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“A scientist in his laboratory is not a mere technician:
he is also a child confronting natural phenomena that impress
him as though they were fairy tales”

- Marie Sklodowska Curie
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ABSTRACT

Prostate cancer, with an estimated 1.3 million new cases and 360,000 deaths every
year, affects elderly men worldwide. Prostate cancer can either develop slowly
without symptoms or aggressively by quickly disseminating the disease. To move,
cancer cells need to adhere to the extracellular matrix (ECM) and this is crucial for
the development of metastases. Prostate cancer cells metastasize mainly to nearby
organs and to the bones, where the tissue microenvironment is mainly built by
collagens. The stem cell-like cells in prostate cancer are known to express high
levels of integrin a2P1, a collagen receptor. Here we studied the role of integrin
a2pB1 in the motility, survival and signaling of prostate cancer cells. In addition, we
analyzed the ECM in the prostate and also the matrix produced by prostate-derived
primary fibroblasts in vitro using mass spectrometry and proteomics.

This thesis consists of work published in two separate articles and one
manuscript. The first part focuses on the role of integrin a2p1 in prostate cancer
cells. In the study DU145 cells were treated with the cytotoxic drug docetaxel and
analyzed by flow cytometry. Cell sorting, genome editing with CRISPR/ Cas9 and
RNA sequencing were also used. In addition, 3D cell culture, migration and
invasion assays were used throughout the study. The second part of this thesis
focuses on the ECM of the human prostate. Surgically removed prostates were
used to extract ECM proteins, which were analyzed by mass spectrometry to study
the molecular composition of the matrix. Prostate tissue was also used to isolate
primary fibroblasts. The fibroblasts were propagated in cell culture to study their
influence on DU145 and PC3 prostate cancer cells in vitro. Using this approach we
were able to study the ECM produced solely by fibroblasts or in co-culture with
cancer cells. We also investigated further the effect of fibroblasts and the ECM on
cancer cell motility and observed that fibroblasts induce DU145 cancer cell
invasive capability and in co-culture enhance ECM synthesis and its active
remodeling.

In conclusion, this thesis showed that a21 integrin is essential for cancer cell
dissemination. In addition integrin 0231 downregulates the proliferation of prostate
cancer cells and due to this selection pressure favors the o2f1°V"egdve dayughter
cells of the stem cell like cells. The ECM is synthesized mainly by fibroblasts and
the active rearrangement of the ECM is regulated by fibroblast-cancer cell
crosstalk.

KEYWORDS: prostate cancer, extracellular matrix, fibroblasts, integrin o2f1,
invasion
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TIVISTELMA

Eturauhassy6pa on yleinen, pddasiassa idkkdiden miesten tauti. Eturauhassyopéa voi
olla hidas ja oireettomasti etenevd, tai nopeasti etenevd ja -etdpesdkkeitd
muodostava sairaus. Jotta syOpasolut voisivat liikkua ja muodostaa etdpesédkkeits,
niiden on sitouduttava soluviliaineeseen kollageenireseptori-integriinin vélityk-
selld. Eturauhassyopd muodostaa etdpesdkkeitd pddasiassa eturauhasen ldhelld
oleviin elimiin ja luuhun, jossa solujen mikroympéristo sisiltdd paljon kollageenia.
Eturauhassy6véin kantasolukaltaiset solut ilmentévét runsaasti kollageenireseptori
02pB1-integriinid. Téssd tyOssd olen tutkinut o2pl-integriinin roolia eturauhas-
syovin solujien liikkumisessa, elonjddmisessé ja signaloinnissa. Liséksi, eturauha-
sen soluviliainetta ja eturauhasesta eristettyjen fibroblastien tuottamaa soluvili-
ainetta tutkittiin proteomiikan menetelmill.

Viitoskirjatutkimukseni koostuu kolmesta osatydstd, joista kaksi on julkaistu
kansanvélisissad tieteellisissd julkaisuissa ja viimeinen osatyd on kisikirjoitus.
Ensimmaisessd osatyOssd keskityttiin - a2 1-integriinin rooliin eturauhassyopa-
soluissa. Ty0ssa kaytettiin yleisesti saatavilla olevia eturauhassydvén etipesikkeisis-
td eristettyjd solulinjoja DU145 ja PC3, joita kisiteltiin doketakseli syopélddkkeelld.
Tutkimusmenetelmind  kéytettiin  virtaussytometriaa, genomin  muokkausta
CRISPR/Cas9-menetelmalla sekd RNA-sekvensointia. Lisdksi koko vaitdskirjatyossi
kaytettiin metodeina 3D-soluviljelyd ja solusferoidien migraatio- ja invaasiokokeita.
Toisessa osatydssd keskityttiin - eturauhasen soluvéliaineeseen. Sitd tutkittiin
eristimilld soluvilinaineen proteiineja kirurgisesti poistetuista eturauhasista ja
analysoimalla soluvéliaineen koostumusta massaspektrometrian avulla. Eturauhasista
my0s eristettiin fibroblasteja ja tutkittiin niiden vaikutusta DU145- ja PC3-
syOpdsoluihin. Néin oli mahdollista analysoida sekd fibroblastien yksin tuottamaa
soluviliainetta ettd niiden yhteisviljelmissd syOpdsolujen kanssa tuottamaa
soluviliainetta. Lisdksi tutkimme fibroblastien ja soluvilinaineen vaikutusta
syopdsolujen liikkuvuuteen. Tuloksemme osoittavat, ettd yhteisviljelmissé
syopasolujen kanssa fibroblastit lisddvat syOpdsolujen liikkuvuutta ja lisdksi
soluvéliaineen tuotanto ja sen muokkaus lisdédntyy.

Yhteenvetona viitoskirjatyon tulokset osoittavat, etti a2p1-integriinin
ilmentyminen on tdrkedd eturauhassyopésolujen liikkumiselle. Lisdksi osoitimme
02pB1-integriinin hidastavan solujen jakaantumista, mikd selittdd a2f1-integriinin
viahdisen mddrdn kantasolujen kaltaisten solujen tytdrsoluissa. Péddasiassa
fibroblastit tuottavat eturauhasydvin soluvéliaineen ja sen aktiivinen muokkaa-
minen tapahtuu syopéasolujen ja fibroblastien yhteisvaikutuksesta.

