, syöpätaudit, TLR9, vasta-aineet
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1 Introduction 

Cancer progression is a multistep process dependent on the interactions between 

the tumour cells and the surrounding stroma. In many carcinomas, the majority of 

the stromal cells are activated fibroblasts. These cancer-associated fibroblasts 

(CAFs) can originate from normal stromal fibroblasts, from carcinoma cells 

through epithelial-to-mesenchymal transition or from mesenchymal stem cells 

(MSCs). CAFs affect carcinoma cell behaviour by producing extracellular matrix 

(ECM) molecules, proteases and growth factors. Another interesting cell type 

implicated in the tumour microenvironment is the cancer stem cell, which can be 

derived from self-renewable normal stem cells that acquire tumourigenic genomic 

alterations. Physiological stress factors, such as inflammation, tissue injuries or 

malignancies, initiate cytokine cascades that can cause the human MSCs to 

migrate. MSCs have been demonstrated to home in on tumour tissues. The exact 

mechanisms of how the stem cells are recruited are, however, poorly understood. 

It has been suggested that human MSC migration is increased through toll-like 

receptor (TLR) activation. TLRs are transmembrane proteins that recognize 

pathogen-associated molecular patterns.  

Traditionally, carcinoma cell invasion has been studied in three-dimensional 

organotypic models composed of human fibroblasts and rat or mouse ECM 

proteins. However, this kind of organotypic model remains somewhat artificial 

due to the lack of various ECM components and cell types, which are present in 

the tumour microenvironment in vivo and contribute to tumour growth. During 

cancer progression, the degradation of stromal proteins enables the invasion of 

tumour cells into the surrounding tissues and eventually into the circulation. 

Matrix metalloproteases (MMPs) are zinc-dependent enzymes capable of cleaving 

virtually all ECM proteins and are widely implicated in cancer growth, invasion 

and metastasis. In some malignancies, tissue destruction leads to excessive 

collagen degradation, and MMPs, especially collagenases, are likely to participate 

in the process. Type I collagen degradation products, for example, can be 

analysed from urine or serum samples and are clinically relevant in studying 

cancers metastasizing into the bones. 

In this study, a novel organotypic cell culture model based on human myoma 

tissue was established for studying carcinoma and stem cell invasion. 

Mechanisms of stem cell invasion were also investigated. In addition, since 

matrix degradation is crucial in tumour invasion, type III collagen degradation 
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products were analysed in cell culture samples and in human head and neck 

cancer patient sera with novel immunoassays. 
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2 Review of the literature 

2.1 Tumour growth and invasion 

Tumour development is a multistep process dependent on genomic instability of 

the cell. In order to become malignant, a cell has to escape from a controlled cell 

cycle. Continuing growth and division is achieved by oncogenic and tumour 

suppressor mutations that maintain proliferative signalling and enable the evasion 

of growth suppressors, respectively. In addition, a cell has to resist senescence 

and cell death, which is apoptosis, autophagy and necrosis, and gain replicative 

immortality by overexpressing telomerase. Also, energy metabolism must be 

altered in order to support excessive proliferation and premalignant cells must be 

able to hide from the immune system. (Hanahan & Weinberg 2011). In addition to 

sustained proliferation, blood supply is crucial for macroscopic tumours to 

develop (Folkman 1971). In the adult, angiogenesis, the formation of new vessels 

from pre-existing vasculature, occurs rarely, for example during wound healing 

and the female reproductive cycle. However, during tumour progression, the local 

balance of pro- and antiangiogenic signals is disturbed and the “angiogenic switch” 

is activated leading to aberrant vasculature in the primary tumour (Nyberg et al. 

2008). Tumour progression from a premalignant to a malignant and invasive 

phenotype is consequently promoted by angiogenesis. New capillaries in the 

primary tumour mass open up new possibilities for the tumour cells to invade the 

circulatory system and start metastasizing (Mueller & Fusenig 2004). Tumour 

invasion is a complex process that starts with alterations in the adhesive 

properties of the cell. A premetastatic cell has to acquire a migratory phenotype, 

detach from neighbouring cells and invade through basement membranes, 

extracellular matrix and cell layers into the circulatory system. From a distant 

location, a metastatic cell can then extravasate into the tissues, achieve a 

proliferative phenotype and survive to form a metastasis. (Price & Thompson 

2002). The metastatic process is depicted in figure 1. Altogether, even if the 

metastasis formation is a complicated and inefficient process, some cells may still 

survive until the formation of secondary tumours. In fact, metastases of the 

primary tumour cause 90% of cancer deaths (Chaffer & Weinberg 2011). 
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Fig. 1. Schematic representation of the metastatic process. Angiogenesis enables the 

growth of macroscopic primary tumours. It has been proposed that carcinoma cells 

achieve an invasive phenotype through epithelial-to-mesenchymal transition (EMT). In 

order to reach the circulatory system, tumour cells must degrade basement 

membranes (BM) and extracellular matrix (ECM) components. A tumour cell that has 

survived in the circulation can then extravasate into a distant tissue and proliferate to 

form a metastasis.  

In carcinomas, the formation of migratory tumour cells from immotile epithelial 

cells has been proposed to happen via epithelial-to-mesenchymal transition 

(EMT). Physiologically, EMT occurs, for example, during embryonic 

development and wound healing, and involves loss of cell-cell adhesion and 

changes in actin cytoskeleton and cellular organelle distribution. During EMT, 

epithelial cells become spindle-shaped, redistribute stress fibres and lose polarity. 

Migratory properties and resistance to apoptosis are also increased. (Thiery & 

Sleeman 2006). A “cadherin switch” is crucial for cell motility in EMT; the 

epithelial cells lose the expression of E-cadherin, which is responsible for cell 
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adhesion via adherens junctions, and start expressing mesenchymal N-cadherin 

(Gravdal et al. 2007, Margulis et al. 2005). EMT is manifested by the loss of 

epithelial markers, such as E-cadherin and cytokeratin, and overexpression of 

mesenchymal markers, such as N-cadherin, fibroblast-specific protein-1 (FSP1), 

vimentin and type I collagen. Nuclear relocalisation of β-catenin and expression 

of transcription factors Snail, Slug and Twist are also essential in EMT. (Zeisberg 

& Neilson 2009).  

In addition to cell motility, EMT seems to contribute to tumour progression 

by participating in immunosuppression and in resistance to cell death, senescence 

and therapeutics, and by conferring stem cell properties on carcinoma cells 

(Thiery et al. 2009). The EMT process in tumour cells is proposed to be 

reversible; when the metastatic cells reach a new location, they can go through a 

mesenchymal-to-epithelial transition and start proliferating and forming a 

secondary tumour (Thiery 2002). EMT can also be partial; in mouse tumour 

models and in human breast cancer cells, the invasion and metastasis can be 

achieved without a complete EMT phenotype (Han et al. 2005, Tarin et al. 2005, 

Thompson et al. 2005). The most studied signalling pathways triggering EMT 

include transforming growth factor (TGF)-β and Wnt and Notch pathways, as 

well as tyrosine kinase receptor signalling. It has been proposed that the adjacent 

stromal cells in the tumour microenvironment release these EMT-inducing signals. 

(Yang & Weinberg 2008). However, even if EMT has been detected in vitro in 

various cancer cells and in vivo in mice and in patient samples, the process 

remains disputed in vivo in humans (Chaffer & Weinberg 2011). Another potential, 

although controversial, mechanism which has been proposed in cancer cell 

invasion is epithelial-amoeboid transition in which carcinoma cells gain spherical 

morphology and squeeze through the ECM without the degradation of ECM 

(Sabeh et al. 2009, Wolf et al. 2003). 

2.2 Tumour microenvironment 

It is not merely the mutations in tumour cells that affect tumourigenesis. As early 

as 1889, Stephen Paget proposed in his “seed and soil” hypothesis that tumour 

cells survive only in favourable conditions (Paget 1989). Still, it is not until 

recently that we have begun to understand the complexity of interactions between 

tumour cells and the surrounding stroma, also called the tumour 

microenvironment. The tumour microenvironment consists of ECM components 

and a variety of cell types, which all contribute to tumour progression. Paracrine 
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signalling between tumour and stromal cells is reciprocal – the secreted ECM 

molecules, proteases, inhibitors, chemokines and growth factors affect both 

tumour and stromal cell behaviour. (Mueller & Fusenig 2004). The first change 

leading to carcinoma evolution can thus occur either in epithelial cells or in 

adjacent stromal cells (Polyak et al. 2009). However, the stroma can have both 

suppressing and inducing roles in cancer progression (Bissell & Hines 2011). 

Figure 2 illustrates the components of the tumour stroma. 

 

Fig. 2. Carcinoma microenvironment. Various cell types in the tumour stroma can 

contribute to tumour progression; normal and cancer-associated fibroblasts, stem 

cells, inflammatory cells, endothelial cells and pericytes. Proteases enable the 

invasion of tumour cells by degrading basement membrane and extracellular matrix 

components. 

2.2.1 Fibroblasts 

The majority of stromal cells in the tumour microenvironment are fibroblasts. 

Fibroblasts regulate ECM homeostasis by secreting matrix proteins, such as 

collagens, fibronectin and laminin, and proteases, such as MMPs. Fibroblasts also 

mediate the integrity of adjacent epithelia by direct mesenchymal–epithelial cell 
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interactions and secretion of growth factors. In wounded or fibrotic tissue the 

fibroblasts become activated, that is, the proliferation and the production of 

matrix components are enhanced compared to healthy tissue. (Kalluri & Zeisberg 

2006). These modified fibroblasts were first described in granulation tissue of a 

healing wound and termed myofibroblasts due to their contractile properties 

reminiscent of muscle cells (Gabbiani et al. 1971). Myofibroblasts are commonly 

characterized by the expression of α-smooth muscle actin (α-SMA) and formation 

of cell–cell contacts through gap junctions (Räsänen & Vaheri 2010). 

Activated fibroblasts are found also in tumour stroma and in early pre-

malignant dysplastic lesions. These cancer-associated fibroblasts (CAFs) have 

multiple roles during tumour progression. In the early stages of tumour 

progression, CAFs are thought to inhibit tumour growth by maintaining tissue 

integrity through gap junctions (Omori et al. 2001). However, CAFs can also 

promote tumour initiation and progression by oncogenic signalling, facilitating 

angiogenesis and modifying ECM composition. The role of CAFs in 

tumourigenesis, invasion and metastasis has been demonstrated in various co-

culture and animal experiments. (Kalluri & Zeisberg 2006, Mueller & Fusenig 

2004, Räsänen & Vaheri 2010). For example, CAFs have been shown to promote 

invasion of non-invasive cancer cells (Dimanche-Boitrel et al. 1994) and directly 

lead cancer cell invasion by generating paths through ECM (Gaggioli et al. 2007).  

CAFs are a heterogenic cell population. Characteristically, some of the 

markers, such as α-SMA, FSP1, fibroblast-activated protein, neuron-glial antigen-

2 and platelet-derived growth factor receptor α/β, are expressed in CAFs, 

depending on tumour site. Even within the same tumour, it is possible for CAFs 

to be derived from different origins. In addition to normal stromal fibroblasts, 

CAFs can originate from benign or malignant epithelial cells by EMT, from 

endothelial cells by endothelial-to-mesenchymal transition (End-MT), from bone 

marrow-derived mesenchymal cells or from pericytes or smooth muscle cells of 

the vasculature. (Östman & Augsten 2009, Räsänen & Vaheri 2010). Expression 

of CAF markers have been associated with poor prognosis in several cancers, 

such as colorectal (Henry et al. 2007, Tsujino et al. 2007), pancreatic (Cohen et al. 

2008), breast (Paulsson et al. 2009) and tongue cancers (Bello et al. 2011), which 

make CAFs an interesting target for cancer therapies. 
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2.2.2 Endothelial cells 

Endothelial cells forming the inner cell layer of blood and lymphatic vessels are 

important participants in the tumour microenvironment, since, as proposed by 

Folkman (1971), tumours are not able to survive and grow beyond a few 

millimetres in diameter without blood vessels supplying oxygen and nutrients to 

the tumour cells. The formation of metastases is also dependent on accessible 

vasculature. The mechanisms of tumour neovascularization include sprouting 

angiogenesis, intussusceptive angiogenesis, vessel co-option, vasculogenic 

mimicry, lymphangiogenesis and the recruitment of endothelial progenitor cells 

(Hillen & Griffioen 2007). Tumour blood vessels are structurally and functionally 

abnormal. They are leaky and lack normal artery-capillary-vein hierarchy. They 

exhibit excessive branching and dilations and flow pattern is chaotic. 

Abnormalities of tumour-associated vasculature are, in many respects, caused by 

alterations in endothelial cells. The proliferation rate of endothelial cells is 

increased, the endothelium is disorganized and there are gaps between the 

endothelial cells. (Aird 2009).  

Structural and functional alterations in endothelial cells are caused by active 

growth factor and cytokine signalling in the tumour microenvironment, creating 

an angiogenic switch that stimulates endothelial cells. The microenvironment can 

also be hypoxic, acidic or hypoglycaemic and the growing tumour mass can cause 

mechanical pressure. Increased ECM degradation may liberate endogenous pro- 

and anti-angiogenic molecules which often affect endothelial cells through 

integrins. In addition, defects in the basement membrane underlying the 

endothelial cells and in the contractile pericytes around the vessels affect the 

behaviour of endothelial cells. (Aird 2009, Nyberg et al. 2008). Endothelial cells 

can also contribute to accumulation of cancer-associated fibroblasts by 

undergoing End-MT: Zeisberg et al. (2007) showed that End-MT happens in 

mouse melanoma and pancreatic cancer models, and is induced by TGF-β1.  

2.2.3 Inflammatory cells 

The connection between cancer and inflammation dates back to the middle of the 

nineteenth century when Rudolf Virchow observed that tumours were often co-

localized with inflammatory cells (Balkwill & Mantovani 2001). As the tumour 

stroma resembles granulation tissue with its fibroblasts and inflammatory and 

endothelial cells, Hal Dvorak (1986) has even stated that tumours are “wounds 
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that do not heal”. Nowadays, it is known that chronic inflammation increases the 

risk for developing cancer, and inflammatory cells are present in virtually all 

tumours. There are two pathways linking cancer and inflammation: in addition to 

inflammation leading to tumourigenesis (as in gastric, colon and prostate cancer), 

genetic alterations in premalignant cells can lead to recruitment of inflammatory 

cells (as in breast cancer) (Mantovani et al. 2008). Inflammatory cells, such as 

macrophages, monocytes, mast cells, neutrophils, eosinophils, dendritic cells and 

lymphocytes, produce cytokines, chemokines, growth factors, prostaglandins and 

reactive oxygen and nitrogen species which affect the whole tumour 

microenvironment. This may result in DNA damage or in activation of 

transcription factors in tumour and stromal cells and lead to enhanced cell 

proliferation, ECM degradation, fibrosis and angiogenesis, which favour tumour 

growth, invasion and metastasis. (Coussens & Werb 2002, Schäfer & Werner 

2008). 

