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Abstract

The tumor microenvironment (TME) is critically important for tumor development. The
microenvironment consists of fibroblasts, endothelial and immune cells as well as extracellular
matrix (ECM), proteases and various other soluble factors produced by the cells. It is challenging
to develop methods that appropriately mimic the human microenvironment, but this effort is
essential in order to reliably elucidate the properties of potential anti-tumor drugs. The aim of this
study was to create new 3D organotypic invasion models based on human tissue that would be
used to study the effects of the anti-angiogenic molecules arresten and endostatin on tongue
squamous carcinoma cells.

The classic way to study cancer invasion has been to use a collagen invasion model that is
created by mixing rat type I collagen, matrix produced by mouse EHS tumor cells and human
fibroblasts. Our research group has developed a novel human myoma tissue based invasion model,
which is composed of several different cell types and molecules that are normally present in the
human TME. We show how this model is suitable for invasion studies, not only for oral cancer,
but for other invasive cell lines as well.

There are several matrix-derived fragments that have been shown to possess anti-angiogenic
activity. Arresten is a 26 kDa fragment that is cleaved from type IV collagen and is known to
inhibit angiogenesis, the formation of new capillaries and tumor growth in vivo. However, its
effect on the tumor microenvironment in addition to endothelial cells has not been studied. We
show that arresten also directly affects oral cancer cells by decreasing their migration and invasion
as well as tumor size, invasion and angiogenesis in in vivo mouse xenografts.

Another inhibitor of angiogenesis, endostatin, is cleaved from type XVIII collagen. It has been
shown to suppress angiogenesis and tumor growth without toxicity or side effects in mouse
models. Our studies show that endostatin directly affects tongue squamous carcinoma cells by
reducing their invasion and spreading in organotypic 3D assays and mouse tumor models.

In summary, arresten and endostatin are anti-angiogenic as well as anti-invasive molecules and
therefore potential cancer drugs. They seem to have a direct effect on carcinoma cells making the
cells less invasive. The myoma model allows us to study the effects of anti-cancer molecules with
a new prospective.

Keywords: arresten, cancer invasion, collagen IV, collagen XVIII, endostatin, matrix
metalloproteases, myoma, organotypic cell culture, squamous cell carcinoma, tumor
microenvironment
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Tiivistelmä

Syövän mikroympäristö on erittäin tärkeä syövän kehittymisen kannalta. Se koostuu fibroblas-
teista, endoteeli- ja immuunisoluista, soluväliaineesta, proteaaseista ja monista muista solujen
tuottamista liukoisista molekyyleistä. On haastavaa kehittää uusia menetelmiä, jotka jäljittelisi-
vät oikeaa ihmisen syövän mikroympäristöä, mutta se on välttämätöntä uusien syöpälääkkeiden
tutkimiseksi. Väitöstutkimuksen tavoitteena oli kehittää kolmiulotteinen ihmisen myoomaku-
dokseen perustuvan invaasiomalli, jonka avulla voisimme tutkia verisuonten kasvua estävien
arresten ja endostatin molekyylien vaikutusta kielisyöpäsoluihin.

Aiemin syövän invaasiota on tutkittu käyttämällä klassista kollageeni-invaasiomallia, joka
tehdään sekoittamalla rotan tyypin I kollageeniä, hiiren sarkoomasolujen tuottamaa matriksia ja
ihmisen fibroblasteja. Tutkimuksissamme kehitimme uuden invaasiomallin, joka perustuu ihmi-
sen myoomakudokseen. Tutkimuksessa sen todettiin sisältävän monia erilaisia soluja ja mole-
kyylejä, joita on normaalistikkin syövän mikroympäristössä. Lisäksi osoitimme, että se sopii
invaasiotutkimuksiin monille syöpätyypeille.

Soluvälitilamatriksista pilkotaan useita erilaisia molekyylejä joilla on osoitettu olevan
angiogeneesia hillitseviä ominaisuuksia. Arresten on 26 kDa kokoinen polypeptidi, jota pilko-
taan tyypin IV kollageenista. Sen tiedetään vähentävän angiogeneesia – uusien verisuonten muo-
dostumista ja syövän kasvua in vivo. Sen vaikutuksia muihin kuin endoteelisoluihin ei ole kui-
tenkaan tutkittu. Tutkimuksissamme se vaikutti suoraan kielisyöpäsoluihin vähentäen niiden
liikkumista ja invaasiota kolmiulotteisissa organotyyppisisssä malleissa ja hiirimallissa.

Toinen tutkimamme angiogeneesin inhibiittori on endostatin, jota pilkotaan tyypin XVIII
kollageenista. Sen tiedetään vähentävän angiogeneesia hiirimalleissa ilman toksisia sivuvaiku-
tuksia. Me osoitimme tutkimuksissamme, että se vaikuttaa suoraan kielisyöpäsoluihin vähentä-
en niiden invaasiota ja leviämistä 3D organotyyppisissä malleissa sekä hiirikokeissa.

Koska arresten ja endostatin ovat anti-angiogeenisiä ja anti-invasiivisia molekyylejä, ne ovat
täten potentiaalisia syöpälääkkeitä. Ne näyttäisivät vaikuttavan suoraan syöpäsoluihin vähentä-
mällä niiden invaasiota. Myoomainvaasiomalli mahdollistaa syöpää ehkäisevien molekyylien
tutkimisen uudella ja todenmukaisemmalla tavalla.

Asiasanat: arresten, endostatin, levyepiteelikarsinoma, matriksimetalloproteaasit,
myooma, organotyyppiset invaasiomallit, syövän invaasio, syövän mikroympäristö,
tyypin IV kollageeni, tyypin XVIII kollageeni
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Abbreviations  

AR androgen receptor 

BM basement membrane  

BSA bovine serum albumin 

CAF cancer associated fibroblast 
DMEM  Dulbeccoʼs modified Eagle medium 
ECIS electric cell-substrate impedance sensing 
ECM extracellular matrix 
e.g. exempli gratia 
EGF epidermal growth factor 
EMT epithelial-to-mesenchymal transition 
End-MT  endothelial-to-mesenchymal transition 
FBS fetal bovine serum 
FGF fibroblast growth factor 
FAP fibroblast activation protein 
FSP fibroblast specific protein 
GF gingival fibroblast 
GM6001 broad-spectrum matrix metalloprotease inhibitor 
HGF hepatocyte growth factor 
HIF-1α hypoxia-inducible factor 1α 
HPV human papilloma virus 
IL interleukin 
kDA kilodalton 
LDL low-density lipoprotein 

MET mesenchymal-to-epithelial transition 
MCS mesenchymal stroma cell 
MMP matrix metalloprotease 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NC non-collagenous 

NSCLC non-small-cell lung carcinoma 

OSCC oral squamous cell carcinoma 

OTSCC oral tongue squamous cell carcinoma 
PBS phosphate-buffered saline 
PCR polymerase chain reaction  
PDGF platelet derived growth factor 
RIA radioimmunoassay 
SCC squamous cell carcinoma 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SMA smooth muscle actin 
SPARC secreted protein acidic rich in cysteine 
TAM tumor associated macrophage 
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TGF transforming growth factor 
TIMP tissue inhibitor of metalloproteases 
TME tumor microenvironment 

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling 

VEGF vascular endothelial growth factor 
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1 Introduction 

Squamous cell carcinoma (SCC) is the most common type of oral cancer covering 

over 90% of cancers in the head and neck area. Despite new treatments, about 50 % 

of tongue squamous cell carcinoma patients die within 5 years. In order to gain a 

better understanding of how cancer cells spread and to develop more effective 

treatments we have investigated the tumor microenvironment (TME), which has 

recently been shown to influence cancer invasion and metastasis. The TME is a 

mostly hypoxic environment that contains several cell types including fibroblasts, 

endothelial-, and inflammatory cells as well as extracellular matrix (ECM) 

molecules, proteases, growth factors and cytokines. Cancer invasion mechanisms 

are poorly understood and thus in vitro cancer invasion models are extremely 

important for, e.g. screening of possible new treatment methods. However, the 

study of invasion has previously been difficult due to the lack of models that 

accurately mimic the human TME. Our research group developed a novel human 

myoma tissue based invasion model, which has been shown to mimic the hypoxic 

TME. In addition, in more than ten studies we have shown that this model is 

suitable for invasion studies, not only for oral cancer, but for other invasive cell 

lines as well.  

Turnover of extracellular matrix liberates various molecules that have 

significant effects on tumor angiogenesis, growth, invasion and metastasis. These 

molecules can either inhibit or increase tumor spreading. Arresten is an endogenous 

inhibitor of angiogenesis that is proteolytically cleaved from collagen IV. It inhibits 

migration and proliferation of endothelial cells by binding to integrin receptors on 

the cells and concomitantly inhibits tumor angiogenesis and tumor growth in vivo. 

However, most studies have focused only on the anti-angiogenic properties of this 

molecule. In our experiments we used highly invasive HSC-3 tongue carcinoma 

cells to study arresten’s direct effect on cancer cell mobility, proliferation, apoptosis 

and mesenchymal-to-epithelial transition (MET) in monocultures as well as in three 

dimensional organotypic models. Arresten overexpressing cells were also 

implanted subcutaneously into mouse models to determine how arresten affects 

tumor size, invasion and angiogenesis. 

Another inhibitor of angiogenesis, endostatin, is cleaved from type XVIII 

collagen. It has been shown to suppress angiogenesis and tumor growth without 

toxicity or side effects in mouse models. Despite the large number of studies on its 

anti-tumor effects, the molecular mechanisms are still unclear. There are some in 
vitro as well as in vivo studies showing that endothelial cells are not the only targets 
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of endostatin. In our current study we investigated endostatin’s direct effects on the 

HSC-3 tongue squamous carcinoma cells. HSC-3 cells that were stably transfected 

to overexpress endostatin were used to determine how the microenvironment 

affects the invasion inhibiting effect of endostatin. Therefore we used several 

different kinds of microenvironments including monocultures, a collagen 

organotypic 3D assay, the myoma invasion model and a mouse xenograft model. 

Using these migration and invasion models we measured endostatin’s effect on 

cancer cell proliferation, migration and invasion. An addition we used recombinant 

endostatin to investigate endostatin’s effect on fibroblasts. Fibroblasts are known 

to be essential factors in tumorigenesis because they move in the frontline of 

invading cancer cells making tracks that cancer cells can follow.  

In this study, we aimed to study the cellular interactions of arresten and 

endostatin in a tumor microenvironment that resembled the natural human TME. 

Organotypic models as well as different cell types present in the microenvironment 

were used in studies designed to determine how the environment affected the 

invasion of carcinoma cells. Arresten and endostatin are anti-angiogenic molecules 

and therefore potential cancer drugs. Our results indicate that they might have 

protective but also deleterious effects in carcinoma development.   
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2 Review of the literature 

2.1 Oral squamous cell carcinoma (OSCC) 

Oral cancer is the largest group of cancers in the head and neck area and globally 

more than 644 000 new cases are reported every year (Marur & Forastiere 2016). 

Oral squamous cell carcinoma is the most common type of oral carcinoma covering 

over 90% of all cancers in that area and it is a major cause of mortality. OSCC 

includes lip cancer and intra oral cancer. These two differ greatly: the former having 

about a 95% survival rate while the latter has a low 5-year survival rate that has not 

increased during the past several decades despite new treatments (Sano & Myers 

2007). Disease-free survival rates for intra oral cancer in men and women are 56% 

and 58%, respectively (Bell et al. 2007). OSCC is the sixth most common 

malignancy in the world and there has been a slight increase in cases especially 

among younger people. Incidences of OSCC vary greatly between different 

countries, with the highest incidents found in India, Pakistan, Bangladesh and Sri 

Lanka (Sankaranarayanan 1990). 

2.1.1 Risk factors for oral carcinoma 

In the developed countries, tobacco and alcohol use are the biggest risk factors in 

oral cancer that includes also tongue carcinoma. The risk of oropharyngeal cancer 

is especially high among people who use both alcohol and tobacco as the cancer 

risk is more than 35-fold higher among those who consume two or more packs of 

cigarettes and more than four alcoholic drinks/day (Blot et al. 1988). Betel quid 

chewing is globally one of the major causes of oral carcinoma, especially if it is 

combined with the use of alcohol and tobacco (Ying-Chin et al. 1995). Other risk 

factors are known to be human papilloma virus (HPV) (Herrero et al. 2003), 

hepatitis C virus (Gandolfo et al. 2004), poor oral hygiene (Homann et al. 2001), 

alcohol-containing mouthwash (Vecchia 2009), obesity (Tan et al. 2015) and poor 

socioeconomic status (Conway et al. 2008). Premalignant oral lichen planus and 

erythroplakia may transition over time into malignant lesions (Casiglia & Woo 

2000). Studies have suggested that the risk of oral cancer might be partly heritable 

and at least the cytochrome P450 1A1 (CYP1A1) exon 7 Ile:Val polymorphism 

(Park et al. 1997), cytochrome P450 2E1 (CYP2E1) c1/c2 and c2/c2 genotypes 

(Hung et al. 1997) have been shown to increased the risk for oral cancer. There is 
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no evidence that any specific diet increases the risk but increased consumption of 

vitamins A and C, fresh fruit, greens, green tea and other vegetables seems to 

decrease the cancer risk (Vecchia et al. 1997, Wang et al. 2014).  