AVAINSANAT: eturauhassydpd, a2 1-integriini, soluvéliaine, invaasio, fibroblastit
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ABSTRAKT

Iga aastal haigestub 1.3 miljonit ja sureb 360 000 meest eesnddrmevahi tottu iile
maailma. See on liks sagedamaid vihkkasvajaid meestel, millesse haigestumise risk
kasvab vanusega. Eesnddrmevihi progresseerumine voib olla aeglane ilma
stimptomiteta vOi vastupidiselt agressiivne ja kiiresti metastaseeruv. Eesnddrmevahk
levib peamiselt ldhedal asuvatesse organitesse, aga ka luudesse, mis koosnevad
peamiselt kollageenist. Viahirakud kinnituvad rakuvaheainele ehk ekstratsellulaarsele
maatriksile, see on vajalik nende rakkude litkkumiseks kudede siseselt ning metastaaside
moodustamiseks. Varasematest teadustoddest on teada, et eesnddrme tiivirakud
ekspresseerivad palju kollageeni retseptorit - a2p1 integriini. Kiesolevas t60 peamine
eesmark oli uurida 21 integriini rolli eesnddrmevahi rakkude liikumises, elulemuses
ja signaaliseerimises. Teiseks t06 uurimisobjektiks oli rakuvaheaine: nii eesniddrmes in
vivo toodetud rakuvaheaine, kui ka koest eraldatud fibroblastide poolt koekultuuris
toodetud ekstratsellulaarne maatriks.

Kiesolev doktorito6 koosneb kahest artiklist, mis on avaldatud rahvusvaheliselt
tunnustatud teadusajakirjades ja iihest késikirjast. Doktorit0d esimene osa baseerub
a2PB1 integriini uurimisel kommertsiaalses eesnddrmevéhi rakuliinis DU145.
Pohilisteks rakendatud meetodideks olid DU145 rakkude kasitlemine tsiitotoksilise
ravimiga Docetaxel, ldbivoolu tsiitomeetria analiiiis, rakkude sorteerimine, genoomse
DNA modifitseerimine CRISPR/Cas9 siisteemi abil ja RNA-sekvenseerimine. Lisaks
eelnevale on kogu t66s kasutatud 3D rakukultuuri, migratsiooni ja invasiooni
eksperimente. T60 teine osa keskendub inimese eesnddrme rakuvaheaine koostise
uurimisele. Selleks analiiiisisin inimese eesnddrme koest isoleeritud ekstratsellulaarse
maatriksi molekulaarset koostist mass spektromeetria abil. Tdiendavalt uurisin in
vitro siisteemis eesnddrme koest eraldatud fibroblastide rakuvaheaine tootmist tiksi ja
koos DU145 vo6i PC3 vihi rakkudega. Lisaks uurisin pdhjalikult fibroblastide ja
rakuvaheaine moju vahirakkude liikumisvoimele. Tulemuste pohjal voib véita, et
fibroblastid mojutavad positiivselt DU145 viahirakkude litkumist kollageenist geelis.
Lisaks toimub ko-kultuuris rohke maatriksi valkude tootmine ning nende aktiivne
remodelleerimine.

Kokkuvotvalt, kéesolev doktoritod néditab, et integriin a2l on vajalik
eesnddrmevahi vahirakkude litkumiseks ja samas vdahendab rakkude jagunemist,
seetOttu enamikes vahirakkudes ekspressioon viheneb. Eesnddrme rakuvaheaine on
pohiliselt toodetud fibroblastide poolt ja selle aktiivne remodelleerimine toimub
fibroblastide ja véhirakkude koostéona.

MARKSONAD: eesnddrmevihk, a2l integriin, rakuvaheaine, invasioon,
fibroblastid
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1 Introduction

Adenocarcinoma of the prostate is a common cancer type in elderly men. The
aggressive form of the disease, called castration-resistant prostate cancer (CRPC),
has limited treatment options and remains incurable. One of the main mechanisms
of invasive, treatment-resistant malignancies is suspected to be the existence of
cancer stem-like cells (CSCs). Prostate tissue stem cells and also CSCs can be
identified using integrin a2f1. However, the expression of integrin a231 has been
shown to disappear in high Gleason score cases, especially in poorly differentiated
adenocarcinomas with high Gleason score (Mirtti et al., 2006). As a2p1 integrin is
a collagen receptor, one would assume that ECM, especially the collagenous
matrix is important for CSCs.

The purpose of this study was to investigate the role of integrin o2p1 in
prostate cancer. More specifically, the effect of integrin a2f1 on DUI145 cell
proliferation, motility, drug resistance and gene expression was analyzed by
genomically alterating integrin a2. In addition matrisome of human prostate tissue
was studied using mass spectrometry to determine possible ligands for integrin
021 in prostate ECM. For in vitro studies, human primary prostate fibroblast cells
were isolated and primary cell lines were created. Matrisome of primary human
fibroblasts, DU145 and PC3 cancer cells were studied in an individual and in a co-
culture system.

12



2 Review of the Literature

2.1 Prostate tissue cellular organization

Prostate tissue contains epithelial acini surrounded by fibromuscular stroma. The
epithelial compartment of the mature prostate consists of several cell types:
differentiated luminal cells, which form the major cell type (60% of epithelial
cells) and are responsible for the secretory properties producing seminal fluid,;
basal cells (40% of epithelial cells), and rare neuroendocrine cells that are present
in both the luminal and basal cell layers. Basal cells reside on the basement
membrane (BM) and can be divided into 3 sub-populations: stem cells (SC), transit
amplifying (TA) cells and committed basal cells (BC). Stem cells can give rise to
transit TA cells, which can further differentiate into non-secretory BC, and these
are able to differentiate into luminal cells (Figure 1). The first evidence that
prostate tissue contains non-differentiated progenitor cells came in the 1980s, when
experiments with rodent prostates showed multiple rounds of castration-induced
regression and androgen-induced regeneration of prostate tissue (English, Santen,
and Isaacs 1987). A year later, this idea about progenitor cells was further
supported by the discoveries that BC express low/undetectable levels of the
androgen receptor (AR) and are independent of androgens, whereas differentiated
luminal cells are dependent on AR signaling (Kyprianou and Isaacs 1988).