One of the most studied inflammatory cell types are the tumour associated 

macrophages (TAMs). In 80% of metastatic breast, thyroid and bladder cancers, 

the abundance of TAMs is associated with poor prognosis (Joyce & Pollard 2009). 

The location of TAMs in the tumour microenvironment affects tumour 

progression; TAMs promote tumour angiogenesis in hypoxic areas (Lewis & 

Pollard 2006) and enhance invasion and angiogenesis at the tumour-stroma 

interface (Pollard 2008). Wyckoff et al. (2007) have also shown that TAMs 

promote metastasis as the cancer cells intravasate only those blood vessels where 

perivascular TAMs are present. According to Condeelis & Segall (2003), TAMs 

and cancer cells may navigate through the stroma along collagen fibres tethered to 

the blood vessels.  

2.2.4 Cancer stem cells 

Cancer stem cells (CSCs) were first isolated in acute myeloid leukaemia (Bonnet 

& Dick 1997) but they are also found in several solid tumours, such as breast (Al-

Hajj et al. 2003), brain (Singh et al. 2004), oral (Mackenzie 2004), pancreatic (Li 

et al. 2007) and colorectal cancers (Dalerba et al. 2007, O'Brien et al. 2007, 

Ricci-Vitiani et al. 2007). CSC is defined as “a cell within a tumour that possesses 

the capacity to self-renew and to generate heterogeneous lineages of cancer cells 

that comprise the tumour” (Clarke et al. 2006). These CSCs can thus differentiate 

into all cell types within a tumour mass. They also function as tumour 

vasculogenic progenitors (Yao et al. 2011). In addition to self-renewal and 
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differentiation abilities, other characteristics that make CSCs immortal are drug 

resistance and a capacity for high proliferation and migration. Resistance to 

chemo- and radiotherapies that target proliferative cells is caused by the CSC’s 

ability to enter resting cell cycle phase and up-regulate anti-apoptotic proteins and 

specific transporter proteins. Furthermore, DNA synthesis and repair processes 

are abnormal in CSCs and growing in a niche protects CSCs from exogenous 

agents. The rarity of CSCs also makes targeting difficult: less than 1% of all cells 

within the tumour are CSCs. The disadvantage of possible cancer stem cell 

markers (such as cluster of differentiation (CD) 24, CD29, CD31, CD34, CD44, 

CD133, BMI1 and aldehyde dehydrogenase 1) is that markers tend to be tissue-

specific and not exclusive for stem cells. (Clarke et al. 2006, Sayed et al. 2011).  

CSCs can be derived from self-renewable normal stem cells that acquire 

tumourigenic genomic alterations and from proliferative progenitor cells (also 

called transient amplifying cells) that acquire the capacity to self-renew (Clarke et 

al. 2006, Sayed et al. 2011). One potential source of CSCs is the multipotent 

mesenchymal stem cells typically present in adult bone-marrow and adipose 

tissue. MSCs are characterized by adherence to plastic and the potential to 

differentiate into osteoblasts, adipocytes and chondroblasts in vitro. MSCs also 

must express CD105, CD73 and CD90, but not CD45, CD34, CD14 or CD11b, 

CD79α or CD19 and HLA (human leucocyte antigen) -DR cell surface molecules. 

(Dominici et al. 2006). In multiple studies, MSCs have been shown to home in on 

tumours and contribute to the formation of tumour stroma which has led to the 

investigation of MSCs as potential targeted delivery vehicles for therapeutic 

agents (Dwyer et al. 2007, Karnoub et al. 2007, Kidd et al. 2009, Studeny et al. 

2002, Studeny et al. 2004). In breast cancer, the tumour-secreted monocyte 

chemotactic protein-1 has been shown to promote migration of MSCs (Dwyer et 

al. 2007). Breast cancer cell metastasis is also enhanced by tumour-stimulated 

secretion of chemokine CCL5 from MSCs (Karnoub et al. 2007). Spaeth et al. 

(2009) demonstrated that MSCs promote ovarian tumour growth by transitioning 

into CAFs. However, MSCs have been shown to both promote and inhibit tumour 

growth (Klopp et al. 2011) which renders the potential of MSCs as therapeutic 

tools controversial. 

2.2.5 Extracellular matrix 

ECM is a three-dimensional scaffold of fibrillar proteins that provides structural 

support for cells and tissues. ECM functions also in cell adhesion, signalling and 
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migration and regulates growth factor activity. All cells, but especially fibroblasts, 

produce ECM molecules, and ECM structure and composition varies greatly 

depending on the tissue. (Kim et al. 2011). Tumours exhibit abnormal ECM 

protein profiles (Alitalo et al. 1981). The main components of ECM are collagens. 

Type I collagen generates tensile strength and type III collagen together with 

elastic fibres provides flexibility for tissues (Kielty et al. 2002, Prockop & 

Kivirikko 1995). Proteoglycans are large gel-forming molecules composed of a 

core protein linked to glycosaminoglycans which fill much of the extracellular 

space, binding cells and tissues together. Fibronectin functions in cell-matrix 

adhesion, binding to collagens and proteoglycans. (Esko et al. 2009, Ruoslahti 

1988). Tumours exhibit aberrant forms of fibronectin which are associated with 

neovascular structures and conversion of fibroblasts to myofibroblasts (Allen & 

Jones 2011). Integrins on cell surfaces aid in cell-matrix communication (Hynes 

2002). As integrins play multiple roles in cell signalling and attachment, they are 

implicated in various steps during cancer growth and progression (Cox et al. 

2010).  

Basement membranes (BMs) are sheet-like, dense ECM structures that are 

always associated with cells and are specialized in tissue compartmentalization. 

BMs separate the epithelium from the stroma, line endothelium in blood vessels, 

and surround peripheral nerves, muscle cells and fat cells. BMs actively transmit 

signals and are thus important regulators of cell behaviour. The main components 

in the network-like BMs are type IV collagen, laminin, nidogen/entactin and 

heparan-sulphate proteoglycans and perlecan. Most cells can secrete BM 

components. BM composition is tissue-specific, and about 50 different proteins 

have been detected in basement membranes. However, collagen isoforms (mainly 

type IV collagen, but also type XV and XVIII collagens) account for 50% of all 

BM proteins. (Kalluri 2003).  

BMs play an important role in the regulation of tumour angiogenesis. The 

degradation of BM components is necessary for allowing endothelial cells to 

migrate and form new capillaries into the stroma. The degradation of BM 

liberates pro-angiogenic chemokines and growth factors, such as hypoxia 

inducible factor (HIF)-1α, vascular endothelial growth factor (VEGF) and basic 

fibroblast growth factor (Nyberg et al. 2008). However, degradation also liberates 

anti-angiogenic molecules, such as endostatin, from type XVIII collagen 

(O'Reilly et al. 1997) and arresten, canstatin and tumstatin from type IV collagen 

(Colorado et al. 2000, Kamphaus et al. 2000, Maeshima et al. 2000). The 
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degradation of BMs and liberation of pro- and anti-angiogenic molecules is often 

mediated by matrix metalloproteases (MMPs).  

2.3 Proteolysis in the tumour microenvironment 

ECM is degraded during various physiological or pathological processes. During 

cancer invasion and metastasis, host tissue is extensively degraded by various 

proteases and replaced by cancer-associated matrix proteins. This results in the 

generation of protein-specific soluble fragments which are distributed throughout 

the ECM and possibly released into the circulation. The fragments may also 

function as angiogenic inhibitors or activators, thus affecting tumour growth and 

progression (Nyberg et al. 2008). Since the degradation products may be disease-

specific and reflect disease progression, they are potential biochemical markers 

(Risteli & Risteli 1987). However, in blood or urine, the fragment concentration is 

diluted. Access to the interstitial fluid where the biomarkers appear at high 

concentration would enable more accurate, tissue-specific measurements (Wiig et 

al. 2010). 

MMPs belong to metal-dependent enzymes and are one of the most studied 

protease families implicated in cancer. Also, serine, aspartate and cysteine 

proteases are involved in cancer invasion and metastasis. MMPs and serine 

proteases function at neutral pH, degrading extracellular matrix, while aspartate 

and cysteine proteases are active at acidic conditions and mainly responsible for 

intracellular proteolysis within lysosomes (Curran & Murray 1999). There are 24 

MMPs in vertebrates, 23 of which have been discovered in humans (Visse & 

Nagase 2003). The MMPs can be divided into groups according to structure and 

substrate specificity: collagenases (MMP-1, -8 and -13), gelatinases (MMP-2 and 

-9), stromelysins (MMP-3 and -10), matrilysins (MMP-7, -11 and -26), 

membrane-type (MT-) MMPs (MMP-14, -15, -16, -17, -24 and -25) and other 

MMPs (MMP-12, -19, -20, -21, -23, -27, -28). The expression of MMPs is 

transcriptionally controlled by cytokines, growth factors, hormones, and cell–cell 

and cell–matrix interactions. Posttranslationally, the activation of precursor forms 

and the inhibition by endogenous inhibitors, α2-macroglobulin and tissue 

inhibitors of metalloproteases (TIMPs), regulate the MMP activity. TIMPs 

(TIMP-1/2/3/4) inhibit all MMPs but TIMP-1 is ineffective in inhibiting MT-

MMPs and MMP-19. (Nagase et al. 2006).  
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2.3.1 Matrix metalloproteases in cancer 

MMPs play a role in cancer growth, invasion and metastasis. MMPs influence 

cell–cell and cell–matrix interactions, angiogenesis, EMT, and cancer cell 

proliferation, migration and apoptosis through the modulation of ECM molecules. 

The use of MMP-inhibitors as cancer therapeutics is complicated due to the fact 

that MMPs have multiple roles in normal physiology and both destructive and 

protective roles in cancer progression. (Gialeli et al. 2011). Consequently, the 

broad-spectrum MMP-inhibitors have largely been abandoned in clinical trials 

because of the lack of specificity (Turk 2006).  

Collagenases 

Collagenase-1 (MMP-1), -2 (MMP-8) and -3 (MMP-13) are the proteases 

principally responsible for degrading fibrillar collagens of the ECM. MMP-1 

prefers type III collagen, MMP-8 type I collagen and MMP-13 type II collagen, 

but these MMPs also degrade various other ECM components (Vihinen & Kähäri 

2002). The first MMP, collagenase-1, was discovered in tadpole tail samples 

(Gross & Lapiere 1962). The presence of MMP-1 in tumour cells is associated 

with poor prognosis in several gastrointestinal cancers (Inoue et al. 1999, Ito et al. 

1999, Murray et al. 1996, Yamashita et al. 2001) and in gliomas (Zhang et al. 

2011b). MMP-1 expression is also up-regulated in ovarian tumours (Wang et al. 

2011). In metastatic melanomas, high MMP-1 expression is associated with 

shorter disease-free survival (Nikkola et al. 2002) but also with favourable 

treatment response (Nikkola et al. 2001). 

MMP-8 was first discovered in polymorphonuclear neutrophils (Mainardi et 

al. 1991) but it is expressed also in several other cell types as well as in tumour 

cells, such as melanomas (Giambernardi et al. 1998), leukaemias (Kim et al. 

2001), oral carcinomas (Moilanen et al. 2002), and breast cancers (Agarwal et al. 

2003). MMP-8 plays a protective role against skin cancer in mice (Balbin et al. 

2003), human and mouse tongue cancer (Korpi et al. 2008), and lymph node 

metastasis of human breast cancer (Decock et al. 2008). In malignant melanomas, 

high serum MMP-8 is associated with ulceration and vascular invasion (Vihinen 

et al. 2008). In head and neck cancers, serum levels of MMP-8 are elevated and 

correlate with advanced stages of oropharyngeal carcinomas (Kuropkat et al. 

2002). However, in head and neck carcinomas, the high plasma levels of MMP-8 

cannot be used to predict survival (Pradhan-Palikhe et al. 2010). 



 28

MMP-13 was first identified in human breast carcinoma (Freije et al. 1994). 

It is not expressed in most adult human tissues (Ala-aho & Kähäri 2005). MMP-

13 expression is detected in epithelial cells at the invasive tumour front, in breast, 

head and neck, vulval and urinary bladder carcinomas, malignant melanomas and 

chondrosarcomas (Vihinen & Kähäri 2002). High expression of MMP-13 is 

related to tumour invasion capacity in head and neck carcinomas (Cazorla et al. 

1998, Johansson et al. 1997, Leivonen et al. 2006, Tan et al. 2008, Yu et al. 2011) 

and associated with poor prognosis in oesophageal cancer (Etoh et al. 2000). In 

giant cell tumour of bone, bone resorption is assisted by stromal cell expression of 

MMP-13 (Mak et al. 2010). In glioblastoma, the highly invasive cancer stem-like 

cells express MMP-13 (Inoue et al. 2010). 

Gelatinases 

Gelatinase A (MMP-2) and gelatinase B (MMP-9) cleave denatured, i.e. degraded, 

collagen (gelatin) and other ECM components, such as type IV, V and VII 

collagens, fibronectin and elastin. MMP-2 was first identified and purified from 

malignant murine tumours (Liotta et al. 1979, Salo et al. 1983) and MMP-9 was 

found in human macrophages (Vartio et al. 1982). Both gelatinases are present in 

a variety of tumours and linked with tumour angiogenesis, progression, invasion 

and metastasis (Roy et al. 2009, Vihinen & Kähäri 2002). Over-expression of 

MMP-2 and -9 are also associated with EMT (Egeblad & Werb 2002). High levels 

of MMP-2 predict recurrence in urothelial, hepatocellular and ovarian cancers 

(Gohji et al. 1996, Westerlund et al. 1999, Yamamoto et al. 1997) and MMP-9 in 

urinary bladder carcinoma (Hara et al. 2001). Patel et al. (2011) suggested that a 

high serum level of MMP-9 predicts breast cancer progression better than MMP-2. 