2.1.2 Diagnosis and treatment of oral carcinoma 

OSCC clinical characteristics are easy to recognize. Patients usually possess at least 

some of these symptoms: red lesions or red lesions mixed with white lesions that 

do not heal in three weeks, bleeding, mobility of teeth, sore throat, difficulties in 

chewing and swallowing, difficulties in moving jaw and tongue, numbness of 

tongue or other area in the mouth, chronic hoarseness or enlargement of cervical 

lymph nodes. However, a biopsy and histopathological examination are always 

required to confirm the diagnosis. Early stage diagnosis is extremely important, as 

patient survival is 80-90% at an early stage. Early diagnosis also decreases the 

extent of surgery needed (Bsoul et al. 2005, Bagan et al. 2010). The location of the 

tumor strongly affects the clinical outcome as cancers in the floor of the mouth and 

the tongue have a worst prognosis (Brandizzi et al. 2008). Other reports indicate 

that cancer localized in the gingiva, or in the trigone, large size (T3–T4), and lymph 

node involvement also indicate a poor prognosis (Vallecillo Capilla et al. 2007).  

Because the stage of the tumor is so important for treatment and patient 

survival, several different grading systems have been developed. The TNM (Tumor 

Node Metastasis) classification system from the American Joint Committee for 

Cancer (AJCC)  evaluates 3 factors, the extent of the primary tumor (T), the 

presence or absence and extent of regional lymph node metastasis (N), and the 

presence or absence of distant metastasis (M). The sum of these factors is used 

when tumors are divided into stages 0-IV, where prognosis worsens as the stage 

increases. However this system does not take into account performance status, 

nutritional status, immune status, and pathological status such as the presence of 

extracapsular spread (ECS), which are also important for patient survival (Sano & 

Myers 2007).  

From histological samples, the degree of tumors can be estimated by using 

Bryne’s malignancy grading system that is especially designed for grading invasion 

of OSCC. Here the severity of tumors is scored 1-4.  Scoring takes into account the 

degree of keratinization, nuclear polymorphisms, number of mitoses, and pattern 

of invasion by observing the borders of the tumors and the lymphoplasmacytic 

infiltration (Bryne et al. 1992). 
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A novel prognostic model for early stage OTSCC uses tumor budding (B) and 

depth of invasion (D) scoring on hematoxylin–eosin-stained cancer slides as 

prognostic values. It is summarized as the BD predictive model (Almangush et al. 
2015). Tumor budding is defined as the presence of a single cancer cell or small 

cluster of <5 cancer cells at the invasive front. Here patients had tumors less than 

4 mm diameter with no regional lymph nodes or distant metastasis. Tumors are 

scored from 0 to 2 where: neither budding nor depth of invasion is higher than the 

cut-off (Score 0), only one of the parameters (budding or depth of invasion) is 

higher than the cut-off (Score 1) or both parameters (budding and depth of invasion) 

are higher than the cut-off (Score 2). 

2.2 The tumor microenvironment 

It has been recognized for a long time that the tumor microenvironment (TME) is 

a major factor in four hallmarks of cancer, migration, invasion, metastasis and 

angiogenesis. The TME consists of extracellular matrix molecules, tumor cells, 

endothelial cells, fibroblasts, stem cells and immune cells. Cancer progression 

depends on the cross-talk between cancer cells and the inhibitors and promoters of 

tumor growth that originate in the TME (Nyberg et al. 2008). Carcinogenesis is 

initiated in a genetic background that triggers cell modification from benign to 

malignant but the further progression requires a suitable environment (Fidler 2003). 

The role of angiogenesis, the formation of new capillaries, has been known for over 

40 years to be crucial for tumor growth (Folkman 1971). Chronic expression of 

inflammatory mediators has also been found to be a key factor in tumor growth and 

metastasis since inflammatory mediators are present in the surroundings and within 

most tumors (Heinrich et al. 2011). Moreover, the use of anti-inflammatory drugs 

(NSAIDs) decreases cancer incidence and delays progression in patients with 

breast, prostate, lung and colorectal cancers (Rothwell et al. 2011). Inflammation 

promotes angiogenesis by releasing a variety of proangiogenic cytokines, 

chemokines, and growth factors (Kim et al. 2013). 
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Fig. 1. Tumor microenvironment. The TME consists of several different kinds of cells 

and molecules such as epithelial cells, fibroblasts, cancer associated fibroblasts, 

inflammatory cells and extracellular matrix. Tumor invasion liberates molecules that are 

able to degrade ECM. These molecules can be either anti- or pro-invasive. The 

magnifying glass illustrates proteases as they cleave anti-invasive arresten and 

endostin molecules from collagens. 

2.2.1 Angiogenesis  

In order to grow, the tumor needs a constant supply of oxygen and nutrients as well 

as a mechanism to get rid of waste created by metabolism. Therefore angiogenesis, 

the formation of new capillaries, is essential for cancer growth and metastasis 
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(Kumar et al. 2004). In fact, Folkman showed that tumors cannot surpass 2-3 mm 

in diameter without inducing their own blood supply (Folkman 1971). 

Angiogenesis is regulated by a delicate balance between angiogenic promoters and 

inhibitors. Depending on their levels, the angiogenic switch is either turned on or 

off (Nyberg et al. 2008). The TME stores inhibitors and promoters of angiogenesis. 

When the tumor starts to grow, the angiogenic switch is turned on. Tumors promote 

angiogenesis by releasing proangiogenic factors, such as the vascular endothelial 

growth factor (VEGF) family that contains 6 members (Folkman 2002, 

Karamysheva 2008). They meditate their effect through three tyrosine kinase 

receptors, VEGF R1-3, where R2 is located in endothelial cells and is the main 

receptor for the vasculogenic and angiogenic effects of VEGF (Kumar et al. 2004, 

Yadav et al. 2015). VEGF induces angiogenesis, stimulates growth and 

proliferation of endothelial cells, acts as a survival factor for endothelial cells, 

prevents the apoptosis of endothelial cells and regulates the vascular permeability, 

promotes chronic inflammation and healing of wounds (Yadav et al. 2015). VEGF 

secretion can be enhanced both by hypoxia and oncogene signaling (Hanahan & 

Weinberg 2011). Endogenous inhibitors of angiogenesis contain several types of 

molecules such as interferons, interleukins, TIMPs, angiostatin and endostatin 

(Yadav et al. 2015). 

Angiogenesis starts when endothelial cells separate from the vascular basement 

membrane and pericytes, which are contractile cells in close physical contact with 

endothelial cells in capillaries and venules (Pietras & Östman 2010). After that the 

vascular ECM progresses by cell migration and invasion across basement 

membranes creating a vascular extension into the tumor (Nyberg et al. 2008). 

Tumor neovascularisation differs from physiological angiogenesis in that pericytes 

have a more loosely attached phenotype and express desmin and α-SMA 

(Morikawa et al. 2002). The tumor vascular system is highly heterogeneous and 

includes capillary sprouting, convoluted and excessive vessel branching, distorted 

and enlarged vessels, erratic blood flow, microhemorrhaging, leakiness, and 

abnormal levels of endothelial cell proliferation and apoptosis (Hanahan & 

Weinberg 2011). 

2.2.2 Fibroblasts 

Fibroblasts are a heterogeneous group of spindle-shaped cells that synthesize and 

remodel the ECM including collagens. They are also the primary cell type in the 

TME. Beyond their role in structural support, fibroblasts are able to secrete and 
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respond to cytokines, chemokines, and growth factors. They maintain the 

homeostasis of adjacent cells and orchestrate the maintenance of inflammatory 

infiltrates, indicating their importance in tissue development, differentiation, 

remodeling, and repair. Depending on their anatomical site, fibroblasts differ from 

each other in proliferation, collagen and matrix metalloproteinase (MMP) 

production, contractility, and immunomodulatory function. They also maintain 

their differences when they are cultured in vitro. This is believed to be because 

fibroblasts are such a heterogeneous cell group from various sources (Brouty-Boye 

et al. 2000, Chang et al. 2002, Parsonage et al. 2003, Lindner et al. 2012). They 

are mainly derived from primary mesenchymal cells, but can also originate from 

epithelial cells through epithelial–mesenchymal transitions (EMT) (Stocker & 

Perryman 1985), or endothelial–mesenchymal transitions (EndMT) (Markwald et 
al. 1977). Another source of fibroblasts are circulating cells, especially 

mesenchymal stromal cells (MSCs) and fibrocytes (Van Linthout et al. 2014). 

Cancer associated fibroblasts (CAFs) 

When fibroblasts interact with cancer cells in the TME, they may transform into 

cancer-associated fibroblasts (CAFs). CAFs can be distinguished from normal 

fibroblasts by the termination of programmed cell death and upgraded proliferation, 

which leads to a massive pro-inflammatory and proteolytic response (Räsänen et 
al. 2009). CAFs are known to play an important role in tumor development, growth 

and metastasis (Cai et al. 2012). The presence of CAFs predicts poor patient 

survival in mobile tongue carcinoma (Vered et al. 2010). However, this may not be 

a universal phenomenon, since a recent study shows that this is not the case in 

pancreatic cancers (Özdemir et al. 2014). CAFs are also a heterogeneous cell group 

from different origins. Their usual source is locally resident fibroblasts, but they 

are also derived from bone marrow-derived cells, epigenetic transitions from 

endothelia, cancer cells through epithelial–mesenchymal transition (EMT), 

vascular smooth muscle cells and vascular pericytes. (Direkze et al. 2004, Potenta 

et al. 2008, Järvinen & Laiho 2012, Ronnov-Jessen et al. 1995).  

There are several markers which can be used to identify CAFs, e.g. α-SMA, 

fibroblast-specific protein-1 (FSP1), fibroblast activation protein (FAP), desmin, 

vascular endothelial growth factor (VEGF), neuron-glial antigen-2 (NG2), platelet-

derived growth factor-β (PDGF-β) receptor, fibroblast growth factor (FGF), asporin 

(ASPN) and stanniocalcin-1 (STC-1) (Ostman & Augsten 2009, Orr et al. 2012).  
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These could be used in diagnostics because αSMA staining, and high FAP, p53, 

PDGF β-receptor or secreted protein acidic rich in cysteine (SPARC) expressions 

are associated with poor prognosis (Ostman & Augsten 2009). Studying CAFs is 

important because these cells and their products might also be new therapeutic 

targets in the future. 

CAFs are known to participate in promoting cancer metastasis (Kalluri & 

Zeisberg 2006). Fibroblasts that associate with tumor metastasis may have a 

different origin and possess different properties than CAFs in the primary tumor. 

Hepatic stellate cells are recognized as a major source of metastasis associated 

fibroblasts. Stimuli like PDGF-AB, HGF, and TGF-β and cells such as 

fibroblasts/myofibroblasts or bone marrow cells cause hepatic stellate cells to turn 

into metastasis associated fibroblasts (Matsusue et al. 2009, Asahina 2012). Similar 

to primary tumors, metastatic tumors also produce the same amount of α-SMA, 

which is usually considered an indicator for poor prognosis (Tsujino et al. 2007).  

2.2.3 Inflammatory cells 

Inflammation is the body’s normal reaction against pathogen infection or tissue 

damage and it can be classified as either acute or chronic. Inflammation eliminates 

factors that harm the body by using immune cells, blood vessels and molecular 

mediators. Inflammatory cells can be divided into innate immune cells like 

macrophages, neutrophils, mast cells, myeloid-derived suppressor cells, dendritic 

cells and natural killer cells, and adaptive immune cells like T and B lymphocytes. 