In a normal prostate, the highest expression of integrin a2p1 is detectable in
basal cells, which use it to bind to BM components, including laminins and
collagen IV. BC differentiation into luminal cells is accompanied by a loss of
adhesion to the basal membrane and a decrease in integrin a2f31 expression. At the
same time, the increased expression of AR in luminal cells supports the idea that in
a normal prostate cell, adhesion to the BM and the expression of AR are separated
to different cell layers. Adhesion to the BM facilitates survival and proliferation
through the transduction of stromal signals, whereas androgen signaling triggers
the secretion of protein and maintains the viability of luminal cells (Knudsen and
Miranti 2006).

13
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Figure 1. Schematic diagram showing the anatomical location of the prostate, tissue
structure and the cellular composition of prostate epithelium. The prostate, an
essential part of the male reproductive system, is located in front of the rectum and
below the bladder. Prostate tissue consists of epithelial ducts and acini surrounded
by fibromuscular stroma. Prostate epithelium consists of an inner layer of
differentiated secretory luminal cells. Tissue stem cells (SC), transit amplifying
(TA) and committed basal cells (BC) reside continuously around luminal cells in
contact with the basement membrane. Neuroendocrine cells and intermediate cell
(expressing both BC and luminal cell markers) are located on both layers. Modified
from https://www.flickr.com/photos/ nihgov/25137782099/ and Rybak et al., 2015 .

More recently it was shown in developmental studies, that cells expressing basal
progenitor marker p63 could develop the entire epithelial cell compartment, with
both basal and luminal cells. This suggests that in adult tissue, p63-positive cells
may also represent progenitor cells that are able to give rise to more differentiated
cells when necessary due to, for example, tissue injury (Signoretti et al., 2005).
Murine and human prostates are somewhat different. In rodents, prostate SCs
are located in the distal region (Kinbara et al., 1996) whereas in human, prostate
SCs are located randomly throughout the acini and ducts (Collins et al., 2001). It is
known that SCs are located in a specialized environment, called a niche, which
supports the balance between quiescence and self-renewal through regulating
asymmetric cell division. Several cell surface markers have been used to identify
human prostate stem cells (PSCs), for example, a high expression of integrin a2f31
on a subset of BCs and rapid adhesion to collagen I (Collins et al., 2001). In
multiple niches, p1-integrin mediated signaling has been shown to be important.
For example, in the mammary gland Bl-integrin is essential for maintaining the

14
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stem cell population and regulating asymmetric division (Taddei et al., 2008). In
another study, prostate sphere-forming cells were restricted to a basal phenotype
and shown to express CD44, a receptor for the extracellular matrix component
hyaluronan, a6 integrin, a laminin receptor, and Trop2 (Garraway et al., 2010).
CD133, typically expressed by hematopoietic and neural SCs (Yin et al., 1997), has
been shown to be expressed also by a subset (less than 1%) of prostate BCs. These
cells generated prostate acini in vivo, consisting of epithelium with both basal and
luminal cells (Richardson et al., 2004). Conclusively, murine prostate SC could be
identified based on the expression of p63, Sca-1, CKS5, a6 integrin, Trop2, CD133
(Lawson et al., 2006; Barclay et al., 2008; Tani et al., 2000; Kinbara et al., 1996)
and human prostate SC based on the surface markers CD44, 021 integrinHigh, a6
integrin, CD133 and Trop2 (Collins et al., 2001; Richardson et al., 2004;
Yamamoto et al., 2012; Trerotola et al., 2010; Goldstein et al., 2008; Taylor et al.,
2012).

2.2 Prostate cancer statistics

The statistics for prostate cancer (PRC) show that it is a major health problem all
over the world. Globally, PRC is the second most diagnosed cancer, having
approximately 1.3 million new cases, and the 5th cause of cancer-related deaths in
men, being responsible for 360,000 deaths per year (Bray et al., 2018). In Finland,
5,444 new cases were diagnosed in 2017 and the number of PRC-related deaths
was 912 (cancerregistery.fi, Finnish Cancer Registry). In Europe approximately
417,000 citizens were diagnosed with PRC and 92,200 men died from the disease
in 2012. Similarily, figures for the United States in 2018 were 164,690 new cases
and 29,430 deaths (European Network of Cancer Registries). There is a strong
likelihood that the high number of new incidences has been influenced by the
intensive use of prostate specific antigen (PSA) testing. This early detection along
with diagnostics should lead to a drop in the incidence and prevelence of new cases
within a few years.

Most PRCs (about 91%) are discovered at the local stage. These cases have a
good prognosis, with a 5-year survival rate of almost 100%. To ensure the best
outcome for patients, it is important to distinguish slow growing cases from
aggressive carcinomas to avoid overtreatment and intervene with suitable treatment
as early as possible. To predict the prognosis of the patient clinicians consider the
stage of the disease, histological Gleason score and the level of PSA. At later
stages of the disease, when cancer cells have disseminated and formed metastasis
into other tissues, the treatment is less effective and the 5-year survival rate
decreases drastically to 30% (Wallace et al., 2014).
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2.3 Prostate cancer progression and treatment