In several tumours, such as gastric (Allgayer et al. 1998, Sier et al. 1996, Zhang 

et al. 2011a), ovarian (Garzetti et al. 1995) and urothelial carcinomas (Kanda et al. 

2000), a high level of MMP-2 in tumour cells or in serum is associated with poor 

prognosis. However, Mroczko et al. (2011) found that serum levels of MMP-2 

were lower in gastric cancer patients than in controls. In acute myeloid leukaemia, 

the expression of MMP-2 in bone marrow blast cells is associated with good 

prognosis (Kuittinen et al. 1999). In oral squamous cell carcinoma (SCC) cell 

lines, the expression of MMP-9 has been associated with invasiveness (Juarez et 

al. 1993, Nyberg et al. 2002). High tissue expression of MMP-2 and MMP-9 

correlates with lymph node metastasis in laryngeal and oral SCCs (Katayama et al. 

2004, Xie et al. 2004). High MMP-2 activity is also associated with lymph node 
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metastasis in oral SCCs (Patel et al. 2007) and predicts poor prognosis in tongue 

SCCs (Yoshizaki et al. 2001).  

2.3.2 Collagen degradation 

Collagens are the most abundant proteins in the human body, constituting about 

30% of all protein mass. To date, 28 types of collagen have been found in humans. 

The collagens contain at least one triple-helical domain. The helix is formed from 

three identical or different polypeptide chains consisting of glycine-X-Y repeats 

where every third amino acid is glycine and others are often hydroxylated lysine 

and proline residues. In addition to hydroxylation and triple helix formation, 

collagens go through several post-translational modifications, such as formation 

of di-sulphide bonds and glycosylation. Procollagens are secreted out of the cell 

where the propeptides of fibrillar collagens are cleaved off, fibrils are assembled 

and cross-links are formed. Collagens are divided into fibril-forming (type I, II, 

III, V, XI, XXIV and XXVII), fibril-associated collagens (VII, IX, XII, XIV, XVI, 

XIX, XX, XXI and XXII), network-forming collagens (IV, VI, VIII and X), 

transmembrane collagens (XIII, XVII, XXIII and XXV), multiplexins (XV and 

XVIII), and other collagens (XXVI and XXVIII). (Gordon & Hahn 2010, 

Prockop & Kivirikko 1995).  

Fibrillar type I and type III collagens are the most abundant collagens in the 

ECM. Fibrillar collagens provide structural support for tissues and influence cell 

attachment and migration. Collagens are constantly degraded and synthesized 

during various physiological and pathological situations. Degradation of type I 

and III collagens is essential for tumour invasion and metastasis. MMPs play a 

central role in the extracellular degradation of collagens. Collagenases (MMP-1, -

8 and -13) cleave fibrillar collagens into ¾ and ¼ fragments which can be further 

degraded by other MMPs, often gelatinases. Also, other MMPs degrade native 

collagens and gelatin. (Kähäri & Saarialho-Kere 1997, Vihinen & Kähäri 2002). 

Intracellular lysosomal collagen degradation can occur because of abnormal 

collagen structure (Bateman et al. 1984, Berg et al. 1980). The degradation of 

type IV and XVIII collagens can also generate fragments with anti-angiogenic 

properties (see 2.2.5). 
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Type I collagen 

Type I collagen is the most abundant collagen in the human body and a major 

component in the interstitial extracellular matrix. Type I collagen is present in 

most tissues, especially in bone, and accounts for 70% of total collagen in 

mammals (Adachi et al. 1997). Type I collagen is synthesized in soft tissues 

mainly by fibroblasts and in bone by osteoblasts. It is synthesized as a large 

procollagen molecule containing propeptide domains at both ends. The amino- 

and carboxyterminal propeptides (PINP and PICP, respectively) are cleaved off by 

specific N- and C-proteinases after the procollagen molecule is secreted out of the 

cell. The concentrations of PINP and PICP molecules can be measured in serum 

samples by radioimmunoassays (Melkko et al. 1990, Melkko et al. 1996), and 

they have been shown to reflect the synthesis of type I collagen, especially in 

physiological and pathological situations concerning bone collagen metabolism 

(Risteli & Risteli 1999). 

The mature type I collagen molecule contains a central triple helical domain 

and short non-helical telopeptides at both ends (Risteli & Risteli 1999). The 

degradation of mature type I collagen can be detected in serum or urine by 

measuring the concentrations of N- and C-terminal telopeptide structures. NTx 

measures cross-linked N-terminal telopeptides (Hanson et al. 1992), and 

CrossLaps (Bonde et al. 1994) and ICTP (Risteli et al. 1993) detect C-terminal 

cross-linked telopeptide structures. CrossLaps measures CTX which is a smaller 

fragment of the ICTP epitope. The structures of ICTP and CTX are shown in 

figure 3. Cysteine proteinase cathepsin K has been shown to cleave native type I 

collagen at the N-terminal non-helical region and at the helical region (Garnero et 

al. 1998, Kafienah et al. 1998), and to destroy the ICTP epitope (Sassi et al. 

2000). Garnero et al. (2003) have shown that MMP-2, -9, -13 and -14 release 

ICTP, and cathepsin K releases CTX. In addition, MMP-2, -9 and -14 can 

generate CTX from larger, cathepsin K-generated fragments (Garnero et al. 2003).  
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Fig. 3. C-terminal degradation products of type I collagen, ICTP and CTX. The most 

abundant type I collagen molecule consists of two α1-chains and one α2-chain. In a 

trypsin-generated carboxyterminal telopeptide of type I collagen (ICTP), two non-

helical C-telopeptides (α1C) are cross-linked through lysine (K) residues with a helical 

region of α2-chain (α2H). CTX is an eight amino acid sequence (EKAHDGGR) of C-

telopeptide which can be generated from ICTP by cathepsin K digestion. The 

cathepsin K cleavage sites are indicated by arrows. 

The distinct collagenolytic pathways of CTX and ICTP possibly reflect the fact 

that these two markers discriminate between bone pathologies. For example, CTX 

is useful in the detection of osteoporosis (Garnero et al. 1994). High ICTP levels 

in serum have been shown to correlate with bone metastasis in prostate (Kataoka 

et al. 2006, Noguchi & Noda 2001, Yoshida et al. 1997) and breast cancers 

(Voorzanger-Rousselot et al. 2006), and with osteolytic bone destruction in 

multiple myeloma (Abildgaard et al. 2003, Heider et al. 2006). Correlations 

between high serum concentrations of ICTP and poor survival in lung (Aruga et 

al. 1997, Ylisirniö et al. 1999, Ylisirniö et al. 2001), prostate (Ramankulov et al. 

2007), oesophageal (Nabeya et al. 2002), ovarian (Santala et al. 1995, Santala et 

al. 1999), and breast cancers (Keskikuru et al. 2002), and in multiple myeloma 

(Terpos et al. 2010) have also been detected.  

Type III collagen 

Type III collagen, often associated with type I collagen, is the most abundant 

collagen in all human soft tissues, such as skin, blood vessels, internal organs and 

placenta. It accounts for 5–20% of total collagen in mammals (Adachi et al. 1997). 

Similarly to type I collagen, it is synthesized mainly in fibroblasts as procollagen, 

the amino- and carboxyterminal propeptides (PIIINP and PIIICP, respectively) 

being cleaved extracellularly, producing a triple-helical region flanked by non-

helical amino- and carboxyterminal telopeptides (IIINTP and IIICTP, 

respectively). The structure of type III collagen is shown in figure 4. MMP-1, -2, -

3, -8, -9, -13, -14, -16 and -20 are known to be able to degrade type III collagen 
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(Igarashi et al. 2007, Vihinen & Kähäri 2002). In addition, the aminoterminal end 

of type III collagen is prone to degradation by serine protease trypsin (Miller et al. 

1976). 

 

Fig. 4. The structure of type III collagen. After the extracellular cleavage of N- and C-

terminal propeptides, the mature type III collagen consists of a triple-helical region 

flanked by N- and C-terminal, non-helical telopeptide regions (IIINTP and IIICTP, 

respectively). The amino acid sequences of IIINTP and IIICTP are shown with lysine (K) 

residues involved in inter-chain cross-linking indicated with asterisks. 

Altered concentrations of circulating PIIINP can be detected by 

radioimmunoassay (Risteli et al. 1988) in many diseases with changes in type III 

collagen metabolism, such as in hormone-induced growth (Longobardi et al. 2000, 

Trivedi et al. 1989) and in fibrotic diseases (Risteli & Risteli 1995). In patients 

with coronary heart disease and metabolic syndrome, high plasma PIIINP predicts 

poor short-term prognosis (Deng et al. 2011). Cross-linked IIINTP has been 

assessed by radioimmunoassay in tissue digests as a marker of mature type III 

collagen (Bode et al. 1999, Kauppila et al. 1999). IIINTP has been found in 

benign uterine leiomyomas, and in ovarian (Kauppila et al. 1999), endometrial 

(Jussila et al. 2004), and colon (Bode et al. 2000) tumours. The amount of IIINTP 

is lower in malignant than in benign ovarian tumours, possibly reflecting aberrant 

collagen cross-linking in malignancies (Kauppila et al. 1999). An enzyme 

immunoassay for detection of MMP-9-generated type III collagen degradation 

product, CO3-610, has also been developed (Barascuk et al. 2010). Elevated 

levels of CO3-610 have been detected in serum samples of rats suffering from 

liver fibrosis (Barascuk et al. 2010) and in urine samples of mice with 

atherosclerosis or skin fibrosis (Barascuk et al. 2011, Vassiliadis et al. 2011). 
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2.4 Tumour invasion in vitro 

Traditionally, cell migration has been studied by the Boyden chamber assay 

method in which the cells are loaded into the upper compartment of the chamber 

and allowed to migrate through a porous membrane into the lower compartment. 

Both compartments are filled with medium and an attractant can be added to the 

lower compartment to induce the cells to migrate. Originally, Boyden developed 

this chamber method for leucocyte chemotaxis. (Boyden 1962). Several modified 

Boyden chambers are commercially available (e.g. Transwell® assay from 

Corning®) with different membrane diameters and pore sizes, making the assay 

reproducible and adjustable for various cell lines.  

However, in order to study the invasion of adherent carcinoma cells, the 

Boyden chamber assay has to be modified. Mimicking a basement membrane 

physical barrier which carcinoma cells could penetrate, Terranova et al. (1986) 

layered laminin and type IV and type I collagens on top of a Boyden chamber 

membrane. Albini et al. (1987) coated the porous membrane with basement 

membrane matrigel, consisting mainly of type IV collagen, laminin and heparan 

sulphate proteoglycans extracted from the mouse Englebreth-Holm-Swarm 

tumour (Kleinman et al. 1982). Currently, basement membrane extracts, such as 

Matrigel® (BD Biosciences), are commercially available and widely used in 

tumour cell invasion assays (Kleinman & Martin 2005). The tumour cells that 

have invaded through the protein gel adhere to the lower surface of the porous 

membrane. To quantify the invasion, these cells have to be detached with trypsin 

and counted, or fixed and stained in the membrane and examined using a 

microscope. Alternatively, various quantification methods based on fluorescence, 

radiolabelling and colorimetric analysis are also available. (Moutasim et al. 2011). 

The organotypic skin model developed by Fusenig et al. (1983) replicates the 

in vivo invasion more closely in vitro than two-dimensional cell culture 

experiments. The skin model has been modified to suit other sites of interest, such 

as the lungs, breast, oral cavity and pancreas (Al-Batran et al. 1999, Froeling et al. 

2009, Kim et al. 2004, Nyström et al. 2006). The organotypic models consist of 

three-dimensional collagen gel embedded with fibroblasts. The organotypic 

models are especially suitable for epithelial/carcinoma cells because the cells are 

cultured on top of the gel at the air/liquid interface. Typical culture time varies 

from one to two weeks and invasion-modifying substances can be added to the 

growth media underneath the gel. (Moutasim et al. 2011).  
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Stromal interactions are known to be vital for carcinoma cell invasion and it 

has been shown that carcinoma cell invasion in organotypic cultures can be 

increased by adding fibroblasts or Matrigel® into type I collagen (Nyström et al. 

2005). The origin and location of fibroblasts are also crucial for invasion; only 

species-specific fibroblasts in contact with squamous cell carcinoma cells trigger 

the invasion (Costea et al. 2006, Gaggioli et al. 2007). Furthermore, Gaggioli et 

al. (2007) have shown that the carcinoma cells like to invade via tracks of 

collagen and other matrix molecules, and the fibroblasts provide pathways for 

carcinoma cells through the ECM. Mierke et al. (2010) have also recognised that 

vinculin, a mechano-coupling protein assisting in integrin-type cell adhesion, is 

crucial for invasion; embryonic fibroblasts from vinculin knockout mice were 

significantly less motile in three-dimensional collagen matrices than wild-type 

cells. 

The degree of invasion in organotypic cultures has generally been analysed 

subjectively by ranking stained sections by invasive appearance. With 

fluorescently labelled cells and confocal microscopy, it is possible to create three-

dimensional images of the cell invasion and quantify the invasion by computer 

software (Vial et al. 2003). From stained serial sections, the invasion can also be 

quantified based on maximal depth of invasion (Al-Batran et al. 1999) or on areas 

of invasive and non-invasive cells (Gaggioli et al. 2007). However, more accurate 

quantification results can be achieved by taking into account the whole pattern of 

invasion; by digital image analysis the depth, number and area of individual 

invading tumour islands can be combined into an invasion index (Nyström et al. 

2005). 

2.5 Toll-like receptors in tumour invasion 

Various viral and bacterial infections are known to precede cancer development 

(Hirsch et al. 2010, Mantovani et al. 2008). More than 20% of global cancer 

incidence can be linked to infectious causes (zur Hausen 2009). Toll-like 

receptors (TLRs) are a family of transmembrane proteins that are expressed in 

immune cells and recognize molecular patterns of microbial origin. Their 

activation triggers an innate and adaptive immune defence leading to 

inflammatory responses against microbes and viruses (Miyake 2007, Takeda et al. 

2003). Currently, 13 TLRs have been identified in mammals, with TLR1-TLR10 

found specifically in humans (Huang et al. 2008). TLR1, TLR2 and TLR6 

recognize bacterial lipoproteins and lipotechoic acid and fungal zymosan. TLR4 
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is stimulated by lipopolysaccharide produced by Gram-negative bacteria and 

TLR5 by bacterial flagellin. Double-stranded RNA activates TLR3 and single-

stranded RNA TLR7 and TLR8. TLR9 is activated by unmethylated CpG-DNA 

motifs. The ligands of TLR10 have not been identified. (Rakoff-Nahoum & 

Medzhitov 2009). 