They interact with the cells in the microenvironment, e.g. fibroblasts, endothelial 

cells, pericytes, and mesenchymal cells. It has been suggested that a massive 

amount of inflammatory cells surrounding tissues of tumors are related to cancer 

progression. Chronic inflammation increases cancer risk whereas acute 

inflammation inhibits cancer progression. Inflammatory cells participate in tumor 

growth by secreting cytokines, chemokines, growth factors, prostaglandins, and 

reactive oxygen and nitrogen species. Inflammation takes part in every stage of 

tumor development. The development depends partly on the balance between 

antitumorigenic and protumorigenic immune and inflammatory mechanisms. 

Protumorigenic molecules attract inflammatory cells that produce more 

protumorigenic factors, which stimulate inflammation and cancer growth 

(Grivennikov et al. 2010).  

Recently tumor associated macrophages (TAMs) have been under 

investigation. TAMs promote tumor growth, angiogenesis, invasion, and metastasis, 
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and they form cell-cell contacts with cancer cells that enhance cancer cell migration 

and invasion (Pirilä et al. 2015). Large numbers of TAMs in tumors associates with 

poor patient survival. TAMs promote tumor growth by secreting growth factors, 

e.g. EGF, VEGF, and bFGF, which induce remodeling of ECM by releasing 

proteases and mediators, e.g. cathepsins, MMP-2, MMP-9, TGF-β, and cathelicidin 

peptide LL37. They also work as proangiogenic cells producing soluble factors, e.g. 
MMP-9, VEGFs, PDGF, thymidine phosphorylase, and CXCL8, and silence the 

anti-tumoral immune response with soluble factors, such as IL-10, indoleamine-

pyrrole 2,3-dioxygenase (IDO) and TGF-β, as well as through cell–cell contact 

mechanisms (Galdiero et al. 2013, Chai et al. 2015).  

In addition to TAMs, neutrophils have been identified as important 

inflammatory cells that affect tumor progression. They seem to have both anti-

tumoral and pro-tumoral functions. Neutrophils can inhibit tumor growth and 

metastasis by secreting   reactive oxygen species (ROS). They also activate anti-

tumoral immunology by blocking TGF-β. On the other hand neutrophils can 

enhance carcinogenesis through the release of nitric oxide derivatives reactive 

oxygen species, which cause point mutations and damage DNA and neutrophil 

elastase that has been shown to promote cancer cell proliferation. Neutrophils also 

produce pro-angiogenic molecules such as VEGFs, MMP-9 and prokineticin 2 

(Bv8). They also support tumor invasion by releasing cytokines and suppress the 

anti-tumoral immune system with arginase (Galdiero et al. 2013). 

2.2.4 Extracellular matrix (ECM) 

The ECM is part of the stroma, a tissue that contains different kinds of cells 

including fibroblasts, adipocytes, endothelial cells and resident immune cells, as 

well as structural molecules, soluble factors, a multitude of growth factors and 

cytokines. The ECM itself contains molecules like proteins, glycoproteins, 

proteoglycans, and polysaccharides with different physical and biochemical 

properties. It used to be viewed as a stable system that functioned as a supporting 

structure. However, it has become clear that it has a constantly changing nature and 

takes part in almost all cellular behavior and is crucial for major developmental 

events. Its composition, biomechanics and anisotropy are tissue dependent.   

The ECM is regulated by a complex system that causes it to undergo 

continuous production, degradation and remodeling. Disturbance in this regulatory 

system causes abnormal behavior of cells and may lead to failure in organ 
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homeostasis and function. This can be seen in diseases like tissue fibrosis and 

cancer. Understanding the complex nature of the ECM may also be key to fighting 

these diseases (Lu et al. 2012, Pickup et al. 2014, Giussani et al. 2015). 

Composition and function of the ECM 

The function and composition of the ECM depend on its diverse physical, 

biochemical, and biomechanical properties, which are essential for regulating cell 

behavior. The basement membrane (BM) is a specialized type of ECM that is 

produced by epithelial, endothelial, and stromal cells to separate epithelium or 

endothelium from the stroma. It is mainly composed of type IV collagen, laminins, 

fibronectin, and linker proteins such as nidogen and entactin, which are collagen 

connecting protein components. The interstitial matrix gives strength to tissues as 

it contains fibrillar collagens, proteoglycans, and various glycoproteins such as 

tenascin C and fibronectin (Egeblad et al. 2010). 

  The ECM works as barrier that separates different kinds of tissues as well as 

structures inside the tissue. It serves also as an anchorage site and movement track 

and therefore plays crucial roles in cell migration (Lu et al. 2012). ECM proteins 

typically have sites that can bind to adhesion receptors such as integrins that 

mediate cell-matrix adhesion and also transduce signals into cells. These signaling 

capabilities allow cells to sense and interact with their environments. ECM can bind 

to a myriad of growth factors, including bone morphogenetic proteins, FGFs and 

WNTs. ECM proteins function also as a signal reservoir by binding soluble growth 

factors and regulating their distribution, activation and presentation. The ECM can 

also directly affect the signaling events by serving as a precursor for biologically 

active signaling fragments. (Hynes 2009, Lu et al. 2012). One of the ECM’s 

functions is to help cells sense and perceive external forces. Using integrins, a 

multicomplex of adaptors and signaling proteins, it works as a mechanosensor that 

connects cells to the cytoskeleton, nuclear matrices, nuclear envelope, and 

chromatin. This complex has an important role in cell determination, differentiation, 

and tissue function (Lu et al. 2012). 

Collagens 

Collagens are major components of the ECM where they represent as much as 30% 

of total mammalian protein mass. They maintain the structure of various  tissues 

but they are also  involved  in  cell adhesion,  chemotaxis  and  migration,  and  the  
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dynamic interplay  between cells  and  collagens  regulates  tissue remodeling 

during growth, differentiation, morphogenesis and wound healing (Myllyharju & 

Kivirikko 2004). 

The human collagen family consists of 28 members that all comprise three 

polypeptide chains, called α chains, that are coiled into left-handed helices.  

Collagens all contain collagenous domains in which every third amino acid residue 

is glycine (gly) in repeated patterns of gly-X-Y triplets where X is often proline, 

and Y is frequently hydroxyproline. These domains are flanked by non-collagenous 

(NC) regions that often contain recognizable peptide modules found in other matrix 

molecules (Gordon & Hahn 2010). Collagens can be divided into nine subgroups 

based on their supramolecular assemblies and other features: a) fibril-forming 

collagens (types I, II, III, V, XI, XXIV and XXVII), b) fibril-associated collagens 

with interrupted triple helices (FACITs) located on the surface of fibrils, and 

structurally related collagens (types IX, XII, XIV, XVI, XIX, XX, XXI, XXII and 

XXVI), c) collagens forming hexagonal networks (types VIII and X), d) the family 

of type IV collagens located in basement membranes, e) type VI collagen, which 

forms beaded filaments, f) type VII collagen, which forms anchoring fibrils for 

basement membranes, g) collagens with transmembrane domains (types XIII, XVII, 

XIII and XXV), h) the family of type XV and XVIII collagens and the other 

collagens (types XXVI and XXVIII) (Myllyharju & Kivirikko 2004, Gordon & 

Hahn 2010). The collagens relevant to this thesis are discussed more in detail in 

this chapter and in chapter 2.2.6. 

Type I collagen belongs to the fibrillar collagen family and is the main 

structural protein in the interstitial ECM. It is present in organs and tissues that 

require tensile strength, such as tendon, ligament, bone and the dermis. In bone it 

comprises over 90% of the organic material and about 70% of all collagens in the 

body. Type I collagen has two identical α1 chains and one α2 chain which 

intertwine into a typical collagen-specific triple-helical conformation. They have 

the ability to spontaneously aggregate into fibrils and fibers. It is synthesized as 

type I procollagen and contains additional sequences at both ends, which are 

removed by proteases before the chains are aggregated into fibers. The cleaved 

sequences, known as amino- and carboxyterminal propeptides (PIN and PICP), are 

present in the blood. Their concentration varies during growth and pathological 

bone diseases. Using radioimmuno assays it is possible to detect the concentration 

of these molecules from the blood (Melkko et al. 1990, Melkko et al. 1996, Egeblad 

et al. 2010, Koivula et al. 2012). 
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Another member of the fibril-forming collagens relevant to this thesis is type 

III collagen that is present in many connective tissues. It is composed of three 

homotrimer α1(III)-chains and is found in skin, vessel walls and reticular fibers of 

most tissues like lungs, liver and spleen. It is connected to collagen type I forming 

mixed fibrils and is abundant in elastic tissues (Gelse et al. 2003). Collagen type 

III has an important role in tissue repair where it promotes myofibroblasts that have 

a crucial role in scar tissue formation. It is also an essential factor in bone formation 

and maintenance through osteoblasts and has the ability to increase angiogenesis. 

Collagens IV and XVIII are discussed later. 

2.2.5 Matrix metalloproteases (MMPs) 

Proteases are enzymes that are able to modify the TME. Matrix metalloproteases 

(MMPs) are a well known protease family. In humans, this protein family contains 

23 members of which 16 are secreted and seven are membrane-anchored. The 

secreted group includes MMPs-1, -2, -3, -7, -8, -9, -10, -11, -12, -13, -19, -20, -21, 

-22, -27 and -28 and the membrane-anchored MMPs are -14, -15, -16, -17, -23, -24 

and -25 (Kessenbrock et al. 2010). They affect several different processes in the 

human body including bone formation and remodeling, mammary development, 

angiogenesis, inflammation, wound healing and morphogenesis. MMPs also take 

part in several pathological conditions such as arthritis, nephritis, cancer, 

encephalomyelitis, chronic ulcers, fibrosis, atherosclerosis, stenosis, left 

ventricular hypertrophy, heart failure, aneurysm and periodontal diseases (Page-

McCaw et al. 2007, Nagase et al. 2006, Sapna et al. 2014). MMPs are regulated 

via activation and inhibition of tissue inhibitors of metalloproteinases (TIMPs). 

MMPs have central, but dualistic roles in cancer progression. On one hand, MMPs 

disperse the ECM, which enables invasion through tissue barriers and also liberates 

chemokines and growth factors that increase metastasis, tumor growth and 

angiogenesis, but on the other hand, they can protect from the cancer spreading by 

liberating anti-angiogenic or anti-tumor molecules (Cauwe et al. 2007).  

MMP-1, MMP-8 and MMP-13 belong to the collagenase subgroup of MMPs 

and are also known as collagenase-1, -2 and -3, respectively. MMP-1 is expressed 

by keratinocytes, fibroblasts, endothelial cells, monocytes, macrophages, 

hepatocytes, chondrocytes, and osteoblasts. It is also expressed by cancer cells and 

is linked to poor prognosis in colorectal, gastric, and esophageal carcinomas, 

metastatic melanoma and pancreatic adenocarcinoma (Ala-aho & Kähäri 2004). 

MMP-8 is mostly synthesized and stored in neutrophils and it has been shown to 
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have a protective role against lymph node metastases in breast carcinoma (Decock 

et al. 2008). It has also been shown that expression of MMP-8 correlates with 

prolonged survival of patients with human tongue cancer. This tendency was 

clearer in females, which may be explained by estrogen that induces the expression 

of the mRNA for MMP-8 and also MMP-8 protein synthesis (Korpi et al. 2008). 

MMP-13 is expressed at least in fibroblasts, keratinocytes, chondrocytes, 

osteoblasts and endothelial cells (Zaragoza et al. 2002, Decock et al. 2008). It is 

expressed in fetal bone development, post-natal bone remodeling and gingival and 

fetal skin wound repair. MMP-13 is also a powerful degrader of ECM supporting 

structures and it has been connected to diseases such as osteoarthritic cartilage, 

rheumatoid synovium, chronic cutaneous ulcers, intestinal ulcerations, chronic 

periodontitis, atherosclerosis, and aortic aneurysms. Because MMP-13 degrades 

ECM efficiently, it plays an important role in cancer invasion where it is expressed 

in the frontline of invading cancer cells and its expression correlates with metastatic 

capacity (Ala-aho & Kähäri 2004).  

MMPs-2 and -9 belong to a subgroup of MMPs called gelatinases. MMP-2 is 

known to have 201 cleavage products whereas MMP-9 has only 19 (Prudova et al. 
2010). As they are able to degrade type IV collagen, a major component of the ECM 

and BM, they play important roles in cell differentiation, apoptosis, angiogenesis 

and immune surveillance (McCawley & Matrisian 2000) as well as in cancer 

progression (Liotta et al. 1980). MMP-2 (Gelatinase A) is expressed by fibroblasts 

and endothelial cells of the tumor stroma and has been related to an invasive 

phenotype and metastatic potential in colon, pancreas, prostate and skin cancer 

(Määttä et al. 2000, Bérubé et al. 2005).  MMP-9 (Gelatinase B) is expressed by 

neutrophils, monocytes, dendritic cells, lymphocytes, endothelial cells, epithelial 

cells and osteoblasts (Opdenakker et al. 2001). It is associated with rapid 

progression, poor overall survival and secondary metastasis in cancer patients with 

melanoma (Deryugina & Quigley 2006).  