Prostate cancer is usually described as a stepwise process, starting from prostate
intraepithelial neoplasia (PIN), followed by local prostate cancer which is found
only inside of prostate capsule and locally advanced carcinoma affecting nearby
organs. Invasive adenocarcinoma, in which cancer cells have disseminated into
lymph nodes or metastasized into bones finally results in Castration Resistant
Prostate Cancer (CRPC). The pre-malignant state of prostate cancer, called PIN, is
described as hyper-proliferation of the prostate epithelial cells. Based on different
studies, both luminal and basal epithelial cells can give rise to PRC (Taylor et al.,
2012; Wang et al., 2014; Park et al., 2016). Prostate cancer heterogeneity can be
partially explained by the fact that different cell types within the prostate epithelia
can be vulnerable to mutations and through this become a cell-of-origin. However,
most prostate cancers are classified as acinar adenocarcinomas with the luminal
phenotype characterized by the absence of basal markers p63, cytokeratins 5 and
14. The less common PRCs include squamous cell carcinoma and small cell
carcinoma (Humphrey 2012). At the initial stage of prostate adenocarcinoma, the
BM is destroyed after which malignant tumor cells may directly interact with the
prostatic stroma. These tumors that lie within the prostate capsule, called local
prostate cancers, can be treated by radiotherapy or with radical prostatectomy (the
complete removal of the prostate) and the 5-year survival prognosis for patients is
almost 100%. Once cancer cells disseminate to nearby organs such as seminal
vesicles and the rectum the disease is called locally advanced cancer. Metastatic
prostate cancer disseminates mainly to the bones and to the lymph nodes. Hormone
therapy is the first choice of treatment for disseminated prostate cancer to inhibit
the proliferation of malignant cells. Although androgen deprivation therapy reduces
the size of the tumor and metastatic lesions, with longer treatment periods the
cancer cells often become androgen independent (Armstrong and Gao 2015).
Prostate cancer is known to be a very heterogeneous disease (Robinson et al.,
2015). This heterogeneity can be attributed to genomic alterations, such as copy
number alterations, somatic mutations and DNA rearrangements. As part of the
patient prognosis, the tumor genomic and micro-environmental heterogeneity
should be considered and used (Lalonde et al., 2014). Many studies have unveiled
several mechanisms that explain how cancer cells become androgen independent.
These mechanisms include mutations in the AR gene or its amplification, ligand
independent activation of AR by crosstalk with receptor tyrosine kinases (RTKs)
and unbalanced regulation of co-receptors and -activators (Harris et al., 2009). In
addition, one possible mechanism is based on cancer stem cells (CSCs) (Collins et
al., 2005), which are both AR independent and also able to produce subpopulations
of AR-sensitive and independent clones. This could also explain the heterogeneity
of cancer cells found in autopsy samples of metastatic prostate cancer (Shah et al.,
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2004). The treatment options for CRPC include microtubule targeting drugs, such
as the widely used chemotherapeutics docetaxel and cabazitaxel (de Leeuw et al.,
2015). However, cancer cells have mechanisms to develop drug resistance, for
example by increasing the expression of nuclear factor kappa B (NF-xB) (O’Neill
et al., 2011) or by increasing the efflux of drugs to the extracellular space mediated
by multidrug resistance protein 1 (MDR1) or ATP-binding cassette sub-family B
member 1 (ABCB1) (Armstrong and Gao 2015). Despite the many treatment
options available to patients, the prognosis for metastatic CRPC is poor, which
encourages further research aiming to identify new treatment options.

2.4 Cancer stem cells

The hypothesis that tumors contain a small population of cells which provide the
heterogeneity, hierarchical organization and development of treatment-resistant
disease has shown to be correct for many human malignancies. These cells are
referred to interchangeably as cancer stem-like cells, tumorigenic cells, cancer
initiating cells (CICs) or cancer stem cells (CSCs). CSCs were first identified in
human acute myeloid leukemia (Bonnet and Dick 1997), after which their
populations have been described in many tumors, for example in the breast (Al-
Hajj et al., 2003), brain (Singh et al., 2004), lung (Ho et al., 2007), skin (Schatton
et al., 2008) and prostate (Collins et al., 2005). Despite the numerous publications
characterising the stemness, long survival and self-renewing capability of these
cells in different cancer types, the stem-like cells in cancer are still controverial, as
studies do not consistently indicate asymmetric cell-divisions and all other stem
cell properties. The tumor stem cell model contradicts the stochastic model, which
proposes that all cells in a tumor could initiate a new tumor, whereas the
hierarchical model of cancer proposes that only CSCs are tumorigenic (Figure 2A).
Malignant cells, with stem cell properties display a tumor-promoting ability, are
able to self-renew during long periods and survive radio- and chemotherapy.
Overall, CSCs are capable of maintaining tumor homeostasis and of generating
heterogeneous sub-populations of cancer cells, to drive the progression of disease
and to initiate metastases. Collectively, stem cells in cancer have enhanced
plasticity, altered self-renewal and long-term tumorigenic properties.

The stem cell population in normal tissue is maintained by the balance between
the renewal and quiescence of the cell. SCs are usually in quiescent state and
proliferate only in cases of tissue renewal or tissue damage. It has been suggested
that CSCs share this property, at least partially, which could explain the difficulties
targetting them and explaining the enrichment of CSCs after chemotherapy. The
quiescent cells in cancer, also called dormant or persistent cells, are often
undetectable and can survive for long periods despite treatment. The dormant cells
share the properties of stem cells, like low cell proliferation and resistance to drugs,
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which in turn cause the enrichment of these dormant cells during drug treatment
(Nan et al., 2014). Furthermore, the ability of the CSCs to be dormant or quiescent
and to resist cytotoxic drugs may explain relapses after initially successful
treatment (Figure 2B), even decades after the removal of a primary tumor. The
dormant cells are not active in the cell cycle, instead they have been shown to
remain in G0/G1 state (Touil et al., 2014).
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To exit the dormant state, cells need external stimuli and the activation of cyclin
dependent kinases (CDKs). The signals needed for dormant CSCs to start to
proliferate are poorly understood. It is likely that the balance between stimulatory
and inhibitory signals has to be disrupted to trigger proliferation. Like normal
tissue SCs, it has been proposed that CSCs are located in specialized areas of the
tumor microenvironment, called niches (Plaks et al., 2015) (Figure 3). Studies have
shown that certain growth factors, for example transforming growth factor f§ (TGF-
B) (Salm et al., 2005) and hepatocyte growth factor (HGF) signaling (Nishida et al.,
2013) are important for prostate CSCs. Still, the niche of CSC in the prostate is
poorly understood. CSCs are similar to tissue stem cells in that they are considered
to be capable of symmetric and asymmetric divisions. The importance of Notch
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signaling has been indicated in colon CSCs (Bu et al., 2013) and distribution of
CD133 between daughter cells determines the symmetric or asymmetric division
(Lathia et al., 2011). Cell plasticity (epithelial to mesenchymal transition) and the
microenvironment may also induce the de-differentiation of a malignant cell and
this process provides another potential source for CSCs (Chaffer et al., 2011; Mani
et al., 2008). CSCs should be considered as non-static populations of cells with a
certain potential to contribute to cancer development (Shackleton et al., 2009).
Eliminating CSCs or preventing the differentiation of CSCs could be a successful
approach in many cancers. In addition, specifically targeting prostate CSCs by
using cell surface marker proteins has been proposed as a novel therapeutic
strategy.
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Figure 3. Stem cells (SC) and cancer stem cells (CSC) are supported by the niche. The