However, TLR signalling is not restricted to immune cells; astrocytes 

(Bowman et al. 2003) and normal epithelial cells, such as keratinocytes and the 

cells in uterine, gastric and respiratory epithelium (Mempel et al. 2003, Platz et al. 

2004, Schaefer et al. 2004, Schmausser et al. 2004) as well as synovial, dermal 

and periodontal ligament fibroblasts (Agarwal et al. 2011, Radstake et al. 2004, 

Tang et al. 2011) and MSCs (Hwa Cho et al. 2006, Pevsner-Fischer et al. 2007, 

Tomchuck et al. 2008) also express TLRs. In addition, various tumour cells 

express TLRs and TLR activation promotes tumour cell proliferation, invasion 

and metastasis. TLR signalling in tumour cells also leads to immune evasion and 

resistance of apoptosis. (Huang et al. 2008). However, TLR signalling also has 

antitumour effects; as an example, TLR3 stimulation leads to apoptosis of head 

and neck cancer cells (Nomi et al. 2010) and prostate cancer cells (Paone et al. 

2010). 

 Various TLRs has been shown to mediate tumour cell invasion. TLR2 

activation has been shown to induce invasion of MDA-MB-231 breast cancer 

cells through nuclear factor (NF)-κB activation (Xie et al. 2009). High expression 

of TLR4 is correlated with poor prognosis in colorectal cancer (Wang et al. 2010), 

and in human prostate cancer cells, the knockdown of TLR4 inhibits tumour cell 

migration and invasion (Hua et al. 2009). The activation of TLR5 in salivary 

gland adenocarcinoma (Park et al. 2011), and the stimulation of TLR9 in breast, 

brain, prostate, and ovarian cancers promote migration and invasion (Berger et al. 

2010, Ilvesaro et al. 2007, Ilvesaro et al. 2008, Merrell et al. 2006). In breast and 

prostate cancer cells, TLR9 activation by CpG oligonucleotides increased the 

invasion in an MMP-13-mediated fashion (Ilvesaro et al. 2007, Merrell et al. 

2006). In addition, Ilvesaro et al. (2008) suggest that CpG-induced invasion of 

human breast carcinoma cells and mouse macrophages is mediated by both TLR9 

and tumor necrosis factor receptor-associated factor 6 (TRAF6), independently of 

MyD88, even if TLR9 usually activates MyD88-dependent pathways leading to 

NF-κB activation (Takeda et al. 2003). 
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2.6 Head and neck cancer 

Head and neck cancers include the tumours that arise in the lip, tongue, mouth, 

nasopharynx, oropharynx, larynx, hypopharynx, paranasal sinuses and salivary 

glands. More than 85% of these malignancies are head and neck squamous cell 

carcinomas (HNSCC) (Mehanna et al. 2010a). Head and neck cancer cases 

represent 6% of all cancer cases making this cancer type the sixth most common 

among all cancers. The International Agency for Research on Cancer has 

estimated that the worldwide incidence of head and neck cancer is 650,000 cases 

per year and the mortality rate is 350,000 deaths per year. The five-year survival 

combined for all primary sites is about 60%. (Argiris et al. 2008, Jemal et al. 

2011, Parkin et al. 2005). The highest incidences are seen in the Indian 

subcontinent, Australia, France, Brazil, and Southern Africa, with nasopharyngeal 

cancer being particularly common in Southern China (Mehanna et al. 2010a). 

Men are more susceptible to head and neck cancers, depending on the 

affected site, with the male to female ratio varying from 2:1 to 15:1. Incidence 

increases with age; 98% of patients diagnosed are over 40 years of age in Europe. 

Major risk factors for head and neck cancers include tobacco use (both smoking 

and smokeless) and alcohol consumption. Also, genetic factors and viral 

infections by Epstein-Barr virus (EBV) and human papillomavirus (HPV) are 

predisposing factors of these cancers. (Leemans et al. 2011, Mehanna et al. 

2010a). During the past few decades, the incidence of HPV-positive, 

oropharyngeal carcinomas has clearly increased, for example, in the United States 

and in Sweden, possibly due to changed sexual behaviour (Chaturvedi et al. 2008, 

Nasman et al. 2009). However, in cases of HPV-positive HNSCCs, the prognosis 

is usually favourable (Ang et al. 2010).  

The most important prognostic tool in HNSCC is the traditional tumour, node, 

metastasis (TNM) staging system. An advanced stage is associated with poor 

prognosis. HNSCCs are often initially found in an advanced stage, metastases 

being present in lymph nodes but not in distant tissues (Argiris et al. 2008). Also, 

the site is an important prognostic factor; the highest 5-year survival rates are 

associated with lip cancer (93%) and the lowest with hypopharyngeal tumours 

(19%). Also, the proximity of tumour cells to resection margins predicts 

recurrence of the cancer. (Mehanna et al. 2010b). However, according to the field 

cancerisation theory, even if the primary tumour is well removed, the 

preneoplastic changes in the adjacent epithelium often account for second primary 

tumours, even several years after the initial occurrence (Rubin 2011, Slaughter et 
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al. 1953). In oral cancers, stromal features also predict mortality; an abundance of 

SMA expressing cells indicates poor prognosis (Bello et al. 2009, Bello et al. 

2011, Kellermann et al. 2007, Marsh et al. 2011, Vered et al. 2010). Other 

molecular markers of the tumour tissue shown to be associated with poor 

prognosis are MMP-2, TIMP-2 (Ruokolainen et al. 2006), epidermal growth 

factor receptor (Ang et al. 2002, Dassonville et al. 1993), VEGF and hypoxia 

associated markers (HIF-1α and carbonic anhydrase 9) (Mehanna et al. 2010b).  

The treatment of HNSCCs often combines surgery, radiotherapy and 

chemotherapy. Due to the vital importance of the sites affected, the results of 

treatment may be devastating for the patient’s quality of life. Preoperational 

serum/plasma markers may aid in planning treatments which are as preservative 

as possible. Serum and plasma markers which have been proposed to be relevant 

in monitoring HNSCC from pre-treatment samples are presented in Table 1. For 

example, among the proteolytic markers, poor survival in HNSCC is predicted by 

high plasma levels of TIMP-1, but not by MMP-8 levels in plasma (Pradhan-

Palikhe et al. 2010), or MMP-2 and TIMP-2 levels in serum (Riedel et al. 2000a, 

Ruokolainen et al. 2006). However, high levels of MMP-8 and MMP-9 in serum 

have been shown to correlate with advanced tumour stage (Kuropkat et al. 2002, 

Kuropkat et al. 2004, Riedel et al. 2000a). Elevated serum levels of tumour-

associated trypsin-inhibitor (TATI) / serine protease inhibitor Kazal-type 1 

(SPINK1) have also been shown to associate with advanced tumour stage 

(Goumas et al. 1997) and ICTP is elevated in serum from head and neck cancer 

patients (Valero et al. 2006). 
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Table 1. Predictive values of tested serum and plasma markers of head and neck 

cancers. 

Marker Concentration Predictor of Reference 

Beta carotene ↑ plasma reduced recurrence Meyer et al. 2007 

Cytokine profile1 ↑ plasma poor survival Chang et al. 2011 

Cellular FN ↑ plasma existence of HNSCC Warawdekar et al. 2006 

Ferritin ↑ serum advanced stage and poor survival Maxim & Veltri 1986 

hCGβ ↑ serum poor survival Hedström et al. 1999 

HGF ↑ serum progression and recurrence Kim et al. 2007 

 ↔ serum - Hong et al. 2009 

ICTP ↑ serum existence of HNSCC Valero et al. 2006 

IGF-I ↑ serum - / second primary tumours  Meyer et al. 2010, Wu et al. 2004 

IL-6 ↑ serum advanced stage / second  

primary tumours / poor survival 

Duffy et al. 2008, Meyer et al. 2010, 

Riedel et al. 2005 

 ↔ serum - Hong et al. 2009 

IL-2Rα ↑ serum poor survival Tartour et al. 1997 

M-CSF ↑ serum existence of HNSCC Kuropkat et al. 2004 

MDA ↑ plasma recurrence Sakhi et al. 2009,  

Salzman et al. 2010 

MMP-2 ↓ serum poor survival Al Kassam et al. 2007 

 ↔ serum - Kuropkat et al. 2002 

MMP-3 ↑ serum existence of HNSCC Kuropkat et al. 2002 

MMP-8 ↑ serum advanced stage Kuropkat et al. 2004 

 ↔ plasma - Pradhan-Palikhe et al. 2010 

MMP-9 ↑ serum existence of HNSCC /  

advanced stage / poor survival 

Hong et al. 2009, Riedel et al. 2000a, 

Ruokolainen et al. 2005 

MMP-9 activity ↑ plasma existence of HNSCC Ranuncolo et al. 2002 

MMP-13 ↑ serum lymph node metastasis Marcos et al. 2009 

 ↔ serum - Kuropkat et al. 2002 

OPG ↑ serum existence of HNSCC Valero et al. 2006 

Osteopontin ↑ plasma poor survival Le et al. 2003, Petrik et al. 2006 

p53 aab ↑ serum lymph node metastasis Marcos et al. 2009 

Prolactin ↑ serum poor survival Bhatavdekar et al. 1993 

SCCA ↑ serum poor survival Molina et al. 1996 

Selenium ↑ serum resectable tumour Buntzel et al. 2005 
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Marker Concentration Predictor of Reference 

TATI ↑ serum advanced stage Goumas et al. 1997 

Tenascin-C ↑ serum advanced stage and recurrence Pauli et al. 2002 

TIMP-1 ↑ plasma poor survival Pradhan-Palikhe et al. 2010 

TIMP-2 ↔ serum - Kuropkat et al. 2002 

VEGF ↑ serum existence of HNSCC /  

advanced stage / poor survival 

Hong et al. 2009, Riedel et al. 2000b, 

Teknos et al. 2002 

1interleukin-8, VEGF and macrophage inflammatory protein-3α; FN, fibronectin; EGFR, epidermal growth 

factor receptor; hCGβ, free human choriogonadotropin subunit-beta; HGF, hepatocyte growth factor; 

ICTP, carboxyterminal telopeptide of type I collagen; IGF-I, insulin-like growth factor-I; IL-6, interleukin-6; 

IL-2Rα, soluble interleukin-2 receptor-alpha; M-CSF, macrophage colony-stimulating factor; MDA, 

malondialdehyde; MMP, matrix metalloprotease; OPG, osteoprotegerin; p53 aab, p53 autoantibodies; 

SCCA, squamous cell carcinoma antigen; TATI, tumour-associated trypsin inhibitor; TIMP, tissue inhibitor 

of metalloproteases; VEGF, vascular endothelial growth factor; ↑, high or increased level in patients 

versus controls; ↓, low or decreased level in patients versus controls; ↔, no difference between patients 

and controls; -, no predictive value. 
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3 Outlines of the study 

Cancer cell invasion is a complex process affected by the interactions between the 

tumour cells and the surrounding stroma. Human carcinoma cell invasion studies 

in vitro are often performed in organotypic culture models mainly composed of 

rat or mouse ECM components. In these models, however, the matrix does not 

closely mimic the real human tumour microenvironment and the quantification of 

invasion is usually time-consuming. Therefore, we wished to i) develop and 

characterize a novel organotypic model based on human myoma tissue. Since cell 

invasion is known to be accompanied by the proteolysis of the extracellular 

matrix molecules, and myoma tissue was abundant in type III collagen, as typical 

in soft tissues, we also aimed to ii) develop a novel radioimmunoassay which 

measures type III collagen degradation in order to quantify the invasion in 

organotypic media samples. 

In addition to carcinoma cells, stromal cells, such as cancer-associated stem 

cells, can affect tumour outcome. The mechanisms of stem cell invasion, however, 

are poorly understood. It has been disputed whether human MSCs express TLR9, 

which has been shown to increase invasion of cancer cells and also migration of 

MSCs. Therefore, we set out to iii) verify the expression of TLR9 in 

undifferentiated and differentiating MSCs, and explore the effect of TLR9 

activation on MSC invasion. The novel organotypic myoma model was utilised in 

invasion studies to broaden its general applicability to different cell lines. As 

TLR9 activation has been shown to increase invasion of breast and prostate 

cancer cells in an MMP-13-mediated fashion, iv) the role of MMP-13 in MSC 

invasion was also investigated.  

Cancer progression is likely to cause collagen degradation in soft tissues also 

in vivo and the degradation products released into the circulation might reflect the 

aggressiveness of the disease. As type III collagen degradation has previously 

been analysed only in human tissue sample digests by radioimmunoassay, we 

wished to v) develop an enzyme immunoassay measuring type III collagen 

degradation in human serum samples. With this novel assay, we aimed to vi) 

study the association between type III collagen degradation and survival of head 

and neck cancer patients. As we had already studied oral carcinoma cells in vitro, 

head and neck cancer patient material was an interesting expansion for our studies. 

Also, other markers that were potentially associated with collagen degradation 

(ICTP, MMP-8 and TIMP) were analysed in the same blood samples. 
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4 Materials and methods 

4.1 Patients (I-III) 

Human uterine leiomyoma tissue was collected for development of the novel 

organotypic assay. The myoma tissues were obtained after informed consent of 

the patients from routine surgery at the Department of Obstetrics and 

Gynaecology, Oulu University Hospital. 

Human mesenchymal stem cells were cultured from bone marrow samples. 

Bone marrow was obtained after the informed consent of patients who were 

operated on for hip fractures or osteoarthritis at the Department of Surgery, Oulu 

University Hospital. 

Serum samples from head and neck carcinoma patients were obtained after 

the informed consent of patients at the Department of Otorhinolaryngology, 

Helsinki University Central Hospital. 

4.2 Animals (I, III) 

Polyclonal antibodies against the synthetic peptides from the carboxy- and 

aminoterminal telopeptide region of type III collagen (IIICTP and IIINTP, 

respectively) were raised in New Zealand White rabbits in the Laboratory Animal 

Centre, University of Oulu. 