2.2.6 ECM derived anti-angiogenic peptides 

The ECM is a complex environment that contains several different kinds of 

molecules that interact with cells and other molecules. The turnover of the ECM 

liberates many molecules that affect tumor angiogenesis and tumor growth; these 

molecules can either promote or inhibit tumorigenesis. Many of them are 

proteolytically cleaved from the domains of the ECM molecules. These peptides 
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are called matrikines, and they have biological activity that their parent molecules 

do not carry (Monboisse et al. 2015). They can inhibit tumor growth by reducing 

angiogenesis or by directly affecting the cancer cells (Table 1).  

Table 1. ECM derived peptides, their parent molecule and their main effect on cancer 

progression (Nyberg et al. 2005, Monboisse et al. 2015)  

Parent molecule  Cleavage product  Main physiological effects 

Collagen IV α1 chain Arresten Inhibits cancer and endothelial cell migration and 

proliferation. Inhibits cancer cell invasion and 

increases their apoptosis 

Collagen IV α2 chain Canstatin Inhibits endothelial cell migration and proliferation. 

Induces endothelial cell apoptosis. Inhibits cancer 

cell proliferation  

Collagen IV α3 chain Tumstatin Induces endothelial and cancer cell apoptosis 

Collagen IV α4 chain Tetrastatin Inhibits endothelial cell migration. Inhibits cancer cell 

proliferation and invasion 

Collagen IV α5 chain Pentastatin Inhibits endothelial cell migration and proliferation 

Collagen IV α6 chain Hexastatin Inhibits endothelial cell migration and proliferation 

Collagen XV α1 chain Restin Inhibits endothelial cell proliferation and induces their 

apoptosis 

Collagen XV EFC-XV Inhibits cancer and endothelial cell migration 

Collagen XVIII Endostatin Inhibits endothelial cell migration and adhesion. 

Induces endothelial cell apoptosis and cell cycle 

arrest. Disrupts actin cytoskeleton and focal 

adhesions 

Collagen XIX NC1(XIX) domain Inhibits endothelial cell migration. Inhibits cancer cell 

invasion and migration 

Fibronectin Annastelin Inhibits endothelial cell adhesion, migration and 

proliferation 

Fibulins Cleavage products of 

fibulins 

Inhibits endothelial cell migration 

Perlecan Endorepellin Inhibits endothelial cell migration. Disrupts actin 

cytoskeleton and focal adhesions 

Thrombospondin -1 

and -2 

Cleavage products of 

Thrombospondin -1 and -2 

Inhibits endothelial cell migration and proliferation 

Collagen IV and arresten 

Collagen IV is a 400 nm long molecule that belongs to the collagen superfamily 

(Kühn 1995). Unlike other collagens, it is located only in the BM. Human collagen 

IV genes are arranged in three pairs with a head-to-head orientation; COL4A1-
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COL4A2 on chromosome 13, COL4A3-COL4A4 on chromosome 2, and 

COL4A5-COL4A6 on chromosome X. Collagen IV contains six highly 

homologous yet genetically distinct α-chains, α1(IV) to α6(IV) (Khoshnoodi et al. 
2008). They all have three structurally distinct domains: an amino-terminal domain 

rich in cysteine and lysine residues, a major collagenous Gly-Xaa-Yaa triplet repeat 

region  of ～1,400 residues followed by a ～230-residue long carboxy-terminal 

noncollagenous (NC1) domain (Hudson et al. 2003).  

The distribution of the chains differs in the body. The ‘‘classical’’ α1(IV) and 

α2(IV) chains, which were the first to be described, are present in the BM of all 

tissues, α3(IV), α4(IV), and α5(IV) chains are present in the glomerular basement 

membrane (GBM) of the kidney, lung, testis, and eye, whereas the α5(IV) and 

α6(IV) chains are found in the BM of skin, smooth muscle, and the kidney. The 

expression of collagen IV chains is regulated temporally.  

Arresten or [α1(IV)NC1], is a 26-kDa fragment that is cleaved from the C-

terminal globular non-collagenous (NC1) domain α1 chain of type IV collagen. It 

functions as an anti-angiogenic molecule that inhibits endothelial cell proliferation, 

migration, tube formation, Matrigel neovascularization and increases their 

apoptosis. It also inhibits tumor growth and metastasis in nude mice (Colorado et 
al. 2000). Arresten meditates its anti-angiogenic effects through mechanisms 

involving cell surface heparin sulfate proteoglycans (HSPGs) and the α1β1 integrin 

on endothelial cells (Colorado et al. 2000). It competes with type IV collagen for 

binding to α1β1 integrin and inhibits phosphorylation of FAK, which prevents 

activation of the FAK/c-Raf/MEK/ERK1/2/p38 MAPK pathway. This decreases 

expression of HIF-1α and VEGF that leads to impaired proliferation, migration and 

tube formation in endothelial cells (Sudhakar et al. 2005). It is not known whether 

arresten’s ability to bind to HSPG has a function. However, it is well documented 

that HSPGs have both inhibiting and promoting effects on angiogenesis (Segev et 
al. 2004, Bix et al. 2004).  

Tumor protein p53 is known to decrease tumor growth and metastasis. It 

increases the amount of arresten by promoting transcription of COL4A1, which 

induces expression of α1 collagen IV and arresten. Besides that it enhances 

production of α(II) prolyl-hydroxylase, which stabilizes the production of α1 

collagen and arresten. p53 also activates matrix metalloproteases that liberate 

arresten from the ECM by remodeling it (Assadian et al. 2012). Arresten has been 

shown to decrease proliferation and migration of basic fibroblast growth factor 

(bFGF) induced mouse retinal endothelial cells (MREC) (Boosani et al. 2010). 
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Arresten also promotes apoptosis of endothelial and cancer cells by down 

regulating anti-apoptotic Bcl-2 and Bcl-xL molecules (Nyberg et al. 2008, Aikio et 
al. 2012). A recent study shows that elevated arresten levels in plasma and decidua 

during pregnancy correlates with severity of pre-eclampsia and it may have 

prognostic value when monitoring this clinical disease (Yong et al. 2015). 

Collagen XVIII and endostatin 

Collagen XVIII is a component of basement membrane and is expressed in almost 

all epithelia and endothelial cells in various organs (Muragaki et al. 1995). It is 

encoded by the COL18A1 gene on chromosome 21q22.3. This collagen contains 

10 triple helical collagenous domains (Oh et al. 1994). Collagen XVIII can be 

divided in three different variants that all have tissue-specific expression patterns 

(Muragi et al. 1995).  The shortest variant is expressed in conventional basement 

membranes, including blood vessels and the various epithelial structures, and 

around muscular structures (Saarela et al. 1998). The long variant is expressed 

strongly in liver, where it is virtually the only variant in the liver sinusoids, but it 

exists only in minor amounts elsewhere (Saarela et al. 1998).  

Collagen XVIII can be found in the BM of mild and moderate dysplasias. It is 

missing from some areas of severe dysplasia, and from the invasive front of SCC 

where epithelium is spreading to the underlying matrix (Väänänen et al. 2007). 

Similar to other BM proteins, such as laminin-5, the amount of collagen XVIII 

decreases as the BM breaks down during cancer invasion (Väänänen et al. 2007).     

Endostatin was the first endogenous ECM-derived inhibitor of angiogenesis 

that was identified. It inhibits endothelial cell proliferation and decreases 

angiogenesis and tumor growth in mice (O´ Reilly et al. 1997). It has also been 

shown to increase apoptosis of endothelial cells (Dhanabal et al. 1999). Endostatin 

is a 20 kDa fragment that is proteolytically cleaved from the C-terminal NC1 

domain of collagen XVIII. It is liberated during turnover of the ECM. Cathepsins 

B, K and L, elastase as well as MMPs-3, -7, -9, -13 and -20 are known to cleave 

endostatin. Of these, cathepsin L is the most efficient by cleaving endostatin from 

collagen XVIII. Endostatin is further degraded by elastase and cathepsins whereas 

MMPs do not take part in proteolytic degradation of endostatin. Cathepsins L and 

D are especially efficient in degrading and removing endostatin (Ferreras et al. 
2000, Heljasvaara et al. 2005). Cathepsin L is also secreted by tumors because of 

their ability to degrade ECM and BM to create the ideal TME for invasion and 

metastasis (Chauhan et al. 1991). Hypoxia induces angiogenesis (Liao and Johnson 
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2007) and down-regulates endostatin (Wu et al. 2001). This shows how production 

of endostatin is sensitively regulated. 

Endostatin meditates its effects through integrins (Rehn et al. 1999). Endostatin 

binding to α5β1 integrin inhibits phosphorylation of focal adhesion kinase (FAK), 

which continues to inhibit the FAK/c-Raf/MEK1/2/p38/ERK1 mitogen-activated 

protein kinase pathway resulting in decreased activation of p38 and ERK-1. This 

inhibits the migration of endothelial cells (Sudhakar et al. 2003). It also blocks the 

binding of vascular endothelial growth factors (VEGFs) to their receptor. VEGFs 

are known to induce angiogenesis and lymphangiogenesis. Endostatin directly 

inhibits angiogenesis by binding to VEGFR-1 and VEGFR-2 (Kim et al. 2002). It 

serves also as an anti-lymphangiogenic molecule by binding to VEGFR-3, which 

is expressed mostly in lymphatic endothelial cells. This reduces migration and 

proliferation of lymphatic endothelial cells (Han et al. 2012). Endostatin has also 

been reported to bind to various other endothelial cell surface receptors, including 

integrin αvβ3 (Rehn et al. 2001 and Faye et al. 2009) and heparan sulfate 

proteoglycans (Karumanchi et al. 2001 and Ricard-Blum et al. 2004). Endostatin 

decreases angiogenesis by competing with pro-angiogenic bFGF for binding to 

heparin sulfate (Reis et al. 2005). In addition, several other partners of endostatin 

have been identified, such as glycosaminoglycans (chondroitin and dermatan 

sulfate) and matricellular proteins (thrombospondin-1 and SPARC) both of which 

block angiogenesis. It also binds to collagens (I, IV, and VI), the amyloid peptide 

Aβ-(1–42), and transglutaminase-2 (Faye et al. 2009). Endostatin interacts with 

endorepellin, which possesses individual anti-angiogenic capabilities. The binding 

of endostatin to endorepellin decreases the anti-angiogenic potencies of these 

molecules by preventing endothelial cells from attaching to fibronectin and type I 

collagen in the ECM (Mongiat et al. 2003). It has been discovered to be an anti-

atherosclerotic factor by binding to biglycan, which prevents biglycan from binding 

low-density lipoprotein (LDL) and retains it in the intima layer of the blood vessel 

causing atherosclerosis. Endostatin also binds directly to the LDL. However, the 

significance of this is so far unknown (Zeng et al. 2005). 

Endostatin disrupts caveolin-1/Src tyrosine kinase/Rho or 

FAK/Ras/Raf/ERK1/p38 signaling pathways (Wickström et al. 2002, Wickstöm et 
al. 2003 and Sudhakar et al. 2003). Endostatin also down-regulates pro-angiogenic 

factors HIF-1α and VEGF (Abdollahi et al. 2004) and prevents angiogenesis by 

binding intracellularly to the nucleolin of angiogenic endothelial cells (Shi et al. 
2007). Besides endothelial cells, endostatin directly affects some tumor cells 
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(Nyberg et al. 2003, Wilson et al. 2003) and mast cells regulating tumor-associated 

inflammation and differentiation (Brideau et al. 2007). Endostatin is also an 

endogenous androgen receptor (AR) inhibitor that interrupts AR nuclear transport 

and transcriptional activation and has an antitumor effect on prostatic cancer (Lee 

et al. 2014). Molecular mechanisms of endostatin seem to be complicated and 

probably situation dependent. In endothelial cells, endostatin affects 12% of all 

genes (Abdollahi et al. 2004), and it is likely that the mechanisms and effects of 

endostatin vary between different cell types. 

2.3 Cell migration and invasion assays 

To get a realistic view of cancer migration and invasion and to develop new anti-

tumor drugs and treatments, it is extremely important to develop experimental 

conditions and methods that would appropriately mimic the TME of human cancers. 