phenotype and both symmetric and asymmetric cell division could be regulated by
the niche. All cells, both normal and cancerous, may be progenitors of CSCs
through mutagenesis.

241 Prostate cancer stem cells

Prostate cancer stem cells (PCSCs) share many marker proteins with prostate tissue
SCs. These include the cell surface proteins: CD44, a2P1 integrinHigh, CD133,
and Trop2, which have been used alone and in combination. Other markers
proposed for PCSCs are CD166, aldehyde dehydrogenase (ALDH) and the ATP-
binding cassette sub-family G member 2 (ABCG2), PSA, NANOG or ‘“side
populations” identified based on Hoechst dye staining (Skvortsov et al., 2018).
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Methodologies, such as fluorescence-activated cell sorting (FACS) and magnetic
cell sorting (MACS), have mainly contributed to the research into marker protein-
based CSC research. However, many shortcomings presist in CSC and their niche
research, which can predominantly be attributed to technological challenges. The
problem with using cell surface marker proteins to identify PCSCs is that these
proteins are not exclusively expressed only by PCSCs, but also by normal tissue
stem cells and on cancer cells of another type. Furthermore, the extensively used
transplantation assays used to show long-term survival and the re-population of
tissue have several problems (Plaks et al., 2015).

2.5 Integrins

Adhesion to the surrounding ECM is essential for many physiological processes,
like embryonic development and tissue homeostasis, and often altered under
pathological conditions, such as inflammation or tumor development. Integrins are
a group of transmembrane adhesion receptors that consist of 18 a-subunits and 8§ B-
subunits. Each subunit is a glycoprotein consisting of a large globular extracellular
domain, transmembrane domain and usually a small intracellular tail. Humans have
24 different functional integrin receptors, which are composed of one a and
subunit linked by non-covalent interactions. The heterodimers can be divided into
subfamilies based on their ligands or on their phylogenic origin. The subfamilies
comprise 1) collagen-binding integrins, 2) laminin-binding integrins, 3) RGD-motif
binding integrins and 4) leukocyte specific integrins 5) a subgroup formed by o4
and 09 integrins (Johnson et al., 2009). Based on the structure of the a-subunit
head domain, integrins can be divided into 2 groups: integrins containing an al-
domain and itegrins without it. Integrin al-domain is also reffered to as the von
Willebrand factor A-like domain or shortly as the aA domain based on the
similarity. Integrins with an al-domain bind to their ligands through the al-domain
whereas integrins which lack an al-domain bind to their ligands using the interface
of the Bl-domain and the PB-propeller domain in the a-subunit (Campbell and
Humphries 2011). Although some integrins have only one known ligand (for
example a6B4 binds to laminin), many integrins can bind to several ECM proteins
(for example 021 binds to Collagen I, I1, 111, IV, V, VII, VIIL, IX, X, XVI, XXIII,
laminins, osteopontin and tenascin) (Heino 2007). The expression pattern of
integrins on a cell surface and the selection of the ligands bound can determine the
cell behavior in response to the surrounding microenvironment. As soon as the
extracellular part of an integrin is bound to an ECM protein and the integrin tail is
connected to the cytoskeleton the cells can obtain mechanical and chemical signals
that regulate cellular responses, such as, growth, migration, differentiation and
survival.
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Ligand binding induces conformational changes in the receptor structure and
consequently the intracellular parts of o and [ units, also calles “legs” move apart
from each other. Small cytoplasmic tails of integrin subunits are well conserved
and crucial for regulating the activation of integrins (Calderwood 2004). The space
created by the B-subunit conformational change between the tails of the o and f
subunits enables various intracellular signaling proteins and cytoskeletal adaptor
proteins to bind. The activation of integrins can happen either by binding the
extracellular ligand and signaling outside-in or the integrin can be activated from
the inside to bind the ligand on the outside of the cell (Campbell and Humphries
2011). Once integrins are activated by ligand binding they can cluster to form focal
adhesions.

Integrin-based macromolecular complexes “bridge” ECM to the actin and
through actin microfilaments connect it to a nuclear envelop. This is one of the
mechanisms through which integrins mediate mechanical signals into cells.
Integrins are also known to use chemical signals in cell regulation, for example,
they activate focal adhesion kinase (FAK), tyrosinekinase Src and phosphoinositide
3-kinase (PI3K) with their downstream signaling pathways. The mechanosensing
and chemical signals mediated by integrins and focal adhesions also regulate the
responses to the extracellular force and stiffness of the matrix. Cells continuously
modify the extracellular mileu based on these signals.