4.3 Cell culture 

4.3.1 Cell lines (I, II) 

Human gingival fibroblasts obtained from biopsies of healthy gingiva 

(Kylmäniemi et al. 1996) and melanoma cell lines Bowes (ATCC CRL-9607) and 

G361 (ATCC CRL-1424) were cultured in DMEM supplemented with 100 U/ml 

penicillin, 100 µg/ml streptomycin, 50 µg/ml ascorbic acid, 250 ng/ml fungizone, 

1 mM sodium pyruvate (all from Sigma) and 10% heat-inactivated fetal bovine 

serum (FBS; Perbio Science). Highly malignant human tongue squamous cell 

carcinoma cells HSC-3 (JCRB 0623, Osaka National Institute of Health Sciences), 

human dysplastic oral keratinocytes DOK (European Collection of Cell Cultures 

94122104) (Chang et al. 1992), human oropharyngeal squamous cell carcinoma 
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cells (UK1) (Locke et al. 2005, Mackenzie 2004) and breast adenocarcinoma cell 

line MDA-MB-231 (ATCC HTB-26) were cultured in 1:1 DMEM/F-12 

(Invitrogen) supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, 50 

µg/ml ascorbic acid, 250 ng/ml fungizone, 5 µg/ml insulin (bovine pancreas), 0.4 

ng/ml hydrocortisone (all from Sigma) and 10% heat-inactivated FBS. For the 

gelatin zymography and Western blotting samples, 0.5% lactalbumin (Sigma) was 

used instead of FBS. The cells were maintained in a humidified atmosphere of 5% 

CO2 at 37 °C and passaged using trypsin-EDTA (Sigma). 

Human mesenchymal stem cells were harvested from bone marrow, cultured 

and differentiated, when necessary, as described previously (Leskela et al. 2003). 

Briefly, MSCs were cultured in α-MEM (all reagents from Sigma, unless 

otherwise indicated) supplemented with 10% fetal bovine serum (PromoCell), 20 

mM Hepes buffer, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 2 mM L-

glutamine, in a humidified atmosphere of 5% CO2 at 37 °C. In total, 16 separate 

human MSC cell lines, obtained from 16 patients, were used for the experiments 

before the fourth passage of the cells. 

4.3.2 Invasion assays (II) 

The invasive capacity of human MSCs was studied using Cultrex® BME Cell 

Invasion Assay (R&D Systems) according to the manufacturer’s instructions or in 

a 24-well format using Transwell® inserts with an 8-µm pore size (Corning 

Incorporated) coated with Matrigel® (BD Biosciences). For both assays, 25 000 

cells in 150 µl media were seeded onto the coated inserts and CpG (synthetic 

analogue of bacterial DNA) or non-CpG oligonucleotides (both from Sigma 

Genosys) were added to the medium, to a final concentration of 10 µM. The cells 

were allowed to invade for 24 hours and the inserts were fixed with 3% 

paraformaldehyde, stained with hematoxylin and the numbers of cells that had 

invaded the lower surface of the inserts were analysed microscopically. In order 

to assess the role of MMP-13 in invasion, neutralizing anti-MMP-13 antibody 

(R&D Systems, clone 87512) or control mouse IgG (R&D Systems) were added 

to both upper and lower wells at 12 µg/ml concentrations.  
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4.4 Organotypic cultures 

4.4.1 Collagen organotypic culture (I) 

The collagen gel was prepared by mixing 8 volumes of rat tail collagen type I 

(3.45 mg/ml; BD Biosciences), 1 volume of 10 × DMEM (Sigma) and 1 volume 

of FBS with gingival fibroblasts (final concentration in gel 7 × 105 cells/ml) on 

ice. 1-ml aliquots were polymerized on 24-well plates at 37 °C for 30 min and 7 × 

105 cancer cells were added on each gel. The next day, the gels were detached 

from the wells, allowed to contract for 4 h and lifted onto collagen-coated (BD 

Biosciences) nylon discs (Prinsal Oy) resting on curved steel grids (3 mm × 21 

mm × 21 mm) (Nyström et al. 2005). To create an air–liquid interface, the grids 

were placed on 6-well plates and a volume of culture media (2.5 ml) sufficient 

enough to reach the bottom of the collagen gels was added. This was considered 

day 1 of the culture. In the inhibition assays, a broad spectrum MMP-inhibitor 

GM6001 (Chemicon International) was added to the culture media at 5 µM and 

100 µM concentrations. Every 3 days, the media of the organotypic cultures were 

collected and changed. The collected media were stored at -20 °C. The cultures 

were harvested in 4% neutral buffered formalin at days 2, 8 or 14.  

4.4.2 Myoma organotypic culture (I, II) 

During the collection of uterine leiomyoma tissues, only the non-degenerated 

myomas were selected for the study. The myoma tissue was cut into 3-mm slices 

with a disposable scalpel and then cut further into discs with an 8-mm biopsy 

punch (Kai Industries Co). Macroscopically heterogeneous areas of the myoma 

tissue were omitted. The discs were stored in culture media with 10% DMSO 

(Sigma) at -70 °C. To avoid differences between myoma tissues, each experiment 

was done using discs from the same myoma. Before preparing the organotypic 

cultures, myoma discs were equilibrated in media at room temperature for 1 h. 

The discs were placed into Transwell® inserts (diameter 6.5 mm; Corning 

Incorporated) and 7 × 105 cancer cells in 50 µl of media were added on top of 

each myoma disc. The cells were attached overnight and the myoma discs were 

removed from the inserts and transferred onto nylon discs resting on curved steel 

grids (3 mm × 12 mm × 15 mm) in 12-well plates with sufficient volume of 

media (1 ml) to reach the bottom of the myoma discs. The myoma organotypic 
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cultures were maintained and inhibition with GM6001 was performed similarly to 

the collagen organotypic cultures described above. 

In order to visualise the MSCs in the organotypic cultures, the cells were 

fluorescently labelled with Vybrant CM-DiI (Molecular Probes) before adding 

them on top of myoma discs. In short, the attached cells were incubated at 37ºC 

for 5–10 min in labelling solution (5 µl of CM-DiI per 1 ml of culture media). To 

study the mechanisms of human MSC invasion in the myoma organotypic culture, 

4–5 × 105 stem cells were suspended in media with 10 µM CpG or non-CpG 

oligonucleotides and seeded on top of myoma discs. After a 14-day culture period, 

the organotypic cultures were harvested, covered in Tissue-Tek® reagent (Sakura), 

snap-frozen in liquid nitrogen, processed to 10-µm cryosections and analysed 

microscopically. Figure 5 represents the principle of organotypic cultures.  

 

Fig. 5. Schematic representation of organotypic methods utilised in the study. Cancer 

cells were added on top of type I collagen gel embedded with fibroblasts or on top of 

myoma tissue. The organotypic cultures were transferred onto nylon discs resting on 

curved steel grids and culture medium was added to reach the nylon discs, thus 

creating an air–liquid interface (day 1). The media were changed every three days and 

after two weeks the organotypic cultures were harvested in formalin (day 14) and 

embedded in paraffin. 

4.4.3 Quantification of invasion (I) 

Cytokeratin immunostaining (see 4.5.1.) was performed to identify carcinoma 

cells. The invasion was analysed microscopically at 100× magnification (DMRB 

photo microscope connected to DFC 480 camera, both from Leica Microsystems) 

using QWin V3 software (Leica Microsystems). The areas of stained non-

invading and invading cells were measured, excluding the edges of the gel and 

myoma. Any artefactual invasion, occurring in clearly identifiable areas where the 
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myoma tissue structure was less dense than normal, was also omitted. The 

invasion index (1 – [non-invading area/total area]) was calculated as previously 

described (Gaggioli et al. 2007) and the maximal invasion depth per microscopic 

field (the distance of the deepest invading cell from the surface of the myoma 

tissue) was measured. 

4.5 Protein analysis 

4.5.1 Immunohistochemistry (I, II) 

The harvested organotypic cultures were fixed in 4% neutral buffered formalin 

overnight. The specimens were dehydrated, bisected, embedded in paraffin, 

processed to 6-µm sections, deparaffinised and rehydrated. The sample 

preparation for TLR9 and MMP-13 immunohistochemistry is described below. 

The immunostaining procedures are described briefly below and in detail in the 

original articles I and II. Information regarding the primary antibodies is shown in 

Table 2. 

Table 2. Antibodies for immunohistochemistry. 

Antigen Host Clone Antigen 

retrieval 

Dilution Manufacturer 

CD45 Mouse 2B11, PD7/26 Tris/EDTA 1:400 Dako 

CD68 Mouse PG-M1 Tris/EDTA 1:200 Dako 

Collagen IV Mouse CIV 22 Citrate 1:100 Dako 

Cytokeratin Mouse AE1/AE3 Tris/EDTA 1:150 Dako 

Ki67 Mouse MM1 Citrate 1:100 Novocastra Laboratories 

MMP-13 Mouse 181-15A12 none 1:1000 Calbiochem 

SMA Mouse 1A4 Tris/EDTA 1:1000 Dako 

TLR9 Mouse 26C593.2 Triton X-100 1:200 Imgenex 

Vimentin Mouse Vim 3B4 Tris/EDTA 1:1500 Dako 

E-cadherin Rabbit Polyclonal Citrate 1:50 Cell Signaling Technology 

Factor VIII Rabbit Polyclonal Tris/EDTA 1:5000 Dako 

ICTP Rabbit Polyclonal Citrate 1:500 see Risteli et al. 1993 

IIINTP Rabbit Polyclonal Citrate 1:50 see Bode et al. 1999 

Laminins Rabbit Polyclonal Pepsin 1:600 Dako 

S100 Rabbit Polyclonal Tris/EDTA 1:3000 Dako 



 48

Epithelial markers (I) 

To detect the oral HSC-3, DOK and UK-1 cells, the sections were stained for 

epithelial cytokeratins (clone AE1/AE3; recognises cytokeratins 1–8, 10, 13–16 

and 19). In short, endogenous peroxidase activity was blocked with H2O2 in 

MeOH and antigen retrieval was performed by heating the sections in Tris/EDTA 

(pH 9) in a microwave oven (T/T Mega; Milestone). Sections were blocked with 

normal serum in bovine serum albumin/phosphate-buffered saline (BSA/PBS). 

Incubation with primary antibody was performed in a humidified chamber at 

37 °C for 30 min and at 4 °C overnight. Biotinylated secondary antibody was 

applied for 1 h and StreptABComplex/horseradish peroxidase (HRP) (Dako) was 

applied for 30 min. After each step, the sections were washed in PBS.  

Breast adenocarcinoma cells were visualized with anti-E-cadherin and 

melanoma cells with anti-S100. REAL EnVision Detection System (Dako) was 

used according to the manufacturer´s instructions. Primary antibody against S100 

was incubated at room temperature for 30 min and an antibody against E-cadherin 

at 4 °C overnight. Secondary antibody was applied for 30 min. The presence of 

antigen was visualized using 3,3’-diaminobenzidine (DAB, brown; Vector) and 

the sections were counterstained with Mayer’s haematoxylin and mounted with 

xylene. In negative controls, normal serum or IgG of the appropriate species 

(Dako) was used instead of primary antibody. 

Double staining for EMT (I) 

To analyse the possible epithelial-to-mesenchymal transition of the carcinoma 

cells in the myoma organtypic culture, the organotypic sections were double 

stained for the epithelial cytokeratins and mesenchymal cell marker vimentin 

(VIM). First, the section was stained for vimentin similarly to the cytokeratin 

protocol described above. Aminoethyl carbazole (AEC, red; Zymed Laboratories / 

Invitrogen) was used as a chromogen. The vimentin antibody was denatured with 

Denaturing Solution Kit (Biocare Medical), and the second staining was started 

with the blocking step and continued in a similar manner to the process described 

earlier using anti-cytokeratin as the primary antibody with a 1-hour incubation 

and SG (blue; Vector) as a chromogen. The sections were mounted with Aquatex 

(Merck). 
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Proliferation index (I) 

To detect the proliferative carcinoma cells, the organotypic sections were stained 

for Ki67, a nuclear protein expressed in all phases of the active cell cycle. The 

immunostaining was performed according to the cytokeratin protocol described 

above, but citrate buffer (REAL Target Retrieval Solution, pH 6; Dako) was used 

for antigen retrieval. Cell proliferation was determined as a percentage of Ki67-

expressing cells among all carcinoma cells (at least 100 cells were evaluated) per 

microscopic field. Three fields were counted per each organotypic sample, at 

200× magnification (Costea et al. 2006). 

Characterization of myoma tissue (I) 

The detection of matrix proteins (type I collagen ICTP, type III collagen IIINTP, 

type IV collagen and laminins) and markers for different cell types in the myoma 

tissue (vimentin for mesenchymal cells, SMA for smooth muscle cells, CD45 for 

lymphocytes, CD68 for macrophages and factor VIII for endothelial cells) was 

performed similarly to the cytokeratin protocol described above. The antigen 

retrieval was performed either in pepsin solution or by heating the sections in 

citrate buffer or Tris/EDTA in a microwave oven. In addition to DAB, AEC was 

used for antigen visualization. 

TLR9 and MMP-13 (II) 

For TLR9 immunocytochemistry the cells were cultured on glass slides, fixed 

with paraformaldehyde and treated with H2O2 and Triton X-100 prior to staining. 

The cells were incubated with anti-TLR9 antibody at 4 ºC overnight and the 

Histostain Plus Kit (Zymed laboratories) was used for detection of the primary 

antibody, according to the manufacturer’s instructions.  

For MMP-13 immunohistochemistry, 6-µm cryosections of myoma 

organotypic cultures were fixed with ice cold acetone. Non-specific binding was 

blocked with normal goat serum in BSA/PBS, and the specimens were incubated 

with primary mouse anti-human MMP-13 antibody in a humidified chamber at 37 

ºC for 30 min, and then at 4 ºC overnight. FITC-conjugated Alexa Fluor 488 goat 

anti-mouse secondary antibody (Molecular Probes) was applied for 2 hours. The 

sections were mounted with media containing DAPI (Vector). In the negative 

controls, normal serum or PBS was used instead of primary antibody. 
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4.5.2 Western blotting (I, II) 

MMPs (I, II) 

The organotypic serum-free conditioned media samples were analysed by 

Western blotting. The concentrated (4-fold) samples were separated by 12% SDS-

PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) under 

reducing conditions and electrotransferred to an Immobilon-P PVDF membrane 

(Millipore). Non-specific antibody binding was blocked with 5% non-fat dry milk 

for 1 h. The membranes were probed with polyclonal rabbit anti-MMP-1 C-

terminus (1:1000; Millipore/Chemicon), polyclonal goat anti-MMP-8 (1:200; 

Santa Cruz Biotechnology) or monoclonal mouse anti-MMP-13 (1:500, clone 

IM44L; Oncogene) overnight followed by a biotinylated secondary antibody 

(Dako). The immunoreactive proteins were visualized with Vectastain Elite ABC 

Kit (Vector).  