Invasion and migration can be studied either by using   three –dimensional (3D) 

organotypic models or with two-dimensional (2D) cell culturing conditions (Table 

2). In these experiments 3D models are preferred as cancer cells are known to have 

different metabolic features when cultured in monolayer compared to a 3D 

environment (Santini et al. 2004).
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2.3.1 Migration assays 

Transwell migration assay 

The Transwell migration assay was developed by Boyden to study the chemotactic 

responses of leukocytes (Boyden 1962). It can be used to study vertical migration 

of many different kinds of cell lines e.g. epithelial, mesenchymal and brain cancer 

cell lines (Chen et al. 2012, Harisi et al. 2009, Qi et al. 2012). The assay is based 

on two chambers that are separated by a porous membrane. The size of the pores 

can vary depending on the size of the cells that are studied. Cells are loaded into 

the upper chamber from which they migrate to the other side of the membrane. The 

media in the lower chamber usually has a higher concentration of serum compared 

to the upper chamber media so that the cells start to migrate to the other side of the 

membrane. The lower chamber can also have cells or specific chemoattractants that 

could affect the cell migration. After the set migration time, the experiment is ended 

by fixing the cells. The non-migrated cells on the top of the membrane are removed 

by using a cotton swab. Cells can be stained with hematoxylin, toluidine blue or 

crystal violet. After that the migrated cells can be counted under a microscope. An 

alternative way is to dye the cells fluorescently and measure migration with a 

fluorescent reader. Transwell migration assays are commercially available from 

many different manufacturers.   

The transwell migration assay can be modified by coating the porous 

membrane with ECM before adding cells to the upper chamber (Albini et al. 1987). 

ECM can be, e.g. Matrigel®, which is derived from Engelbreth–Holm–Swarm 

(EHS) mouse sarcomas, fibronectin or collagens. The ECM hinders migration of 

non-invasive cells through the membrane pores and therefore only invasive cells 

can reach the other side of the membrane. Processing and staining is similar to that 

in the regular Transwell assay. Quantification is usually done by comparing control 

and treatment groups. 

Wound healing assays 

The scratch wound healing assay is an easy and affordable way to measure cell 

migration on 2D surfaces. Cells are allowed to grow to confluency on a cell culture 

plate. Then a scratch is made by using, e.g. a pipette tip, and the cells are allowed 

to grow into the wound. Quantification is usually done by measuring the decrease 
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of the cell free area at different time points. It can be done by fixing and staining 

cells or using immunofluorescence with live imaging.  

A better way to do this kind of experiment is to use a blocker that prevents cells 

from growing to the cell free area. Cells are allowed to grow to confluency as above. 

When the experiment is started, the blocker is removed. The advantage over 

scratching is that the cell free wound is equally thick with sharp borders and cells 

do not undergo trauma. These experiments can also be modified by coating plates 

with ECM. If blockers are used to create an exclusion area, another layer of ECM 

has to be added after the blockers are removed. Quantification can be done as earlier 

described. 

Spheroid migration assay 

Unlike in previous models, cells in vivo do not usually grow as single cell layers 

on flat surfaces. In the spheroid migration assays, cells form close cell-cell 

interactions that mimic the natural situation more precisely. In three dimensional 

(3D) environments cells have a more natural cellular morphology and signaling 

compared to two dimensional (2D) cell culture assays (Wendt et al. 2009). One way 

to do this kind of assay is to use microcarrier beads that are coated with cells (Rosen 

et al. 1990). There are several commercial microcarrier beads available. Cells are 

allowed to grow to confluence on the surface of the beads. Beads are removed by 

suction and the migrated cells are fixed, stained and migration area measured. 

The alternative way to perform this kind of experiment is to use multicellular 

spheroids without microcarrier beads. Here the spheroid is placed on the cell culture 

dish and migration of cells can be followed microscopically by measuring spheroid 

spread. Similarly to the microcarrier bead assay, in spheroid migration assay cells 

have close cell-cell contacts and their nutrition and oxygen conditions are tissue-

like. The downside of this assay is that it can be used only with cells that are able 

to form spheroids. 

Another way to form multicellular spheroids is to use hanging drop cell 

culturing. Here drops of culturing media, which have a known concentration of 

cells are loaded on the lids of culture dishes. After that the lids are inverted onto 

bottom chambers containing PBS and incubated in physiological conditions. The 

drops remain in the lids because of the surface tension, and because of gravity the 

cells form 3D multicellular spheroids on the bottom of the drops where the cells 

are in direct contact with each other. This method needs no special equipment and 

s easy to do. The method can be used to study interactions between two different 
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cell lines or with ECM molecules. From hanging drops, spheroids can be 

transferred to culture dishes where they can be coated or used, e.g. in wound healing 

migration assays (Foty 2011).  

Live cell imaging 

The IncuCyte ZOOM® or other similar live cell imaging systems are systems that 

enable live cell imaging and analysis. They can be used both in migration and 

invasion studies. The system is placed in the normal cell culture incubator. There it 

automatically gathers continuous information about cell behavior. It analyses 

images automatically in real time around the clock. The systems’ strength is that it 

allows one to follow biological events in real time that is not possible with assays 

that have endpoints. It can also analyze multiple culture dishes at the same time 

without taking the dishes out of the incubator. Because the IncuCyte ZOOM® 

system collects information automatically, it reduces the time that is needed for 

laboratory work. In this system quantification is made by using fluorescently 

labeled cells (Salomon et al. 2013). 

The cell-substrate impedance sensing (ECIS) assay measures cell attachment, 

spreading and the strength of cell-cell contacts by monitoring changes in the system 

impedance in real time (Giaever & Keese 1984). Even though this assay is widely 

used it has several problems. One is that is it very difficult to generate wounds that 

are equally wide. Also at longer assay times the cells start to proliferate so that it is 

difficult to assess whether the cells are migrating or proliferating. While making 

the wound, the cells suffer trauma, which can affect migration, thus it is also 

possible that the trauma induces the release of molecules that disturb cell motility. 

2.3.2 Invasion assays 

Spheroid invasion assays 

Multicellular spheroids can also be used in invasion assays. They mimic in vivo 

situations, because they also have well established cell-cell contacts in three 

dimensional space. One way to do this kind of experiment is to use multicellular 

spheroids in single cell suspension. This way it is possible to monitor intractions 

between spheroids and single cells e.g. endothelial cell invasion into melanoma 

spheroids (Ghosh et al. 2007). Another way to do the spheroid invasion assay is to 
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use two spheroids where one is composed of non-invasive cells and the other one 

is composed of invasive cells. These spheroids are cultured close to each other and 

they eventually start to fuse. The cells form an easily detectable invasion border 

(Hattermann et al. 2011). Invasion of cells can be studied by using fluorescently 

labeled cells or with immunohistochemical analysis. Soluble factors that affect 

cellular behavior can be added to the culture media (Hattermann et al. 2008). This 

is an easy in vitro method for following cell invasion and chemotaxis in a three 

dimensional environment. 

Spheroids can also be embedded into ECM. In this case non-invasive cells do 

not invade into the ECM whereas invasive cell lines start to invade into the 

surrounding matrix (Korff & Augustin 1999). Invasion can be quantified by using 

immunostaining or with confocal microscopy. It is important that the spheroid is 

placed in the middle of the ECM because cells tend to invade towards the least 

resistance and this may give false results. 

One way to do 3D invasion assays is to use a sandwich system where single 

cells or spheroids are embedded between two layers of ECM. An inner well is filled 

with gel matrix. After that cells are placed on the top of the polymerized gel. Then 

the upper well is filled with the same gel matrix so that the cells are now between 

two layers of ECM. Quantification of invasion can be made using fluorescently 

labeled cells (Åkerfelt et al. 2015). 

3D organotypic invasion assays 

The classical way to study vertical cell invasion is to prepare rat collagen gel or 

mouse Matrigel gel discs in which human fibroblasts are embedded. Cancer cells 

administered on the top of the gel were allowed to invade into the gel for the desired 

time (Schor et al. 1983). The experiments were ended by fixing the 

collagen/Matrigel® discs and embedding them in paraffin. Paraffin blocks are cut 

to histological sections that can be stained. Quantification of invasion can be done 

with various image analysis softwares. The problem with these kinds of 

experiments is that collagen/Matrigel is not of human origin so they do not 

accurately represent the human TME.    

A more complex method to study cell invasion is to use the human uterine 

leiomyoma tissue model developed by our group (Nurmenniemi et al. 2009). The 

myoma model contains several different kinds of mostly apoptotic cell types, 

insoluble as well as soluble molecules (e.g. fibroblast, laminins, collagens I, III and 

IV). Therefore it includes more of the different kinds of cells and molecules present 
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in the normal cancer microenvironment compared to the previous models. The 

myoma model is described in detail in Materials and methods chapter 3.2.  

A further improved invasion assay has been generated from the myoma 

organotypic assay by homogenizing frozen myoma tissue and adding low melting 

agarose (Salo et al. 2015). This assay called Myogel-LMA has been shown to work 

for at least cell adhesion, migration, invasion, colony formation, spheroid culture 

and vessel formation experiments. 
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Fig. 2. Migration and invasion assays. Cell migration and invasion can be studied by 

using two or three dimensional assays. Here is an overview of the most commonly used 

technical setups. A. Transwell invasion assay. Cells migrate through a porous 

membrane. B. Scratch wound healing assay. Cells migrate towards a cell free area. C. 

Collagen invasion assay. Cells are cultured on top of the collagen gel block where they 

invade into ECM that contains human fibroblasts. D. Myoma invasion assay. Cells are 

cultured on top of the myoma disc where they invade into the myoma tissue. E. 

Spheroid invasion assay. A cell cluster is embedded into ECM from where cells start to 

invade in a three dimensional environment. F. Sandwich invasion assay. Cells are 

embedded between two ECM layers and they start to invade from this position. 
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3 Materials and methods 

The materials and methods used in the original articles are summarized in Table 3, 

and the most important methods of the present thesis are briefly described below. 

Table 3. Methods used in the original publications 

Level  Method Used in 

Human  Myoma organotypic assay I-III 

Animal models Mouse xenografts II,III 

Cells Cell culture 

Establishment of stable transfected HSC-3 arresten cells 

Establishment of stable transfected MBA-MB-435 arresten cells 

Establishment of stable transfected HSC-3 endostatin cells 

I-III 

II 

II 

III 

 Establishment of stable transfected MBA-MB-435 endostatin cells III 

Cell experiments Collagen organotypic culture I-III 

 Transwell migration assay 

Scratch wound healing assay 

MTT viability assay 

ECIS-assay 

Proliferation assay (BrdU) 

II-III 

II-III 

II 

II 

III 

Histological experiments Quantification of proliferation (Ki-67) 

Cell death assay (TUNEL) 

Apoptosis assay (Caspase-3) 

I-III 

II-III 

II-III 

DNA 

 

RNA 

Protein 

In situ Hybridization 

Plasmid construct transfection 

Real time quantitative assay PCR (qRT-PCR) 

Protein extraction from tissues 

Staining and analysis of immunohistological samples 

Gelatin zymography 

Western blot 

Enzyme-linked immunosorbent assay (ELISA) 

Purification of recombinant arresten and endostatin 

I 

II-III 

II-III 

I-III 

I-III 

I-III 

I-III 

II 

II-III 

Others Statistical analyses I-III 

3.1  Cell lines 

Human tongue squamous cell carcinoma cells HSC-3 (JCRB 0623; Osaka National 

Institute of Health Sciences, Osaka, Japan) were cultured in 1:1 DMEM/F-12 

(Invitrogen, Carlsbad, CA) supplemented with 100 U/ml penicillin, 100 μg/ml 

streptomycin, 50 μg/ml ascorbic acid, 250 ng/ml fungizone, 5 μg/ml insulin (bovine 
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pancreas), 0.4 µg/ml hydrocortisone (all from Sigma-Aldrich), and 10% heat-

inactivated fetal bovine serum. To study the effect of arresten and endostatin on 

HSC-3 cells, they were stably transfected with the endostatin or arresten plasmids 

(Arr-HSC-3, Es-HSC-3). The transfected cells were selected with 300 µg/ml 

Geneticin G418 antibiotic (Invitrogen, Paisley, UK) to obtain stable populations of 

HSC-3 cells expressing human arresten or endostatin. Human dysplastic oral 

keratinocytes DOK (European Collection of Cell Cultures 94122104, Salisbury, 

Wiltshire, UK), human oropharyngeal squamous cell carcinoma (SCC) cells (UK1) 

and the breast adenocarcinoma cell line MDA-MB-231 (ATCC HTB-26) were 

cultured in the same media as HSC-3 cells. Primary human gingival fibroblasts 

(GFs) were derived from biopsies of healthy gingiva. Cancer associated fibroblasts 

(CAFs) were obtained from a tongue squamous cell carcinoma. Melanoma cell 

lines Bowes (ATCC CRL-9607) and G361 (ATCC CRL-1424) as well as GFs and 

CAFs were cultured in DMEM supplemented with 100 U/ml penicillin, 100mg/ml 

streptomycin, 50mg/ml ascorbic acid, 250 ng/ml fungizone, 1 mM sodium pyruvate 

(Sigma-Aldrich) and 10% FBS (Perbio Science). All cell lines were used at low 

passages and they were cultured in a humidified atmosphere of 5% CO2 at 37°. 