2.5.1 The collagen binding integrins

The subfamily of collagen-binding integrins consists of four a-subunits: al, a2,
al0 and all. All four have an al-domain in their a-subunit and can only form
heterodimers with f1-subunits. As the name collagen-binding indicates, the main
ligands for all four receptors are members of the large collagen family. These
receptors use their al-domain to recognize distinct collagens with varying
affinities, but all of them can specifically recognize GXX GER-like motifs, such as
GFOGER (single letter amino acid nomenclature, O = hydroxyproline) motif in
collagen triple helices (Knight et al., 2000; Zhang et al., 2003). Integrins al1f1 and
021 are the main collagen receptors, whereas al0B1 and al1f1 were discovered
later and knowledge about these integrins is updated continuously. While a2p1 is
expressed on platelets, endothelial, epithelial, some mesenchymal and certain
inflammatory cells, integrin alB1is expressed on fibroblasts, smooth muscle cells,
lymphocytes and chondrocytes. Integrin a10p1 is also expressed by chondrocytes
(Camper, Hellman, and Lundgren-Akerlund 1998). Integrin a11B1 is known to be
expressed on mesenchymal stem cells (MSCs) (Tiger et al., 2001) and to be an
important integrin for fibroblastic cells (Zeltz et al., 2014). Integrin allfl
expression on cancer associated fibroblasts regulates matrix stiffening in response
to TGF-B (Carracedo et al., 2010). Recent studies support the role of integrin
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allpl in several malignancies, including lung, breast and prostate cancer
progression (Smeland et al., 2019; Reigstad et al., 2016; Navab et al., 2016).

When comparing the similarity of collagen-binding integrin a-subunits, then al
and a2 are most closely related; all share the highest similarity to a10 (42%) and
form a separate branch in the protein phylogenetic tree based on the alignment of
the protein amino acid sequences (Velling et al.,, 1999). However, in ligand
preferences alf1 and al0B1 resemble each other and bind to BM collagen IV with
higher affinity than they bind to fibril-forming collagens. In contrast, a2f1 and
allpl tend to prefer binding to fibril-forming collagens (Tuckwell, et al., 1995;
Tiger et al., 2001; Jokinen et al., 2004; Tulla et al., 2008; Lahti et al., 2011).

Studies on knockout mice for all four collagen-binding integrin a-subunits have
been published. Integrin al was the first for which a knockout was made. Mice
without integrin al develop normally and are fertile. The isolated embryonic
fibroblasts (EFs) fail to attach to type IV collagen and have decreased binding to
laminin, but no defects in spreading on collagen I. The results from this study
indicated that to a great extent, the attachment to type IV collagen is mediated by
alBl, but for binding to collagen I EFs might have another integrin in addition to
alBl and a2P1 (Gardner et al., 1996). Next, knockout mice for integrin a2 were
generated; these were also viable, fertile and seemed to develop normal. However,
some abnormalities have been discovered, for example markedly reduced
mammary gland development (J. Chen et al., 2002) and increased breast cancer
metastasis which have been connected with the diminished expression of integrin
021 (Ramirez et al., 2011). Integrin 021 is expressed on platelets, so it has been
assumed that the knockout of a2 integrin has a major role in hemostasis. However,
platelets from a2 knockout show delayed, but not reduced attachment to collagen
type 1. This suggests that integrin o231 has a supportive, not essential role in
normal homeostasis (Holtkotter et al., 2002). The mild cartilage defects found in
al0B1 knockout mice were assumed, since chondrocytes primarily express this
integrin in vivo (Bengtsson et al., 2005). More recently, the nonsense mutation in
the ITGA10 gene was discovered to cause the diminished expression of integrin
a10B1 resulting in chondrodysplasia in dogs (Kyostild et al., 2013). Integrin al1p1
knockout mice are viable but display dwarfism with increased mortality (Popova et
al., 2007). Integrin allfl is expressed mainly on MSCs and on a subset of
fibroblasts. TGF- binding to its receptor induces Acta2 (which encodes aSMA),
connected with myofibroblast differentiation and also up-regulates al1B1 integrin,
which is needed to stabilize a-SMA protein expression (Carracedo et al., 2010). In
addition, integrin al1B1 participates in collagen reorganization, which explains the
wound healing defects indicated in allf1 knockout mice (Schulz et al., 2015).
Thus, collagen-binding integrins have no functions that are critical for normal
homeostasis; however in conditions such as inflammation, wound healing and
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tumorigenesis collagen-binding integrins may play a more crucial role (Zeltz and
Gullberg 2016).

2.5.2 Integrin a21 mediated signaling

Although integrin a2p1 does not have kinase activity, it is able to activate several
kinases, for example, FAK, Akt/protein kinase B, PI3K (Holtkétter et al., 2002)
and protein 38 mitogen-activated protein kinase (p38 MAPK) (Ivaska, et al., 1999).
In addition, integrin a2P1 also activates protein serine/threonine phosphatase 2A
(PPA2), p27KIP1 and the Rho family GTPases (Ivaska et al., 2002; Henriet et al.,
2000). The following shortly explains how integrins activate kinases and their
importance on cell regulation.

FAK is an intracellular non-receptor tyrosine kinase, which associates with
receptors at the plasma membrane. The classical mechanism of FAK activation is
initiated by integrin clustering and the formation of focal adhesion complex after
cells have bound to the ECM (Mitra and Schlaepfer 2006). The activation of FAK
requires its dimerization and auto-phosphorylation at Y397 (Brami-Cherrier et al.,
2014). FAK phosphorylation at Y397 allows Src-kinase and PI3K to bind through
the SH2-domain. Further phosphorylation of the FAK residues 576 and 577 is
induced by Src to create more binding sites and trigger downstream signaling.
Other proteins which can bind to FAK are paxillin, talin vinculin, Grb2, p130Cas,
and Shc, which become activated through interaction with FAK and participate in
the regulation of cell migration and proliferation. Besides the important role of
FAK as a kinase, it also has crucial scaffolding properties. FAK-mediated cell
cycle regulation and responses to stress take place through its interactions with p53
and MDM2 (Golubovskaya et al., 2008, 2013). FAK can activate the Akt pathway,
but Bl integrins also directly induce the phosphorylation of Akt at Ser473 and
Thr308 in a PI3K-dependent manner (Velling et al., 2004).