For detection of the MMP-13 protein in the human MSCs, the cellular 

proteins were extracted with Trizol® (Invitrogen). For MMP-13 protein analysis 

from the mesenchymal stem cell culture media, serum-free conditioned media 

was collected from the cultures and concentrated 10-fold. The protein samples (10 

µg for cellular proteins and 20 µg for media) were separated on a 12% SDS-

PAGE under reducing conditions and electrotransferred to an Immobilon-P PVDF 

membrane (Millipore). Nonspecific binding was blocked with non-fat dry milk 

and the membranes were probed with monoclonal mouse anti-MMP-13 (1:500; 

Oncogene) overnight followed by peroxidase-conjugated secondary antibody 

(Dako) and the immunoreactive proteins were visualised as above. 

TLR9 (II) 

For detection of the TLR9 protein, the cells grown in culture flasks until near 

confluence were lysed in buffer (6 M urea, 10 mM Tris-HCl, pH 7.4, 5 mM 

EDTA, 20 mM dithiotreitol, 0.05% SDS, 0.1% Triton X-100) containing protease 

inhibitors (Complete Mini; Roche). The lysates were sonicated, centrifuged and 

equal amounts of protein (50 µg) were electrophoresed on an 8% SDS-PAGE. 

The proteins were electrotransferred to a nitrocellulose membrane and the 

membrane was incubated with TLR9 antibody (0.25 µg/ml, Alexis Biochemicals) 

followed by treatment with IR800 labelled secondary antibody (0.1 µg/ml; 

Rockland). Detection was performed by Odyssey infrared imager (Li-Cor). 
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4.5.3 Gelatin zymography (I, II) 

Gelatin zymography was used to detect the gelatinases (MMP-2 and -9) in 

concentrated organotypic serum-free conditioned media samples, MSC cell 

extracts and cell culture media. Zymography was performed according to Nyberg 

et al. (2003). Briefly, the samples were separated on 10% SDS-PAGE containing 

fluorescently labelled gelatin. After electrophoresis, the gelatinases were 

renatured by removing SDS with Triton X-100. Gels were then incubated in Tris-

HCl activation buffer overnight at 37 °C to allow the MMPs to digest the 

substrate. The degradation of gelatin was visualised under long wave UV light 

and the proteins were stained with 0.5% Coomassie Blue R-250. 

4.6 Immunoassays 

4.6.1 Production of antisera (I,III) 

Polyclonal antibodies against the carboxyterminal and aminoterminal telopeptide 

regions of type III collagen (IIICTP and IINTP, respectively) were raised in 

rabbits. The IIICTP antigen was a synthetic peptide SP99, sequence 

GGVGAAAIAGIGGEKAGGFAPY, and the IIINTP antigen was a synthetic 

peptide SP98, sequence QNYSPQYDSYDVKSGVAVGG (both from NeoMPS). 

The synthetic peptides were conjugated to bovine thyroglobulin with 

carbodiimide (EDC; Pierce) according to the manufacturer’s instructions. The 

dialysed conjugates were emulsified with 0.9% NaCl and Freund’s adjuvant 

(Sigma) and subcutaneous injections were given to rabbits at three- to four-week 

intervals. 

4.6.2 Radioimmunoassays (I, III) 

The IIICTP radioimmunoassay (RIA) was established to investigate if invading 

cells degraded type III collagen of the myoma tissue. Polyclonal antiserum for 

SP99 was appropriately diluted for the IIICTP-RIA. SP99 was labelled with 125I 

by the Chloramine-T method (Risteli & Risteli 1987). To facilitate radio-

iodination, an extra tyrosine was included at the C-terminus of SP99. Serial 

dilutions of SP99 were used to construct a standard curve. 100 µl of the myoma 

organotypic media samples (diluted 1:2–1:20 to adjust the sample concentration 

to the standard curve range) was incubated with 200 µl of the antiserum dilution 
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and 200 µl of 125I-SP99 solution (equivalent to 50 000 counts per minute) at 37 °C 

for 2 h. Then 500 µl of the secondary goat anti-rabbit antibody (200 µg/ml; 

Fitzgerald) in 15% polyethylene glycol (6 kDa) was added, and the samples were 

incubated at 4 °C for 30 min. The samples were centrifuged at 2000 ×g at 4 °C for 

30 min and the radioactivity of the precipitates was counted with a gamma 

counter (Wizard 1470; Wallac).  

The carboxyterminal telopeptide of type I collagen (ICTP) (Risteli et al. 1993) 

was measured using a commercially available UniQ ICTP RIA (Orion 

Diagnostica Oy) according to the manufacturer’s instructions. 

4.6.3 Enzyme immunoassays (III) 

The IIINTP enzyme immunoassay (EIA) was established to measure type III 

collagen degradation products in human serum samples. The biotinylated 

synthetic peptide pQYDSYDVKSGVAVGGGGGK (NeoMPS) was coupled to 

streptavidin-coated 96-well plates (BioBind; Fisher Scientific) at a concentration 

of 1 μg/well. The coupling was performed in assay/wash buffer (20 mM Tris-HCl, 

150 mM NaCl, 0.1% BSA and 0.05% Tween; pH 7.5) at room temperature for 2 h. 

The streptavidin-coated wells had been blocked to prevent unspecific binding. 

The assay was performed at room temperature. 

Human serum samples were incubated on a separate plate with rabbit 

polyclonal antiserum for SP98 for 30 minutes. The coated plate was washed with 

assay buffer and the preincubated samples with antibody were transferred onto 

the plate. After incubation for 1 hour, the plate was washed and 100 μl of Anti-

Rabbit-IgG conjugated to HRP (Pierce) diluted 1:80 000 in Guardian Peroxidase 

Conjugate Stabilizer/Diluent (Pierce) was added. After 1-hour incubation, the 

plate was washed and the bound antibodies were detected with 3,3’-5,5’-

tetramethylbenzidine (TMB; Sigma) as the chromogen (10 µg/100 µl per well in 

100 mM sodium acetate with 1.5 mM citric acid and 0.0015% H2O2). After 30 

minutes, the reaction was stopped with 2 M sulphuric acid. The absorbances were 

read in a Victor2 counter (Wallac) at a wavelength of 450 nm (A450). The signal 

obtained with rabbit anti-serum without sample (blank) was defined as 0% 

inhibition. The extent of inhibition by the human serum samples was calculated 

with the formula (A450blank–A450sample)/ A450blank*100%. 

Plasma concentrations of MMP-8 were determined by an 

immunofluorometric assay (Medix Biochemica) as previously described 

(Pradhan-Palikhe et al. 2010, Tuomainen et al. 2007). Plasma levels of TIMP-1 
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were determined by an enzyme-linked immunosorbent assay (GE Healthcare UK 

Limited). 

4.7 RNA analysis 

4.7.1 In situ hybridization (I) 

To analyse if the HSC-3 carcinoma cells produced type I or type IV collagen or 

laminin-332 γ2 in organotypic cultures, in situ hybridization was performed in 6-

µm paraffin-embedded sections as described previously (Riekki et al. 2002). The 

human cDNA fragments used for probe preparation are described in original 

article I. In short, the vectors were linearized and the transcripts were labelled 

with digoxigenin-11-UTP (DIG RNA labeling kit; Roche Diagnostics GmbH). 

Hybridization was performed at a probe concentration of 300–400 ng/ml and 

corresponding sense probes were used as controls for nonspecific hybridization. 

4.7.2 PCR (II) 

The effect of stem cell differentiation on TLR9 expression was studied by 

quantitative real-time polymerase chain reaction (qRT-PCR). The total RNA was 

isolated from stem cell samples by RNeasy Mini Kit (Qiagen) and 

complementary DNA (cDNA) was synthesized by DyNAmo™ SYBR®Green 2-

Step qRT-PCR Kit (Finnzymes). The primers for TLR9 and GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase, a control for mRNA expression) 

and the PCR cycles are described in original article II. 

Semi-quantitative MMP-13 nested PCR was used for determining the effect 

of TLR9 activation on MMP-13 expression in stem cells. RNA was extracted with 

Trizol® (Invitrogen) and cDNA was synthesized from 1 µg of total RNA by 

RevertAid™ First Strand cDNA Synthesis Kit (Fermentas). PCR was performed 

according to Wahlgren et al. (2001) with a few modifications; DNA polymerase 

was AmpliTaq Gold (Roche) and the number of PCR-cycles was 40. The size of 

the nested MMP-13 PCR product was 238 bp. The housekeeping gene β-actin 

was used as a control as described previously (Hämäläinen et al. 1995). The 

intensities of the MMP-13 and β-actin PCR-products were scanned and quantified 

with ScionImage software (Scion Corporation). 
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4.8 Statistical analysis 

In original publications I and II, SPSS 16.0 (SPSS Inc., Chicago, IL) was used for 

calculations. The results are represented as median [25th percentile, 75th 

percentile]. In boxplots, the whiskers mark the data points within 1.5 interquartile 

ranges from the median, and the outliers are indicated. The independent-samples 

t-test was used in determining statistically significant differences between groups. 

P-values <0.05 were considered significant. The Mann-Whitney U-test was used 

for the data not conforming to a normal distribution. The RIA results are 

represented as mean +/- standard error (SE). 

In original publication III, R software (R Development Core Team 2008) was 

used for calculating Pearson product moment correlation coefficients. Pearson 

coefficients were used in analysing the correlations between concentrations of 

peripheral blood proteins. Statview software (SAS Institute Inc.) was used for 

analysis of variance and survival analyses. Associations of geometric mean 

concentrations (GMC) were tested with the analysis of variance. Survival rates 

were calculated by the Kaplan-Meier method and differences in survival were 

analysed with a log-rank test. Cox regression analyses were used in assessing the 

adjusted hazard ratios (HR) and 95% confidence intervals (95% CI) of the overall 

survival. The analyses were adjusted by age and gender of the patient as well as 

the stage of the disease.  

4.9 Ethical considerations 

The human studies were approved by the Ethical Committee of Oulu University 

Hospital, Finland (8/2006 and 26/2006) (I and II) and the Ethical Committee of 

Helsinki University Central Hospital, Finland (540/E9/01 and 320/E9/05) (III). 

The studies were carried out in accordance with the Declaration of Helsinki. The 

animal studies were approved by the Animal Care and Use Committee, University 

of Oulu, Finland (111/05) (I and III). 
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5 Results 

5.1 Myoma model is a novel tool for studying cell invasion (I) 

5.1.1 Surrounding stroma affects the carcinoma cell behaviour 

The effect of the surrounding matrix on invasion of HSC-3 cells was investigated 

by growing the cells in collagen and myoma organotypic cultures. Staining the 

carcinoma cells for epithelial cytokeratins (AE1/AE3) showed that the growth and 

invasion patterns of HSC-3 cells were different depending on the matrix (Fig 1A 

in I). On myoma, the cells grew as a thick layer and invaded as single cells or 

small clusters. On collagen, the cells grew as a single-cell layer and only 

superficially invaded in chain-like fashion or as an invasive front. In figure 6, the 

invasion patterns of HSC-3 cells in collagen and in myoma organotypic models 

are compared with the invasion of oral SCC in a patient tissue sample.  

 

Fig. 6. Oral carcinoma cell invasion in collagen and myoma organotypic models and in 

a patient tissue sample. HSC-3 tongue carcinoma cells were cultured for two weeks A) 

on top of type I collagen gel embedded with gingival fibroblasts or B) on top of 

myoma tissue. C) Oral carcinoma cell invasion in a patient tissue sample. Paraffin-

embedded sections were immunostained for cytokeratins (AE1/AE3) to visualise the 

carcinoma cells. 

The invasion areas in collagen and myoma were similar, but due to different 

growth patterns of the non-invading cells, the widely used invasion index (based 

on invasive and non-invasive cell areas) was not suitable for comparing these 

different types of organotypic models (Fig 1C-D in I). In myomas, the maximal 

invasion depth was on average 8.2-fold (547 [507, 568] µm) compared to 

collagen (67 [59, 83] µm) (p<0.001, Fig 1B in I). Unexpectedly, the cells growing 

on collagen were more proliferative (19.0 [12.8, 23.7] % of cells Ki67-positive) 

than in the myoma model (7.0 [4.7, 15.8] %) (p=0.001, Fig 2A-B in I). This 
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suggests that in the myoma, the carcinoma cells gain a more migratory than 

proliferatory phenotype.  

Another difference in cell behaviour was revealed by in situ hybridization, 

which showed that only in the myoma model did the carcinoma cells clearly 

express mRNA for procollagens I and IV, and laminin-332 γ2-chain (Fig 3E-G in 

I). Type I collagen expression is considered to be a mesenchymal marker 

(Zeisberg & Neilson 2009). In addition, when the cells of the organotypic cultures 

were stained for mesenchymal marker vimentin, some carcinoma cells in the 

myoma were also stained, suggesting ongoing EMT (Fig 4A-B in I). This was 

confirmed by double staining with vimentin and cytokeratin antibodies (Fig 4C in 

I).  

The general applicability of the myoma model for carcinoma invasion studies 

was demonstrated by monitoring the behaviour of various different cell lines on 

myoma and collagen organotypic cultures (Fig 8A-F in I). The distinct invasion 

patterns of oral cell lines HSC-3, DOK and UK1 were clearly visible in myoma 

but not in collagen. The differences in invasiveness seemed to reflect the known 

metastatic potential of the cell lines, HSC-3 cells being very aggressive (Ramos-

DeSimone et al. 1999), UK1 cells moderately invasive and dysplastic DOK cells 

the least invasive (Chang et al. 1992). A similar phenomenon was observed when 

comparing the melanoma cell lines; Bowes, established from a metastatic 

melanoma (Airola et al. 1999, Opdenakker et al. 1983), was strikingly more 

aggressive compared to G361, established from a non-metastatic melanoma 

(Airola et al. 1999, Peebles et al. 1978). Also the breast adenocarcinoma cells 

MDA-MB-231 were moderately invasive in myoma. 