3.2 Organotypic models 

To investigate cancer cell invasion in an organotypic environment, two types of 

experiments were performed.  In both assays carcinoma cells were allowed to grow 

on the top of the tissue or matrix-cell mixture. After two weeks, the experiments 

were stopped and the invasion depth was measured. The collagen gels were 

prepared by mixing 8 volumes of collagen type I (3.45 mg/ml; BD Biosciences, 

Bedford, MA), 1 volume of 10 x DMEM (Sigma) and 1 volume of FBS with 

gingival fibroblasts (7 x 105) and allowing the mixture to polymerize on 24-well 

plates at 37°C for 30 min. After polymerization, 7 x 105 HSC-3 cells were added 

onto each gel. The next day the gels were lifted onto collagen –coated (BD 

Biosciences) nylon discs (Prinsal Oy, Tuusula, Finland) resting on curved steel 

grids and these were placed in 6-well plates. Medium was added so that it reached 

the undersurface of the grid generating an air-liquid interface. 

The myoma organotypic cultures were performed by obtaining uterine myoma 

tissue during routine surgeries with the informed consent of the donors (the study 

was approved by the Ethics Committee of the Oulu University Hospital). The tissue 

was sliced and the myoma discs were made with an 8-mm biopsy punch (Kai 

Industries Co, Gifu, Japan). The discs were stored in culture media with 10% 
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DMSO (Sigma) at -70 °C. Before organotypic experiments, myoma discs were 

equilibrated in culturing media at 37 °C for 1h. Then the discs were placed into 

Transwell inserts (diameter 6.5 mm; Corning Incorporated, Corning, NY) and 7 x 

105 cancer cells in 50 µl medium were added on top of each myoma disc. The next 

day, the myoma dics were transferred onto uncoated nylon discs resting on curved 

steel grids in 12-well plates with a sufficient volume of medium (1 ml).  

3.3 Mouse xenografts 

One million control, arresten or endostatin overexpressing HSC-3 cells in 200 µl 

of serum-free media were subcutaneously injected into both flanks of 11-week old 

Balb/c nu/nu nude female mice (Harlan, Bicester, UK) (n=10 for both groups). 

Tumor growth was measured at days 6, 13 and 16, and the tumor volumes were 

calculated using a standard formula, length × width2 × 0.52. A tumor diameter of 

more than 10 mm was the criterion for euthanasia, and when the fastest growing 

tumors reached that point, all the mice were sacrificed and the tumors were 

collected for histology. Tumors were fixed in 4% neutral buffered formalin 

overnight, dehydrated and embedded in paraffin. 5-µm tumor sections were stained 

with hematoxylin and eosin, and analyzed by a pathologist in blinded fashion for 

tumor differentiation stage and degree of invasion. 

3.4 Histology and immunology 

For organotypic invasion models the tissues were fixed in 4 % neutral buffered 

formalin overnight, dehydrated, and embedded in paraffin. 6-μm sections were 

deparaffinized and stained with Mayer´s hematoxylin and eosin. For 

immunohistochemistry of pancytokeratin AE1/AE3 antibody the endogenous 

peroxidase activity was blocked with 0.3% H2O2 in MeOH for 30 min. Antigen 

retrieval was performed by 0.4% pepsin in 0.01 M HCl at 37 °C for 1 h. Sections 

were blocked with normal horse serum (Vector Laboratories, Burlingame, CA) in 

2% bovine serum albumin/phosphate-buffered saline (BSA/PBS) for 30 min and 

then incubated with primary antibody in a humidified chamber at 37 °C for 30 min 

and at 4 °C overnight. Dilutions were prepared in REAL Antibody Diluent (Dako). 

Biotinylated secondary antibody of the appropriate species (Vector) was applied for 

1 h and StreptABComplex/HRP (Dako) in 0.5 M NaCl/PBS was applied for 30 min. 

After each step, the sections were washed twice in PBS for 10 min. The presence 

of antigen was visualized using 3.3’-diaminobenzidine (DAB, brown; Vector) for 
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3 min. DAB-stained sections were counterstained with Mayer’s hematoxylin and 

mounted with xylene. In negative controls normal serum or IgG of the appropriate 

species (Dako) was used instead of primary antibody. E-cadherin was stained with 

the REAL EnVision Detection System (Dako) according to the manufacturer's 

instructions. Primary E-cadherin antibody was incubated at 4°C overnight and the 

secondary antibody was applied for 30 min. The presence of antigen was visualized 

using 3,3′-diaminobenzidine (DAB, brown; Vector) for 3 min. DAB-stained 

sections were counterstained with Mayer’s hematoxylin and mounted with xylene. 

In negative controls normal serum or IgG of the appropriate species (Dako) was 

used instead of primary antibody. 

Quantification of invasion from AE1/AE3- and E-cadherin-immunostained 

histological sections was performed to identify carcinoma cells according to a 

previously published protocol (Nurmenniemi et al. 2009). Briefly, images were 

recorded at 100× magnification with a DMRB photomicroscope connected to a 

DFC-480 camera using QWin V3 software (all from Leica Microsystems, 

Heerbrugg, Switzerland). The areas of immunostained non-invading and invading 

cells were calculated, and the average invasion depth per microscopic field (the 

distance of the invaded cell clusters from the lower surface of the non-invasive cell 

layer) was measured in each sample. 

A terminal deoxynucleotidyl transferase dUTP nick end labeling assay 

(TUNEL) was used to quantify the amount of apoptosis of endostatin over-

expressing cells and control HSC-3 cells grown on collagen organotypic cultures 

as well as on myoma tissue. The experiment was carried out according to 

instructions of the In Situ Cell Death Detection Kit (Roche). Apoptotic nuclei were 

stained bright green. Quantification was performed by measuring the percentage of 

TUNEL positive green cells per field at 200× magnification. 

Organotypic cultures were stained with Ki-67 to detect the number of 

proliferating cells as described previously, except for antigen retrieval that was 

performed by microwaving the samples in Tris/EDTA. Quantification was 

performed by counting the number (collagen gel and myoma disks) of the Ki-67 

positive cells or determining the percentage (xenograft tumor) of the Ki-67 positive 

cells per field at 200× magnification. 

For caspase-3 staining of apoptotic nuclei, the slides were deparaffinized and 

antigen retrieval was done in 0.01 M EDTA in a boiling water bath. The endogenous 

peroxidase activity was blocked in 3% H2O2 in methanol. The staining was done 

with a Histomouse SP-KIT (Invitrogen). The primary antibody (cleaved caspase-3 

D175, 1:200 in 1% BSA in PBS, R&D Systems) was incubated overnight at +4 °C. 
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The slides were incubated in secondary antibody (Invitrogen) for 30 min RT and 

the enzyme conjugate (Invitrogen) for 10 min. Subsequently, the slides were 

incubated in substrate–chromophore mixture (Invitrogen) for 8 min RT, and 

embedded in Cole’s hematoxylin and mounted. Quantification was performed by 

determining the percentage of the caspase-3 positive cells per field at 200× 

magnification. 

3.5 Cell migration assays 

Arr-HSC-3 and Es-HSC-3 and control cells (Ctrl-HSC-3) were cultured to 

confluence in chamber slides (Lab-Tek, Nunc, Rochester, NY). A scratch wound 

was created by using a pipette tip (1000 µl, ART, Molecular Bioproducts, San 

Diego, CA). Then the cells were left to grow for 0, 16 or 48 hours. After that the 

slides were fixed in 10% trichloroacetic acid (TCA), washed and stained with 

crystal violet. Wound healing was analyzed using a light microscope (Leica 

Microsystems). 

For Transwell® migration experiments, membrane inserts with 8 µm pores 

(Corning) were stabilized with 600 µl cell culture media for 1 hour before the cells 

were added. 30 000 GF, CAF or HSC-3 cells were plated in the same density on 

upper cell chambers of Transwell inserts. The media contained either 100 nM 

recombinant arresten or endostatin and the cells were left to migrate overnight. The 

next day, the cells were fixed in 500 µl 10% TCA for 15 minutes. The cells were 

washed three times, allowed to dry and stained with 500 µl 0.1% crystal violet. 

Cells on the upper side of the membrane were removed with a cotton swab. 

Membranes were detached from the inserts by using a scalpel and attached to glass 

slides. The number or the area of cells that had migrated to the underside of the 

membrane were counted under a microscope. 

3.6 Ethical considerations 

The human myoma studies were approved by the Ethical Committee of Oulu 

University Hospital, Finland (8/2006, 26/2006 and 4/2014). The mouse studies 

were approved by the ethics committees of the State Provincial Offices of Oulu and 

Southern Finland (permit numbers OLH-2006-02521/Ym-23, OLH-2006- 

01987/Ym-23, ESLH-2008-03956/Ym-23, ESLH-2008-09631/Ym-23). The 

carcinoma cell injections were performed under isofluran anesthesia.  Mice were 

euthanized after tumors reached more than a 10 mm diameter. 
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4 Results 

4.1 Tongue carcinoma cell invasion pattern depends on the 

microenvironment 

To study how the microenvironment affects cancer cell invasion, HSC-3 cells were 

cultured on collagen gels and on myoma organotypic matrix (Fig 1 in I). 

Experiments were ended at three different time points (2, 8 and 14 days). After that 

histological sections were stained with anti-pancytokeratin AE1/AE3 to identify 

invasion of HSC-3 cells. Maximal invasion depth and invasion area were measured. 

In the myoma model the cells invaded 8.2-fold deeper compared to the collagen 

model, whereas the invasion area was almost the same in both organotypic models 

(Fig 1B-C in I). In addition the pattern of invasion differed between the models; in 

the collagen gel the cells invaded as connected chains while in the myoma model 

they invaded as single cells or clusters (Fig 1A in I). In contrast to the collagen gel 

model, the cells formed a thick non-invasive cell layer on the top of the myoma 

tissue/disc (Fig 1A in I). When the proliferation rate was measured using Ki-67 

staining, we discovered that HSC-3 cells proliferated 2.7-fold faster in the collagen 

gel in comparison to the myoma model (Fig 2 in I). 

4.2 Myoma model is a more complex invasion model than the           

previous invasion models 

To explore reasons for the enhanced invasion of HSC-3 cells in the myoma model, 

histological sections were stained with various ECM and basement membrane 

antibodies such as: collagens I, III and IV and laminins (Fig 3 in I). Because most 

of the stained proteins were localized around carcinoma cells, we hypothesized that 

they were produced by the cancer cells (Fig 3A-D in I). In situ hybridization was 

performed to confirm this. As expected, HSC-3 cells expressed mRNA for 

procollagens I and IV, and the laminin-332γ2-chain (Fig 3 F-G in I). We found that 

myoma tissue also contained many different cell types such as: fibroblasts, 

vimentin (VIM) and smooth muscle (SMA) positive cells, lymphocytes (CD45), 

macrophages (CD68) and endothelial cells (Factor VIII) (Fig 3H-L in I). The results 

of double staining with AE1/AE3 and VIM revealed that some HSC-3 carcinoma 

cells were probably going through epithelial-to-mesenchymal transitions (EMT) 

(Fig 4 in I). To study the effect of cancer cells on ECM degradation, we measured 
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collagen I (ICTP assay) and III degradation (SP99-assay) products from the culture 

media using a radioimmunoassay (RIA). Because invading cancer cells degrade 

collagens, the concentration of degradation products may be a useful tool when 

measuring invasion. The amounts of degraded collagens type I and III increased 

until day 11 when they reached a plateau stage (Fig 5 in I). Because MMPs have 

such an important role in ECM remodeling, we measured the amount of MMPs by 

using gelatin zymography and Western blotting. HSC-3 invasion dramatically 

increased the amount of MMP-9 in the myoma model whereas it had only a 

moderate effect in the collagen gel model. MMP-9 was detected only in the 

presence of HSC-3 cells, which indicates that they are the main source of MMP-9. 