The MAPK pathway connects integrin a21 to the regulation of the cell cycle.
As such, the balance between the stress-regulated p38 pathway and mitogen
activated ERK signaling can regulate cell cycle progression and switch from
dormancy to active proliferation (Aguirre-Ghiso et al., 2001). Recently it was
shown that one specific subtype of p38 MAPK, namely gamma (p38y), could act as
a CDK-like kinase and cooperate with CDKs to regulate entry into the cell cycle
(Tomas-Loba et al., 2019).

Integrins crosstalk with many growth factor receptors (GFRs). Well-
characterized examples are the epidermal growth factor (EGF), the vasculature
endothelial growth factor (VEGF), the insulin-like growth factor (IGF), and the
hepatocyte growth factor receptor (HGFR / c-Met) (Ivaska and Heino 2011).
Several types of crosstalk exist. Integrins have shown to directly bind to GFRs, and
as well as having the potential to activate GFRs even when the GF itself is not
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present, integrins can also amplify GFR-induced signals through binding to the
ECM proteins and activating the same signaling pathway in addition to GFRs. An
example of such crosstalk is the interplay between TGF-BR and integrin a2p1, in
which integrin-collagen interaction changes growth factor signaling (Garamszegi et
al., 2010). In addition, many GFs can also induce the expression of the integrins
and in this way regulate cell-ECM signaling. HGF signaling through its receptor c-
Met is known to induce integrin 02 expression (Chiu et al., 2002) and the
interaction between integrin a2f1 with c-Met regulates innate immunity (Mccall-
Culbreath et al., 2008). Anchorage independent growth can also be induced by
interaction between a2p1 integrin with c-Met to facilitate tumorigenesis (Barrow-
McGee et al., 2016). Intergins also crosstalk with non-classical GFRs, for example
the Eph receptor. Ephrin signaling induces the adhesion of PC3 cells on collagen
type I through B1 integrin (Yu et al., 2015).

The signals induced by GFR and integrins can be GF and matrix protein
specific. Although the binding of integrin aSB1 to fibronectin results in cell cycle
progression, when integrin a2f31 binds to the laminin in the same cells, it induces
growth arrest (Mettouchi et al., 2001).

In normal cells, integrins mediate strong survival signals and the GF-induced
signal can remain hidden. Once integrin signals are removed cells undergo growth
arrest and anoikis because of the impaired signals from GFs and cytokines (Danen
and Yamada 2001). To avoid anoikis, the necessary signals include the interaction
of the integrins with ECM proteins, the activation of FAK and the downstream
signaling of the PI3K-Akt pathway (Frisch and Ruoslahti 1997). Recent studies
have shown that integrins can also activate FAK in endosomes to help cells avoid
anoikis (Alanko et al., 2015). Studies into tumor cells have opened up the signaling
to avoid anoikis. In contrast to normal cells, a population of invasive cancer cells is
resistant to anoikis. For these cancer cells detachment from the ECM and
neighboring cells does not induce cell death, while the cell leaves the primary site
and travels through the lymphatic or vasculature vessels to a distant site. Metastatic
malignant cells have developed numerous ways to escape from anoikis, a hallmark
of metastatic malignancy. These mechanisms are somewhat similar to those seen in
drug resistance and include the upregulation of kinases (Douma et al., 2004) and
scaffolding molecules (Parsons et al., 2009), the suppression of apoptotic pathways
(Simpson, Anyiwe, and Schimmer 2008), and the downregulation of critical
anoikis regulators seen in normal epithelial cells (Rohwer et al., 2008).
Furthermore, cells that are able to survive anoikis, have been shown to be harder to
target due to the decreased levels of p53 in the cells detached from the ECM
(Truong et al., 2003).
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253 Regulation of a2f31 integrin in prostate cancer

The fact that bone matrix is composed of various collagens makes it one of the
main metastatic locations in prostate cancer. Integrin a2f1, the main cellular
receptor for collagens, is very attractive as a target for disseminating prostate
cancer. However, published data about the expression of integrin 02 during
prostate cancer development is controversial.

Firstly, Bonkhoff and colleagues indicated that a2 integrin expression is
downregulated in Grade I and II PC; in Grade III integrin expression was shown to
be highly heterogeneous while corresponding lymph node metastasis had an
increased expression of integrin a2 (Bonkhoff et al., 1993). Our group has also
shown that integrin a2B1 expression at an mRNA level decreases during cancer
progression, being lowest in high-grade carcinomas. At protein level, the same
effect was shown, the strongest 02 staining was seen in luminal epithelial cells and
staining decreased in PIN and further in parallel with poor differentiation of the
prostate carcinomas (Mirtti et al., 2006). The possible differential expression of 02
integrin could be obtained by epigenetic regulation (Chin et al., 2015). Lymph
node metastasis of prostate cancer also has controversial findings. A noticeable
expression of integrin a21 in disseminated cancer cells was reported by (Bonkhoff
et al.,, 1993). Conversely, prostate cancer lymph node metastasis have been
indicated to have low integrin a231 expression levels (Pontes-Junior et al., 2009) in
another study. Functionally the role of integrin a21 could be tissue specific as
studies have confirmed that prostate cancer cells that are able to initiate micro-
metastasis have to have integrin 021 expression (Kostenuik et al., 1996; Sottnik et
al., 2013). However, in breast cancer the integrin 021 has been proposed to have a
metastasis-suppressor role (Ramirez et al., 2011).

254 a2B1 integrin in prostate cancer stem cells

Several studies have indicated that integrin a2f31 is essential in prostate cancer
dissemination. The information that integrin a2 expression is downregulated in
prostate tumors does not exclude the possibility that a high expression in a subset
of tumor cells, especially CSCs, is important for metastatic behavior, especially in
collagen I rich bone microenvironment.