The myomas were immunostained for different matrix proteins and cell types 

to determine the components of the myoma organotypic cultures that could affect 

the behaviour of carcinoma cells. The myoma tissue was abundant in ECM 

proteins, such as type I and III collagens, and basement membrane proteins, such 

as type IV collagen and laminins (Fig 3A-D in I). In addition, fibroblasts, smooth 

muscle cells, macrophages, lymphocytes and endothelial cells were present in the 

myoma tissue (Fig 3I-L in I). Altogether, myoma tissue contains various 

components mimicking the tumour microenvironment that can enhance the 

invasion of carcinoma cells.  
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5.1.2 Matrix remodelling in myoma tissue 

Since the HSC-3 cells have been shown to degrade type I collagen (Ziober et al. 

2000), the effect of HSC-3 invasion on ECM degradation in myoma organotypic 

cultures was determined by ICTP radioimmunoassay measuring type I collagen 

degradation products. Clinically, the ICTP RIA is used in serum samples for 

monitoring MMP-mediated pathological bone degradation due to cancer 

(Koizumi et al. 1995), multiple myeloma (Elomaa et al. 1992) or rheumatoid 

arthritis (Hakala et al. 1993). Conditioned media samples collected every three 

days were measured for collagen degradation. At the beginning, the amount of 

degradation products was at the same level in the presence or absence of 

carcinoma cells (Fig 5A in I). The degradation then increased gradually in the 

presence of invading HSC-3 and decreased in the absence of cells. As the myoma 

tissue was also abundant in type III collagen, we established a SP99 RIA 

measuring type III collagen degradation products. The type III collagen 

degradation curve was similar to the results of ICTP RIA (Fig 5B in I). The 

amount of type I and type III degradation products thus seemed to increase in 

conjunction with increased carcinoma cell invasion in the myoma. 

Since MMPs degrade various matrix molecules and are implicated in cancer 

(Vihinen & Kähäri 2002), the effect of MMPs in the myoma tissue remodelling 

process was evaluated by adding a broad spectrum MMP inhibitor, GM6001, to 

the organotypic culture media. Immunohistochemistry showed that 5 µM 

GM6001 decreased the invasion substantially and these results correlated with the 

decreased amount of type III collagen degradation products measured by SP99 

RIA (Fig 7A-B in I). Since the collagen degradation thus seemed to reflect the 

degree of invasion, the RIA measurement of collagen degradation appeared to be 

a valid quantitative method for analysing the invasion of HSC-3 cells in the 

myoma model. In the collagen organotypic model, the inhibiting effect of 

GM6001 was observed immunohistologically, but the human-specific RIA 

analysis could not be used. 

Western blotting and gelatin zymography were used for determining which 

MMPs participated in matrix degradation in the organotypic cultures. Gelatinases 

(MMP-2 and MMP-9) were assessed with zymography (Fig 6A in I), which 

showed that MMP-9 was detected in the conditioned media only in the presence 

of HSC-3 cells. HSC-3 cells were thus the principal producers of MMP-9. In 

collagen organotypics, only pro-MMP-9 was detected but in myoma the amounts 

of latent and active MMP-9 were notably increased at the end of the culture 
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period. MMP-2 was also detected in the absence of carcinoma cells, which 

indicates that its main sources are the fibroblasts in collagen and the myoma 

tissue. Collagenases (MMP-1, MMP-8 and MMP-13) were detected with Western 

blotting (Fig 6B-D in I). In collagen, MMP-1 production was enhanced by the 

presence of HSC-3 cells. In myoma, all collagenases were present but their 

production was diminished during the culture both with and without HSC-3 cells. 

5.2 Mechanisms of stem cell invasion (II) 

5.2.1 TLR9 activation increases MSC invasion 

As the previous reports about TLR9 expression in human MSCs have been 

contradictory (Tomchuck et al. 2008), the TLR9 expression in several MSC cell 

lines was first verified using immunohistochemistry (Fig 1A-B in II), real-time 

PCR and Western blotting. All cell lines expressed TLR9. It was also observed 

that during the differentiation of MSCs into preosteoblasts or osteoblasts, TLR9 

expression decreased markedly (Fig 1C in II). Thus, only undifferentiated MSCs 

expressed significant amounts of TLR9.  

The invasion of various human cancer cell lines can be induced by activation 

of TLR9 in vitro (Ilvesaro et al. 2007, Ilvesaro et al. 2008, Merrell et al. 2006). 

Tomchuck et al. (2008) reported an increase also in hMSC migration induced by 

CpG but the effect on MSC invasion has not been verified. Therefore, the link 

between TLR9 activation and increased invasion and its relation to MSCs was 

also analysed. The MSCs were treated with synthetic CpG-oligonucleotides 

acting as TLR9 agonists and non-CpG-treated or untreated cells were used as a 

control. MSC invasion through Matrigel-coated Transwell inserts (Fig 2A in II) 

was clearly enhanced by CpG-treatment (median 29 cells [21, 32]) compared to 

untreated cells (median 8 cells [1, 13]) (p<0.001). MDA-MB-231 breast cancer 

cells were used as a positive control (Ilvesaro et al. 2008, Merrell et al. 2006) and 

the effect of TLR9 activation on invasion was similar in these cells (Fig 2A in II). 

In the Cultrex cell invasion assay (Fig 2B in II) where the coating consists of 

laminin I, type IV collagen, entactin and heparan sulphate proteoglycan, CpG-

treatment resulted in 3-fold invasion (median 308% [193, 611]) and non-CpG-

treatment in 1.8-fold invasion (median 185% [94, 273]) compared to an untreated 

cell population. The difference in invasion induced by CpG- compared to non-

CpG-treatment was statistically significant (p=0.001).  
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It has been shown that MSCs home towards cancer (Dwyer et al. 2007, 

Karnoub et al. 2007, Kidd et al. 2009, Studeny et al. 2002, Studeny et al. 2004) 

and cancer growth and invasion are regulated by the surrounding stroma. Since 

myoma tissue is a complex structure that biologically mimics the human tumour 

microenvironment, the organotypic model based on myoma tissue was used in 

invasion studies to obtain results that might reflect the in vivo situation more 

closely than other in vitro models. The invasion of MSCs was enhanced by TLR9 

activation also in the myoma model (Fig 2C-E in II). The invasion area was 4.2-

fold in CpG-treated MSCs (median 9714 µm2 [5669, 11137]) compared to non-

CpG-treated cells (median 2331 µm2 [1224, 4993]) (p<0.001). Untreated MSCs 

did not invade into the myoma tissue. 

5.2.2 TLR9 activation increases MMP-13 expression in MSCs 

TLR9 agonists have been shown to promote breast and prostate cancer invasion 

by increasing MMP-13 activity (Ilvesaro et al. 2007, Merrell et al. 2006). Thus, 

this study investigated if MMP-13 also participates in MSC invasion induced by 

TLR9 activation. When MSC invasion was studied in myoma organotypic 

cultures, in addition to myoma tissue, some MSCs were expressing MMP-13 (Fig 

3A in II). Semi-quantitative MMP-13 PCR was performed for MSCs growing in a 

monolayer cell culture. The amount of MMP-13 was quite low in untreated MSCs, 

and therefore a nested PCR utilizing two sets of primers was used. The CpG-

treatment increased MMP-13 expression of MSCs by 2.8-fold compared to non-

CpG-treatment, and 2.0-fold compared to untreated cells (Fig 3B in II). Inactive 

MMP-13 was found in all cell extracts by Western blotting, but the level of active 

MMP-13 was clearly increased in CpG-treated cells compared to non-CpG-

treated MSCs (Fig 3C in II). The amount of gelatinases (MMP-2 and MMP-9) 

was also examined. CpG-treatment did not affect the amount of MMP-2 in cell 

culture media and the level of MMP-9 varied notably between MSCs from 

different patients. 

Neutralizing MMP-13 antibody was used to study the importance of MMP-13 

for MSC invasion. In the Cultrex cell invasion assay (Fig 3D in II), treatment 

with neutralizing anti-MMP-13 antibody decreased the invasion of CpG-treated 

cells from 1.9-fold (median 1.9 [1.7, 2.1]) to 1.5-fold (median 1.5[1.4, 1.7]) 

(Mann-Whitney U-test, p=0.004). Treatment with control IgG did not affect the 

invasion. TLR9 activation thus seemed to promote the invasion of hMSCs 
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through increased MMP-13 activity. However, the anti-MMP-13 antibody did not 

inhibit the invasion to the level of untreated control cells.  

5.3 Collagen degradation in head and neck cancer (III) 

5.3.1 IIINTP and ICTP are prognostic factors in HNSCC 

A novel enzyme immunoassay (EIA) was developed to analyse type III collagen 

degradation products in human serum samples. The assay was based on a 

synthetic peptide from the aminoterminal telopeptide region of type III collagen 

(IIINTP). The intra- and interassay coefficients of variation for this novel assay 

were 4% and 7%, respectively. Previously, there has not been any assay available 

for measuring type III collagen degradation in human serum samples. 

The collagen degradation products ICTP and IIINTP were analysed in serum 

samples of HNSCC patients. Table 3 summarizes the patient characteristics. In 

Kaplan-Meier survival analysis (Fig 1 in III) an association between serum 

concentrations of ICTP and IIINTP and survival was found. When sex and age of 

the patient as well as tumour stage were entered in the Cox regression analysis, a 

high serum concentration of ICTP was linked with poor prognosis (HR 3.97, 95% 

CI 1.67–9.43, p=0.002). In a similar analysis, there was also a tendency between 

high serum levels of IIINTP and poor prognosis (HR 1.03, 95% CI 1.00–1.06, 

p=0.069). A high IIINTP level in serum was also associated with an advanced 

tumour stage (ANOVA, p=0.004, Table 3 in III). Similarly, a high ICTP 

concentration and an advanced tumour stage were associated (ANOVA, p=0.004, 

Table 3 in III). 
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Table 3. HNSCC patient characteristics. Reprinted with permission of Elsevier. 

Characteristics N Percentage 

Total 205  

Mean age (years) 60.5 (range 26.0–98.6)  

Gender   

Female 76 37.1 

Male 129 62.9 

Primary site   

Oral 84 40.0 

Oropharynx 78 38.0 

Larynx 22 10.7 

Hypopharynx 18 8.8 

Nasopharynx 3 1.5 

Tumour stage   

Stage I 56 27.3 

Stage II 30 14.6 

Stage III 31 15.1 

Stage IV 88 42.9 

Treatment   

Surgery with postoperative radiotherapy 86 42.0 

Surgery without radiotherapy 61 29.8 

Chemoradiotherapy 29 14.1 

Radiotherapy 7 3.4 

Radiotherapy with palliative intent 22 10.7 

5.3.2 MMP-8 and TIMP-1 in HNSCC 

As many MMPs degrade both type I and type III collagens, the correlation 

between the serum levels of ICTP and IIINTP was analysed. A significant 

correlation was found (r=0.20, p<0.001, Fig 2A in III). To evaluate the role of 

collagenase MMP-8 in type I and type III collagen degradation, the correlation 

between the plasma concentration of MMP-8 and the serum levels of ICTP and 

IIINTP was analysed. No evident correlation was found between ICTP and MMP-

8 (r=0.04, Fig 2B in III) or between IIINTP and MMP-8 (r=-0.003). However, a 

high plasma MMP-8 concentration was associated with stage IV tumour 

(ANOVA, p=0.001).  

Kaplan-Meier survival analysis showed that the plasma concentration of 

MMP-8 was not linked with survival (HR 0.73, 95% CI 0.37–1.45, p=0.367). To 

analyse the role of MMP-8 in modifying the association between ICTP and 
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survival, a Cox regression analysis was performed with the ICTP and MMP-8 

concentrations, the sex and age of the patient and the tumour stage. Interestingly, 

a high serum concentration of ICTP was again associated with poor survival (HR 

5.55, 95% CI 2.21–13.90, p=0.003), but a high plasma MMP-8 concentration 

tended to be linked with a favourable prognosis (HR 0.50, 95% CI 0.24–1.04, 

p=0.063) (Table 2 in III).  

As high plasma levels of TIMP-1 were strongly associated with HNSCC 

patient survival in a previous study (Pradhan-Palikhe et al. 2010), a Kaplan-Meier 

survival analysis with TIMP-1 plasma concentrations was performed. Accordingly, 

a high plasma concentration of TIMP-1 was again associated with a poor 

prognosis (HR 17.68, 95% CI 3.51–89.1, p=0.005). However, the plasma level of 

TIMP-1 was not associated with the tumour stage (ANOVA, p=0.240). A strong 

correlation was still found between plasma levels of TIMP-1 and the serum ICTP 

concentration (r=0.28, p<0.001, Fig 2C in III), but not between TIMP-1 and 

IIINTP (r=0.02) or TIMP-1 and MMP-8 (r=0.003). 
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6 Discussion 

6.1 Stromal components in cancer (I, II) 

The interpretation of data from three-dimensional in vitro assays using 

reconstructed collagen matrices requires caution; it has been shown that defects in 

the cross-linking of type I collagen fibres may result in amoeboid movement of 

cancer cells instead of protease-dependent invasion. It is controversial if this 

amoeboid movement even occurs in vivo. (Sabeh et al. 2009). In this study, the 

importance of stromal components in human cancer invasion was further 

demonstrated by a novel organotypic model based on human myoma tissue. 

Apparently, due to the natural diversity of the myoma tissue, the average maximal 

invasion depth of tongue carcinoma cells was 550 µm in the myoma model 

compared to 70 µm in the collagen organotypic model. Depending on the 

composition of the matrix, the average invasion depth of SCC cells in previous 

organotypic culture experiments has varied from 100 µm to 200 µm (Costea et al. 

2006, Gaggioli et al. 2007, Nyström et al. 2005). But even 750 µm maximal 

invasion depths have been observed in collagen organotypics transplanted in nude 

mice (Nyström et al. 2005). The addition of Matrigel® into type I collagen 

enhances carcinoma cell invasion (Nyström et al. 2005). It has also been shown 

that carcinoma cells tend to invade via tracks of collagen and other matrix 

molecules (Gaggioli et al. 2007). Thus the ECM molecules of myoma tissue can 

partly explain the enhanced carcinoma cell invasion. 

In myoma, the HSC-3 cells were less proliferative than in collagen. Indeed, in 

aggressive oral SCCs the primary tumour is often small at presentation and 

already regionally metastasizing into the lymph nodes (Argiris et al. 2008). In this 

context, the carcinoma cells thus favour invasion over proliferation in the myoma 

model and the invasion depth is probably the most important parameter reflecting 

the malignancy. Also, the invasion patterns were different in these two 

organotypic models. In fact, the HSC-3 invasion pattern in myoma resembled, 

notably, the invasion of oral SCC in a patient tissue sample and also the invasion 

of human oral SCC cells in collagen organotypics implanted in nude mice 

(Nyström et al. 2005). Myoma tissue thus seemed to mimic the in vivo 

microenvironment better than the collagen organotypic model.  