However this could be simply a time correlation between the induction and 

invasion. In contrast, MMP-2 was found in intact myoma and the collagen gel 

model, which means that it is produced by fibroblast and myoma tissue cells (Fig 

6A in I). MMP-1 was found only from collagen gels with fibroblasts (Fig 6B in I). 

On the contrary, HSC-3 cells did not have any effect on the production of MMP-8 

and -13, which indicates that they originate from fibroblasts and myoma tissue (Fig 

6C-D in I). GM6001, a wide range MMP inhibitor was added to organotypic 

cultures to study the role of MMPs in cancer invasion. Invasion and collagen III 

degradation (SP99-assay) was decreased dramatically when GM6001 was added to 

the culture media (Fig 7 in I). Finally, we wanted to investigate whether the myoma 

organotypic invasion model could be applied also to various other types of cell lines. 

Therefore a dysplastic oral keratinocyte (DOK), an oral carcinoma (UK1), a breast 

carcinoma (MDA-MB-231), and two melanoma (Bowes and G361) cell lines were 

cultured on top of the organotypic cultures (Fig 8 in I). The invasion pattern of all 

cell lines was more clearly and distinguishably identified in the myoma organotypic 

assay than in the collagen gel model. Our studies show that the myoma organotypic 

assay contains several different kinds of cells and molecules that are normally 

present in TME and that it is suitable for various cell invasion experiments. 

4.3 Collagen IV derived arresten inhibits tongue carcinoma cell 

migration and invasion 

Arresten is an endogenous anti-angiogenic molecule that is cleaved from collagen 

IV. It is already known that arresten inhibits angiogenesis, but we investigated its 

direct effects on tongue carcinoma migration and invasion. We used HSC-3 cells 

that were stably transfected to over-express arresten (Arr-HSC). Arresten inhibited 

HSC-3 cell migration in Transwell assays and in scratch wound assays when 
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compared to control HSC-3 cells (Ctrl-HSC) (Fig 1A and C-D in II). The 

observation was confirmed with recombinant arresten in a Transwell assay (Fig 1B 

in II). To see how arresten affects HSC-3 cell invasion in vivo, we injected one 

million HSC-3 cells subcutaneously into nude mice. Tumors were allowed to grow 

16 days before the experiment was ended. Arr-HSC tumors grew significantly 

slower than control tumors and invasion into the surrounding tissues was reduced 

(Fig 2A-B in II). When histological sections from tumors were stained with Ki-67, 

it was discovered that arresten overexpressing tumors had less proliferation (Fig 

2D-E in II). As expected, arresten reduced tumor vessel density (Fig 2F-G in II). 

To gain more detailed information about arresten’s effect on invasion, we cultured 

Ctrl-HSC and Arr-HSC cells on the top of the collagen gel model. E-cadherin 

staining of the histological sections showed that E-cadherin staining remained 

strong and that the presence of arresten almost completely prevented the invasion 

of Arr-HSC cells (Fig 3A-C in II). However, there was only a small difference in 

E-cadherin staining between cell lines in the non-invading top cell layer (Fig 3A 

and D in II). When Arr-HSC cells were cultured on top of the myoma discs, 

arresten’s invasion inhibiting effect was diminished.  There was no significant 

difference between Arr-HSC and Ctrl-HSC cells in invasion depth and area in the 

myoma invasion model (unpublished data). 

4.4 Arresten causes morphological changes and affects cell-cell      

contacts in tongue carcinoma cells 

Arresten overexpressing cells stained strongly with anti-E-cadherin in the collagen 

gel model, as did the top cell layer of the control cells (Fig 3A in II). When we 

observed Arr-HSC cells more closely under cell culture conditions, it was 

discovered that they had a flatter, less spindle-shaped phenotype and grew in thick 

clusters when compared to Ctrl-HSC cells (Fig 4A in II). The greater amount of E-

cadherin in Arr-HSC cells was verified by staining cell cultures and by Western-

blotting (Fig 4B-D in II). The amount of E-cadherin protein was 1.6-fold and E-

cadherin mRNA 1.9-fold compared to Ctrl-cells (Fig 4D-E in II). 

4.5 Arresten decreases proliferation and increases apoptosis of 

tongue carcinoma cells 

Since Arr-cells have decreased proliferation in mice, we investigated whether they 

had the same effect in the collagen gel organotypic model. Arr-HSC cells did have 
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a lower proliferation rate even though it was not statistically significant (Fig 5A-B 

in II). A TUNEL assay revealed that Arr-HSC cells had much more cell death than 

Ctrl-HSC cells (Fig 5C-D in II). TUNEL detects all kinds of cell death whereas the 

staining for cleaved Caspase-3 detects only apoptosis, and Arr-HSC showed 

significantly more apoptosis compared to Ctrl-HSC cells (Fig 5E-F in II). We 

confirmed arrestenʼs apoptosis favoring quality by measuring band intensities of 

anti-apoptotic Bcl-xL and pro-apoptotic Bax protein in Western blots. Arr-cells 

produced 0.8-fold less Bcl-xL than Ctrl-cells and 1.9-fold more Bax (Fig 5G-H in 

II). 

4.6  Arresten mediates its effects in OSCC cells through the α1β1 

integrin receptor 

To learn more about the mechanisms that cause Arr-cell behavior, we used an 

electric cell-substrate impedance sensing (ECIS) assay. The assay measures cell 

attachment, spreading and the strength of cell-cell contacts by measuring changes 

in impedance. Changes in impedance can be caused by alterations in cell inherent 

dielectric properties, formation of cell-cell junctions or cell-substrate interactions. 

The Arr-HSC cells had much higher impedance compared to the control cells (Fig 

6A in II). This means that Arr-HSC cells formed tighter cell-cell contacts 

confirming our earlier discoveries with E-cadherin (Fig 4 in II). β1 integrin affects 

expression of E-cadherin, cell motility and EMT (Avizienyte et al. 2002, Zhang et 
al. 2006, Canel et al. 2010, Wells et al. 2011). HSC-3 cells express α1β1 and α2β1 

integrin receptors (unpublished FACS data). We cultured Arr-HSC cells in the ECIS 

assay with and without antibodies that block α1β1 and α2β1 integrin receptors. α1 

antibody decreased the spreading of Arr-HSC compared to non-treated HSC-3 cells, 

whereas it did not affect Ctrl-HSC spreading. The α2 antibody efficiently silenced 

cell spreading of both cell lines (Fig 6B-C in II).  

4.7 Endostatin inhibits OSCC invasion but increases their 

proliferation and decreases apoptosis 

Another, and more well-known endogenous anti-angiogenic molecule is endostatin, 

which is cleaved from collagen XVIII. To study the effect of this molecules on the 

invasion of HSC-3 cells, we stably transfected HSC-3 cells to over-express 

endostatin (Es-HSC). Control HSC-3 cells were transfected with blank vector (Ctrl-

HSC). First we cultured Es-HSC cells on the top of the collagen gel. Endostatin 
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decreased the invasion of HSC-3 cells significantly (Fig 1A-C in III). Surprisingly, 

Es-HSC cells formed a much thicker non-invasive cells layer on the top of the gel, 

when compared to Ctrl-cells (Fig1A and D in III). To determine the reason for this, 

we stained gel sections with Ki-67, which showed more proliferation in Es-HSC 

cells (Fig 2A-B in III). Then the sections were stained with TUNEL and Caspase-

3. There was no difference in TUNEL, but Caspase-3 showed significantly less 

apoptosis in Es-HSC compared to the control cells (Fig 2C-F in III). To see if Es-

HSC cells had similar effects in a mouse tumor model, we injected 1 million Es-

HSC and Ctrl-HSC cells subcutaneously into mice. When histological sections 

from tumors were analyzed it was discovered that Es-tumors grew much faster (Fig 

3A-B in III). Ki-67 staining revealed that Es-tumors had a tendency toward 

increased proliferation even though the difference was not statistically significant 

(Fig 3C-D in III). Interestingly, even though endostatin tumors were larger, they 

showed diminished invasion into the surrounding tissues when the borders of the 

tumors were examined by a pathologist (Fig 3G in III). 

4.8 OSCC interact with fibroblasts 

Next we investigated how Es-HSC-3 cells would behave in the myoma organotypic 

invasion assay. Surprisingly, endostatin did not have an invasion inhibiting effect 

in the myoma model in contrast to the in vivo mouse results (Fig 4A-B and D-E in 

III). However, Es-HSC cells continued to form a thicker non-invasive cell layer on 

the top of the myoma disc (Fig 4C-E in III). When myoma sections we stained with 

Ki-67, Es-HSC cells showed a significantly higher proliferation rate compared to 

the Ctrl-HSC cells, a result similar to the other invasion assays (Fig 5A-B in III). 

Our hypothesis is that myoma tissue itself contains factors that may reverse the 

anti-invasive effects of endostatin. Other possible reason why endostatin failed to 

decrease invasion is that endostatin needs living fibroblasts to meditate its invasion 

inhibiting effect. When intact myoma tissue was stained with TUNEL, we found 

that all the myoma cells were TUNEL-positive (Fig 5C in III). To gain more 

information about interactions between endostatin and fibroblasts, we studied how 

recombinant endostatin affects the migration of human gingival fibroblasts (GFs) 

and cancer associated fibroblasts (CAFs) in Transwell migration assays. 

Recombinant endostatin significantly decreased the migration of GFs (Fig 5D in 

III). However, it had no effect on CAFs (Fig 5E in III). We speculate that endostatin 

could inhibit invasion of HSC-3 cells through fibroblasts.  
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5 Discussion 

5.1 Composition of cancer microenvironment significantly affects 

cancer invasion 

Cancer invasion and metastasis involves a combination of many different kinds of 

cells and molecules. The myoma invasion model resembles TME by containing 

cells and molecules that are normally present in tumor stroma and is therefore a 

more complex environment compared to the previous animal-matrix derived 

collagen or Matrigel® models. The importance of ECM to cancer invasion was 

demonstrated distinctly when we compared the myoma organotypic invasion assay 

to the much simpler collagen invasion assay. The myoma tissue contains laminins 

and collagens (type I, III, and IV) as well as different kinds of cells like fibroblasts, 

smooth muscle cells, myofibroblasts, lymphocytes, macrophages and endothelial 

cells, although they were later found to be mostly apoptotic. What makes 

leiomyomas an interesting invasion model is their ability to possess features of 

malignant tumors. Unlike other benign tumors uterine leiomyomas seem to spread 

by branching similarly to malignant tumors (Mehine et al. 2015). Also leiomyomas 

are known to metastasize outside of the uterus (Taftar et al. 2014, Mahmoud et al. 
2014).  

HSC-3 tongue cancer cells invaded much deeper in the myoma model 

compared to the collagen invasion assay. The type of invasion also differed 

between the invasion models.  In the collagen model cells invaded as chains of cells 

whereas in myoma they invaded as single cells as well as multicellular small 

clusters. The latter mentioned type of invasion resembles collective migration that 

can be seen in the tumor invasion in vivo (Clark & Vignjevic 2015). Cancer patients 

typically have this kind of circulating clusters in their blood. These clusters are 

known to colonize into secondary organs and are related to a poor prognosis (Aceto 

et al. 2014, Satelli et al. 2015). In this kind of collective migration cells can 

maintain either an epithelial or mesenchymal phenotype that can be divided into 

leading and following cells. While mesenchymal cells are invading, epithelial cells 

are known to form metastatic tumors. Metastasis requires both, mesenchymal and 

epithelial cells that co-operate in this process (Tsuji et al. 2008). The lack of 

invasive ETM cells was also probably one of the possible reasons that arresten 

overexpressing HSC-3 cells were unable to invade into the collagen model, mouse 
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xenograft and rinsed myoma (unpublished data) as arresten seems to promote the 

opposite MET event.  

Ki-67 staining, which detects proliferating cells, is widely used in the diagnosis 

and prognosis of cancer (Kontzoglou et al. 2013). However, in our studies HSC-3 

cells had a higher proliferation rate in collagen than in the myoma model. This is 

important, because cells cannot move while they are proliferating. Cancer cells tend 

to switch off their proliferation during EMT (Evdokimova et al. 2009). A similar 

kind of effect was seen with endostatin overexpressing HSC-3 cells in the mouse 

xenograft model where endostatin tumors grew larger and had increased 

proliferation but had less invasion compared to the smaller control tumors.  