Another factor promoting invasion was the combination of different cell 

types in the tumour stroma. Myoma tissue was abundant in fibroblasts and 



 64

smooth muscle cells, and also macrophages, lymphocytes and endothelial cells 

were present, although most of these myoma cells were not alive according to 

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay 

(unpublished data). Species-specific fibroblasts are known to be crucial in 

triggering the invasion of SCC cells in a collagen organotypic model (Bello et al. 

2011, Costea et al. 2006, Gaggioli et al. 2007). Fibroblasts in the tumour stroma 

may also become activated and turn into CAFs that affect tumour progression. 

However, the CAFs can also originate from epithelial cells by EMT. (Räsänen & 

Vaheri 2010). In this study, the expression of type I collagen and vimentin in 

malignant epithelial HSC-3 cells suggested ongoing EMT. Thus, myoma tissue 

seemed to enhance EMT, which is considered to be a mechanism by which 

epithelial cells metastasise (Thiery 2002, Tse & Kalluri 2007). Previously, type I 

collagen has been shown to induce EMT in lung cancer cells (Shintani et al. 

2008). Therefore, myoma tissue abundant in human type I collagen might have 

contributed to the induction of EMT in HSC-3 cells. However, the EMT in HSC-3 

cells seemed to be either ongoing or partial, since the HSC-3 cells still expressed 

cytokeratins in addition to mesenchymal markers. Since EMT can be partial and 

reversible (Yang & Weinberg 2008), partial EMT might facilitate tumour 

metastasis formation before the transition of the cells back to proliferative 

epithelial cells and subsequent formation of secondary tumour.  

Another source for invasion-promoting CAFs is the mesenchymal stem cells 

(De Wever et al. 2008). Karnoub et al. (2007) have demonstrated that MSCs in 

the tumour stroma promote metastasis of weakly metastatic breast cancer cells. In 

an ovarian carcinoma model, the MSCs were transformed into the CAF-

phenotype in vivo (Spaeth et al. 2009). However, the mechanisms underlying the 

MSC homing towards cancer, undergoing transformation into CAFs, and 

enhancing tumor invasion are not known. In this study, it was observed that 

MSCs expressed TLR9 and that expression was diminished markedly during the 

osteogenic differentiation of MSCs. One of the functions of the MSCs is the 

modulation of immune responses by regulation of immune cells (Nauta & Fibbe 

2007). Immune cells, such as macrophages and dendritic cells, express several 

TLRs, including TLR9 (Takeda et al. 2003). The decrease in TLR9 expression 

could thus imply that during the osteogenic differentiation, MSCs lose some of 

their immunomodulatory properties. Activation of TLR9 has previously been 

shown to promote migration and invasion in several cancer cells (Berger et al. 

2010, Ilvesaro et al. 2007, Ilvesaro et al. 2008, Merrell et al. 2006) and migration 

in MSCs (Tomchuck et al. 2008). In this study, the activation of MSCs by CpG 
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induced the invasion of MSCs in several in vitro models, including the myoma 

model. To a lesser extent, the invasion was also induced by non-CpG 

oligonucleotides, which is in line with previous results where TLR9 activation by 

non-CpG has been reported to increase invasion slightly in MDA-MB-231 cells 

(Merrell et al. 2006). This effect might be due to induction of other cellular 

responses through TLR9 (Roberts et al. 2005). 

6.2 Gelatinases and collagenases in cancer (I, II, III) 

MMPs are found in virtually all tumours. The multiple roles of MMPs in cancer 

progression include the degradation of ECM molecules, regulation of cell 

adhesion and migration, as well as liberation, activation and inhibition of various 

growth factors, cytokines, ECM fragments and other biologically active 

molecules. Through these actions, the MMPs can have both activating and 

inhibiting roles in tumour progression. (Roy et al. 2009). The tumour stroma can 

also have a role in the regulation of MMPs. In malignant HaCaT tumor cells, the 

MMP-9 expression is upregulated when the cells are in contact with stromal 

fibroblasts in vitro (Borchers et al. 1997). When comparing the myoma and 

collagen organotypic models in this study, it was found that the amount and 

activity of MMP-9 was crucially increased only in myoma in the presence of 

HSC-3 cells. In collagen organotypics, the amount of MMP-1 was increased by 

the presence of HSC-3. Thus, either the stroma induced the production of these 

MMPs in HSC-3 cells, or the HSC-3 cells induced MMP-1 production in the 

fibroblasts of the collagen gel and liberated MMP-9 from the myoma tissue. 

Levels of both gelatinases (MMP-2 and MMP-9) are elevated in almost all 

tumours at some stage (Roy et al. 2009, Vihinen & Kähäri 2002). All in all, the 

myoma tissue was more abundant in active MMP-2, MMP-8 and MMP-13, which 

might explain the increased invasion of carcinoma cells in myoma compared to 

collagen. For example, expression of MMP-13 is associated with invasion of 

tumour cells in head and neck carcinomas (Cazorla et al. 1998, Johansson et al. 

1997, Leivonen et al. 2006, Tan et al. 2008, Yu et al. 2011) and of cancer stem-

like cells in glioblastoma (Inoue et al. 2010). One mechanism in the regulation of 

MMP-13 expression seems to be the activation of the TLR9 receptor. In this study, 

the activation of TLR9 increased the invasion of mesenchymal stem cells and the 

invasion was shown to be mediated by MMP-13. The activation of TLR9 has also 

been shown to enhance breast and prostate cancer invasion by increasing MMP-

13 activity (Ilvesaro et al. 2007, Merrell et al. 2006). However, other mediators 
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besides MMP-13 are likely to be involved in MSC invasion since the inhibition of 

MMP-13 did not decrease the invasion to the level of untreated control cells. 

An earlier study has revealed that the tumour cell expression of MMP-8 is 

linked with a favourable outcome in tongue cancer (Korpi et al. 2008). Also in 

this study, there was a tendency between high plasma MMP-8 concentration and 

favourable prognosis in HNSCC. However, in Kaplan-Meier survival analysis the 

plasma concentration of MMP-8 was not associated with survival, which was in 

line with the previous studies in a subgroup of the same study population 

(Pradhan-Palikhe et al. 2010). Nor was there a correlation between MMP-8 and 

collagen degradation products, which suggested that MMP-8, even though a 

collagenase, seemed to have no major role in collagen degradation in HNSCC. 

Since several other MMPs besides MMP-8 are also able to degrade type I and III 

collagens (Chakraborti et al. 2003), some other MMPs are probably responsible 

for collagen degradation in HNSCC. However, as a high plasma MMP-8 

concentration was found to be associated with advanced tumour stage, MMP-8 

might have other roles in tumour progression, such as the release of mediators 

from the extracellular matrix or the modulation of cytokines or growth factors 

(Roy et al. 2009). Even though there was no correlation between MMP-8 and its 

inhibitor, TIMP-1, a correlation between TIMP-1 and ICTP suggested that the 

invasive activity of the tumour is associated with the production of TIMP-1. 

Instead of hindering tumour invasion by inhibiting various MMPs, TIMP-1 might 

function as a growth factor during cancer progression, as TIMP-1 enhances 

proliferation of various cell types (Chirco et al. 2006, Hayakawa et al. 1992, 

Stetler-Stevenson 2008). In summary, it is clear that the roles of each MMP may 

differ according to tumour site and stage. When this is taken into consideration 

along with the roles of MMPs in normal physiology, it is not surprising that the 

use of MMP-inhibitors in cancer therapeutics has proven to be complicated 

(Gialeli et al. 2011, Roy et al. 2009). 

6.3 Measuring cancer progression and invasion in vitro and 

in vivo (I, III) 

Invasive cancer cells have to pass through the ECM in order to reach the 

circulation and metastasise. The invasion of cancer cells in organotypic cultures 

in vitro can be regarded as a good way to analyse cancer aggressiveness. 

Furthermore, the effect of potential invasion-inhibiting or activating substances 

can be readily analysed in order to study the mechanisms of invasion. In 
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organotypic methods, the quantification of invasion is, however, quite 

problematic due to the high number of stained histological sections necessary for 

objective analysis, even if the analysis is performed using computer software. 

Probably the most automated and convenient way to analyse invasion would be 

achieved by fluorescent labelling of the cells (Vial et al. 2003) but it cannot 

always be utilised, since the labelling can alter the behaviour of cells and access 

to appropriate equipment might be limited. In long term experiments, the 

fluorescent signal may also become faded because of the proliferation of the 

labelled cells.  

In this study, the invasion of human tongue squamous cell carcinoma cells 

(HSC-3) in myoma organotypic culture was quantified, both by histological 

analysis and by measuring type III and type I collagen degradation products in 

conditioned organotypic culture media. The presence of type I and type III 

collagen in myoma tissue enabled the use of human-specific assays measuring 

collagen degradation products. Type III collagen degradation was measured with 

a novel IIICTP RIA and type I collagen degradation with a commercial ICTP RIA 

(Risteli et al. 1993). The amounts of both degradation products seemed to reflect 

the degree of HSC-3 invasion when the collagen degradation results were 

compared with histological analysis. However, it must be considered that different 

cancer cells can degrade the stroma by different mechanisms, so the 

correspondence between collagen degradation and histological invasion must be 

analysed for each cell line individually. In collagen organotypic cultures 

composed of rat type I collagen, possible future analyses could include using EIA 

(Rat ICTP ELISA Kit from Ever Systems Biology Laboratory, Inc.) to measure if 

murine type I collagen degradation reflected the degree of cancer cell invasion. 

In HNSCC patient serum samples, collagen degradation products were 

measured with ICTP RIA and a novel IIINTP EIA. Previously, type III collagen 

degradation has been analysed in human tissue digests by an RIA based on a 

trypsin-generated cross-linked IIINTP antigen (Bode et al. 1999, Kauppila et al. 

1999). However, this IIINTP RIA could not detect type III collagen degradation 

products in organotypic culture media or in human serum samples, which could 

indicate that the physiological type III collagen degradation products liberated 

from tissues into the circulation may be smaller than the trypsin-generated antigen. 

The novel EIA was based on a synthetic peptide near the cross-linked region of 

IIINTP and probably detected several small type III collagen degradation 

products generated by different proteases. 
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High serum concentrations of ICTP and IIINTP were associated with poor 

survival and advanced tumour stage in HNSCC patients. These results suggest 

that the amount of collagen degradation products in serum reflects the invasive 

activity of HNSCC cells. It is known that tumour progression is accompanied by 

degradation of stromal protein components. Type I collagen degradation has 

previously been detected in bone metastasis in several cancers, such as prostate 

(Kataoka et al. 2006, Noguchi & Noda 2001, Yoshida et al. 1997) and breast 

cancers (Voorzanger-Rousselot et al. 2006). The HNSCC patients of the study had 

no clinical evidence of bone metastasis. Thus, in HNSCC, type I and type III 

collagen degradation products in peripheral blood are likely to originate from 

degraded soft tissue stroma surrounding the clinical tumour.  

In the future, the structures of collagen degradation products in the 

circulatory system must be precisely determined if the actual concentration of 

degradation products is to be measured in serum samples. Currently, the results of 

IIICTP RIA (used in myoma organotypic cultures) are based on the concentration 

of synthetic peptide which might not be the same size as actual degradation 

products liberated from the myoma tissue. In IIINTP EIA (used in human serum 

samples) the results are presented as the inhibition percentage. The use of 

arbitrary units might still be the only option, since the existing degradation 

products might be of several different sizes. The variety of degradation products 

may also differ depending on the pathological condition. However, the 

availability of reliable serum biomarkers indicating disease prognosis is important 

for guiding therapeutic management. 
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7 Conclusions 

Cancer progression is a multistep process closely associated with tumour-stroma 

interactions and proteolysis of ECM components. In this study, we aimed to 

develop novel in vitro methods for studying cell invasion and measuring cancer-

associated collagen degradation. In addition, the mechanisms of human 

mesenchymal stem cell invasion were investigated.  

We showed that human myoma tissue was suitable for utilisation as a matrix 

in an organotypic cell culture model. In this human matrix, the different invasion 

patterns of various malignant epithelial cell lines were observed more clearly than 

in collagen-based organotypic cultures. The myoma tissue enhanced carcinoma 

cell invasion and promoted carcinoma cell EMT, probably due to the presence of 

natural soft tissue components. Thus, as the novel myoma model seemed to 

mimic the natural human tumour microenvironment, the results obtained with it 

might reflect the in vivo situation more closely than previous organotypic models. 

In addition, we managed to quantify the cell invasion in myoma tissue 

conveniently with a novel radioimmunoassay measuring type III collagen 

degradation products (IIICTP) released into the organotypic cell culture media. 

To study the behaviour of stem cells, a cell type implicated in cancer 

progression, the effect of Toll-like receptor (TLR) activation on human MSC 

invasion was investigated. TLRs function in immune defence by recognising 

pathogen-associated molecular patterns. We showed that differentiation decreased 

the expression of TLR9 in MSCs, proposing that MSCs might lose some of their 

immunomodulatory functions during the differentiation. MSCs also seemed to 

share similar invasion mechanisms with breast and prostate cancer cells, as we 

could demonstrate that MSC invasion was enhanced by activation of TLR9 and 

the invasion was mediated by MMP-13, a collagenase widely implicated in 

tumour invasion. In the future, co-culturing MSCs with cancer cells in the myoma 

model may provide important information about the interactions between these 

cell types of the natural tumour microenvironment.  

The effect of carcinoma progression on soft tissue proteolysis in vivo was 

investigated with a novel enzyme immunoassay measuring type III collagen 

degradation products (IIINTP) in human serum samples. High serum levels of 

IIINTP and the C-terminal telopeptide of type I collagen (ICTP) were shown to 

predict poor survival of head and neck cancer patients. MMP-8, even though a 

collagenase, did not seem to be responsible for generating these degradation 

products in HNSCC. However, high levels of TIMP-1 were associated with poor 
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prognosis in HNSCC, in accordance with previous literature. In conclusion, as 

serum levels of IIINTP can now be successfully measured in human serum 

samples, screening of other patient materials may provide interesting information 

about soft tissue degradation in other pathological conditions. Novel prognostic 

serum markers are important for planning the therapy of patients that suffer from 

diseases often requiring complicated surgical operations. 
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