The myoma invasion model was shown to be suitable for invasion studies with 

various other cell lines. Besides HSC-3 tongue SCC, we used dysplastic oral 

keratinocytes (DOK), oral carcinomas (UK1), breast carcinomas (MDA-MB-231) 

and two different melanomas (Bowes and G361). Compared to the collagen model, 

cell invasion patterns in the myoma model were more distinct. Especially DOK, 

UK1 and G361 showed only little or no invasion at all in the collagen gel but in the 

myoma model invasion was clearly visible. Even invasive Bowes melanoma had 

only minor invasion in collagen whereas in myoma invasion was similar to the 

aggressive HSC-3. Since first reported by Nurmenniemi et al., the myoma invasion 

model has been used successfully in several different studies (Nurmenniemi et al. 
2010, Aikio et al. 2012, Dayan et al. 2012, Vilen et al. 2012, Bitu et al. 2013, Lee 

et al. 2013, Salo et al. 2013, Teppo et al. 2013, Kauppila et al. 2014, Korvala et al. 
2014, Magnussen et al. 2014, Simmons et al. 2014, Ahmed Haji Omar et al. 2015, 

Alahuhta et al. 2015, Mäkinen et al. 2015, Pirilä et al. 2015, Ukkonen et al. 2015, 

Vered et al. 2015) 

Cancer invasion requires optimal conditions where synergies between different 

kinds of cells and molecules allow cells to penetrate further into the stroma. 

Especially the role of fibroblasts has been shown to be crucial in this process. 

Together with proteases they create tracks that cancer cells tend to follow (Gaggioli 

et al. 2007). However, our TUNEL staining revealed that most of the cells in the 

myoma tissue are dead. In our experiments arresten (unpublished data) and 

endostatin failed to decrease HSC-3 invasion in the myoma model. However, 

endostatin did inhibit HSC-3 invasion in the collagen model that contains living 

fibroblasts and decreased the migration of human gingival fibroblasts in 

Transwell® migration chambers. This leads to our speculation that endostatin 

meditates its cancer inhibiting effect through living fibroblasts. Interestingly, even 

though arresten tumors were the smallest and endostatin tumors the largest, the 
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arresten tumors had slightly more invasion that the endostatin tumors. In fact, none 

of the endostatin tumors had the highest invasion scores. This just underlines the 

fact that the larger tumors are not always the most dangerous. It is the ability to 

invade and metastasize that makes the tumor fatal. 

MMPs can either facilitate or hinder invasion of cancer cells (Cauwe et al. 
2007). Activated MMP-9 is up-regulated in the myoma model compared to the 

collagen model when HSC-3 cells were cultured on top of the invasion models.  

Previously it has been shown that the amount of MMP-9 increases when malignant 

HaCaT tumor cells are in contact with stromal fibroblasts in vitro (Borchers et al. 
1997). Compared to the myoma, the collagen model had more MMP-1 and its level 

was increased in the presence of HSC-3. Intact myoma contained more active 

MMP-2, MMP-8, and MMP-13, which may explain why HSC-3 cells invaded 

better in the myoma. MMP-2 and MMP-9 are gelatinases that can degrade ECM as 

well as many other biological substrates and thereby promote cell invasion and 

angiogenesis. Elevated levels of gelatinases have been associated with poor patient 

survival (Jacob & Prekeris 2015). However, despite generally being considered to 

be pro-invasive, some evidence shows that over-expression of MMP-9 decreases 

angiogenesis in breast carcinoma by increasing the generation of endostatin 

(Bendrik et al. 2008, Luukkaa et al. 2010). Endostatin is known to inhibit the 

activity and catalytic activation of MMP-9 and has a slightly reducing effect on the 

activation of MMP-2 (Nyberg et al. 2003, Nyberg et al. 2005), thus the regulation 

can be reciprocal. This indicates that endostatin might have a self-regulating role 

in cancer progression and at least some of its protective effect in carcinoma 

development is meditated through MMPs. While MMP-9 may have both protective 

qualities against cancer, MMP-2 is known to promote tumor invasion and 

metastasis (Nakamura et al. 1999), whereas a low level of MMP-2 is linked to good 

prognosis (Jezierska & Motyl 2009). A recent study shows that arresten inhibits 

activation of MMP-2 and increases TIMP-2, which reduces MMP-2 activation even 

more. In animal experiments, arresten showed integrin independent inhibition of 

angiogenesis, tumor growth and active-MMP-2 (Sudhakar et al. 2014). This 

indicates that besides inhibition of the mitogen-activated protein kinase (MAPK) 

signaling pathway, arresten reduces angiogenesis in an integrin independent 

pathway via MMPs. 
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5.2 Collagen derived polypeptides arresten and endostatin directly 

affect the OTSCC  

It has been recognized for a long time that arresten and endostatin are anti-

angiogenic molecules that reduce the formation of new capillaries. Here we showed 

that besides their effect on the endothelial cells they also directly affect cancer cells 

making them less invasive. Arresten not only inhibited HSC-3 squamous tongue 

carcinoma cell migration and invasion in vitro, but it increased apoptosis of cancer 

cells as well. In mouse xenografts arresten overexpressing HSC-3 cells formed 

smaller tumors with less local invasion. Similarly to arresten, endostatin also 

showed reduction of HSC-3 migration in 2D in vitro experiments and decreased 

invasion in a 3D collagen/Matrigel organotypic model. 

We tested the effect of arresten and endostain in the myoma organotypic culture 

developed by our group, and unexpectedly, neither arresten nor endostatin had any 

effect on HSC-3 invasion in myoma. However, endostatin overexpressing HSC-3 

cells formed a thick non-invasive cell layer on the top of the myoma similarly to 

the collagen model. The lack of an invasion inhibiting effect may be a result of the 

fact that myoma tissue itself contains so many different kinds of growth factors and 

proteases that they may overcome the inhibiting effect of arresten and endostatin. 

This may be one of the reasons why endostatin has not been successful in clinical 

trials (Kulke et al. 2006). When myomas where rinsed with culture medium to 

remove the soluble factors, arrestenʼs invasion inhibiting effect was restored 

(unpublished data). Ki-67 staining revealed that endostatin increased proliferation 

of HSC-3 in the myoma model and it might be that this cloaks endostatinʼs effect 

on cancer cell invasion.  Endostatinʼs ability to increase proliferation was also seen 

in a mouse model where endostatin tumors where the largest but had less local 

invasion than the control or arresten tumors which were much smaller. This 

indicates that larger tumors are not always the most aggressive, although local 

invasion is not a uniform marker of aggressiveness. In cancer patients, endostatin 

levels are often elevated and studies have shown that the removal of the primary 

tumor decreases plasma levels of endostatin and increases angiogenesis in 

secondary tumors (Cao et al. 1998). It might be that these large, but not so 

aggressive, primary tumors may reduce the invasion ability of secondary tumors by 

producing anti-angiogenic molecules such as endostatin (Guba et al. 2001). 

Arresten induced HSC-3 cells to change their phenotype from single spindle 

like mesenchymal cells to more epithelial like cells that grew packed as tight 

clusters. This was probably due to the increased expression of E-cadherin that links 
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the cells together. E-cadherin staining can be used to quantify invasion because 

cell-cell contacts and thus staining becomes weaker when cells invade. It explains 

at least partly the arresten's anti-invasive qualities as it is well documented that the 

loss of cell-cell attachment leads to the EMT that is crucial for cancer invasion and 

metastasis (Yilmaz & Christofori 2009). Other studies have also confirmed our 

observation about arresten’s ability to decrease tumor growth and vessel formation 

in mice (Lv & Zheng 2012). This supports our presumption that arresten causes 

cells to undergo an opposite MET event.  However, in the cell culture flasks 

endostatin over-expressing HSC-3 cells did not differ from control HSC-3 as they 

maintained their spindle like phenotype (unpublished data). The effect of endostatin 

on HSC-3 migration in the 2D scratch wound assay was much less dramatic than 

that of arresten. Also endostatin did not increase HSC-3 apoptosis but on the 

contrary decreased it. This indicates that the invasion inhibiting effect of endostatin 

is independent from a MET and that endostatin might deliver its effect at least partly 

through fibroblasts. 
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Fig. 3. Effect of arresten and endostatin on cell invasion and migration in different 

environments. Anti-invasive effect of arresten and endostatin depends greatly on TME. 

For example arresten was able to decrease invasion of tongue carcinoma cells in a 

collagen invasion model, but did not have any effect in the myoma invasion model. 

However, after myoma discs were rinsed, arrestenʼs anti-invasive effect was restored. 

5.3 Future perspectives of arresten and endostatin in clinical use  

Even though endostatin is in clinical use in China where it has been discovered to 

be beneficial when treating non-small cell lung cancer (NSCLC) (Rong et al. 2012), 

it did not fulfill expectations and failed the phase II clinical trials in the United 
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States (Folkman 2006, Kulke et al. 2006). One explanation might be that the 

recombinant endostatin that was used in clinical trials in the USA lacked the nine 

N-terminal amino acids that commercial recombinant endostatin, called Endostar, 

contains. This N-terminus binds one zinc ion and is critical for the stability and 

biological functions of endostatin (Fu & Luo 2010). Besides NSCLC, studies made 

in China have shown that Endostar does have a higher tumor response rate with 

chemotherapy than chemotherapy alone when treating breast cancer (Chen et al. 
2013), colorectal cancer (Chen et al. 2015), cervical cancer (Ke et al. 2012), head 

and neck squamous cell carcinoma and nasopharyngeal carcinoma (Ye et al. 2014). 

Our studies on tongue carcinoma show that endostatin has anti-tumoral properties 

in vivo.  

Arresten is not as widely studied as endostatin and we were the first to show 

that it directly affects the cancer cells making them less invasive and increasing 

their apoptosis. A recent study shows similar results as adenoviruses loaded with 

arresten and tumor necrosis factor‑related apoptosis‑inducing ligand (TRAIL) 

genes were able to enhance lung cancer tumor inhibition in vivo (Li et al. 2015). 

These findings indicate that arresten might have beneficial properties similar to 

endostatin when treating cancer patients. However, as our studies have shown, the 

effects of arresten and endostatin depends greatly on dosage, cancer cell type and 

TME. 

5.4 TME included in the future cancer diagnostics and treatment 

Because TME has such a prominent role in cancer invasion and metastasis, for 

cancer research and finding new treatments it is extremely important to create new 

invasion models that mimic the natural human TME. In vitro assays have several 

advantages over in vivo assays as they are easy to handle, highly reproducible, less 

expensive, suitable for drug testing and they usually allow analysis during the 

experiment. One should always favor 3D models over 2D, because studies have 

shown that metabolic features (Hauptmann et al. 1995, Santini et al. 2004) and drug 

sensitivity (Weaver et al. 2002, Padron & Peters 2006, Fischbach et al. 2007) 

depend on the dimensionality of the environment. In this study anti-

angiogenic/anti-invasive arresten and endostatin molecules also had different 

effects depending on the TME. Especially spheroids have been observed to have 

cell–cell and cell–matrix interactions, metabolic gradients, cellular viability, 

cellular differentiation, and mechanisms involving gene regulation, cell cycle 

control, and DNA repair that are similar to those in vivo (Kimlin et al. 2011).   
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The myoma invasion model was shown to more closely resemble the TME 

compared to the classical gel model. One benefit of the myoma model is that most 

of the current invasion models are based on murine ECM which has been shown to 

differ from human ECM in porosity and stiffness, which affects cell migration and 

invasion (Wolf et al. 2009). Other factor that makes the myoma model an 

interesting tool for cancer research is that it resembles malignant TME (Mehine et 
al. 2015).  However, it has its own problems. First, myoma tissue is not a 

homogeneous matrix, so myoma discs can differ greatly from each other, for 

example having different numbers of blood and lymphatic vessels. Secondly, 

because TUNEL staining showed that most of the cells in the myoma tissue are 

apoptotic, it is possible that lysosomal contents etc. released from the dead cells 

may have an impact on cell invasion. Thirdly, the composition of the myoma can 

vary between different donors, even though this can also be seen as a benefit as 

there has been considerable interest in personalized medicine. These problems were 

solved in a new invasion model developed by our research group. In that model, 

homogenized myoma tissue is mixed with low-melting agarose which proved to be 

applicable in Transwell® invasion and capillary formation assays (Salo et al. 2015).  

In the future, ideally we would use specially targeted molecular therapies using 

the patient’s own cells for in vitro preclinical testing. It would thus be possible to 

develop the best treatment for the patient’s specific needs. As it has been shown in 

this study, the TME is a complex system containing numerous factors that interact. 

Therefore the goal is to use as realistic an environment as possible when studying 

cancer cell behavior or developing new treatments.  
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