2.6 Tumor microenvironment

Cancer cells are not isolated from the surrounding tissue, called tumor stroma or
the tumor microenvironment (TME). The TME is continuously evolving together
with oncogenic signals from malignant cells and with the normal cells present in
the area of malignant growth. One cannot underestimate the role of TME in
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metastasis formation from the very first transformed cell division. Cancer cells
secrete cytokines and chemokines to support their own growth in an autocrine
manner. They activate nearby stromal cells, recruit immune cells and trigger
angiogenesis. These events alter the normal homeostasis of the tissue and modify
the TME. The TME is a niche for cancer cells to proliferate and to create local or
distant metastasis. Figure 4 depicts the TME with all the included cell types. The
contribution of these cells and processes regulating cancer growth and spreading
have been covered in numerous reviews (Hanahan and Weinberg, 2011; Balkwill et
al., 2012).

Figure 4. Tumor microenvironment. Several sub-populations of malignant cells can be found
in tumors. Cancer cells (pink), cancer cells from hypoxic or necrotic areas (brown)
and cancer stem-like cells (not shown). Stromal cells as cancer associated
fibroblasts (CAFs) (light yellow) and mesenchymal stem cells (dark yellow). The
lymphatic and neovasculature system consisting of endothelial cells (dark pink),
lymphatic endothelial cells (light green), pericytes (orange) and blood cells (red).
Immune system cells: natural killer (NK) cells (darker orange), macrophages
(darker green), dendritic cells (light blue) and T- (purple) and B-lymphocytes (dark
blue). Non-cellular part as extracelluar matrix (ECM) (gray waves). Figure modified
with permission from Balkwill et al., 2012.
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2.6.1 Fibroblasts

Fibroblasts are a population of elongated, spindle-shaped cells typically located in
the stroma. They are considered to be of mesenchymal origin and they share
similarities with smooth muscle cells. Since there are no specific markers for a
fibroblast, this cell type is recognized based on shape, the co-expression of
mesenchymal and smooth muscle markers and the absence of a marker for other
cell types. The most common markers used to identify fibroblasts are a-smooth
muscle actin (0-SMA), desmin, fibroblast specific marker 1 (FSP1) and alpl
integrin (Kalluri and Zeisberg 2006). Fibroblasts are remarkably activated during
embryonic development, when all the matrices in tissues are produced. Later, they
are quiescent in normal adult tissues and activated in cases of inflammation, wound
healing or tumorigenic growth (Kalluri 2016). The deposition of the ECM is one
mechanism for fibroblasts to help them to maintain the homeostasis of tissues. The
ECM produced by stromal fibroblasts regulates the phenotype and behavior of
epithelial cells and modifies inflammation. Fibroblasts can be isolated from various
tissues and cultured. In cell culture studies, fibroblasts are frequently used but they
become immediately activated in cell culture conditions (Attieh and Vignjevic
2016). Quiescent fibroblasts have the ability to respond to growth factors and
become activated. This leads to proliferation, migration, the production of growth
factors and the active synthesis/remodeling of the ECM. Fibroblasts from distant
tissues exhibit distinct and characteristic gene expression patterns and should be
considered individual cell lines, although activation is occurring, some original
properties remain even in vitro (Chang et al., 2002).

2.6.2 Activated fibroblasts

Fibroblasts are activated as a consequence of altered gene expression in cancer
cells. Cytokines and growth factors mediate the effects of malignant cells
(Kalluri and Zeisberg 2006). Activated fibroblasts, also called myofibroblasts, or
in the context of cancer peritumoral fibroblasts, reactive stromal fibroblasts,
cancer associated fibroblasts (CAFs) or tumor associated fibroblasts, are highly
heterogeneous and may originate from different cell types (Micallef et al., 2012;
Kalluri 2016). Activated fibroblasts were first detected during wound healing
based on their expression of a-SMA (Micallef et al., 2012). a-SMA is so far the
most prominent marker used to detect activated fibroblasts. Once fibroblastic
cells are activated, their phenotype changes, for example, the nucleus is usually
enlarged, the ER and Golgi become more apparent and protein synthesis is
activated (Kalluri and Zeisberg 2006). In contrast to non-activated fibroblasts,
which are mostly quiescent or in slow-cycle self-renewal, myofibroblasts actively
proliferate.
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For a long time, it was thought that the activated phenotype of fibroblasts is
only a consequence of tumor growth. However, it is now known that CAFs actively
participate in the progression of cancer. CAFs, immune cells and cancer cells
collectively contribute to the formation of a cancer specific ECM and in tumor
growth. In many cancer types, the altered, stiffer and directional organization of the
ECM has been shown to facilitate cancer cell invasion (Attieh et al., 2017). In the
prostate, fibroblasts become activated even in the precancerous PIN state (Tuxhorn
et al., 2002).

2.6.3 ECM

The ECM is the non-cellular component of the tissue microenvironment.
Consisting of a variety of matrix proteins, the ECM provides a scaffold for cells
and integrity for tissues. The exact composition and structure of the ECM varies in
different tissues and depends on certain processes, such as development, wound
healing, tumor growth or ageing. The ECM provides more than just a scaffold, it
has a far more complex role, since it is crucial for stem cell niches and in
development. Alterations of the ECM in cancer development has received
considerable attention (Richard O Hynes 2009).

The ECM can be divided into loose connective tissue and the more specialized
matrix “basal lamina”. Basal lamina or BM is a thin (40-120 nm) flexible sheet of
well interconnected proteins that separates epithelial structures from connective
tissue. In addition to its separation function, BM also determines cell polarity and
regulates cell survival, proliferation and differentiation. Although the basal laminas
in different tissues may have a slightly distinct composition, the typical
components of the BM include collagen IV, laminins, nidogen land 2, perlecan,
agrin and collagen XV and XVIII (Theocharis et al., 2016). The BM is synthesized
co-operatively by cells on both sides of the membrane, the laminin network being
on the epithelial side and collagen IV network localizing on the stromal side.
Epithelial cells bind to the BM and connect it to the intracellular intermediate
filaments using integrin-mediated attachment structures - hemidesmosomes.
Hemidesmosomes are responsible for anchoring the epithelial cell layers to the
BM, regulating cell polarity and have tumor suppressive function (De Arcangelis et
al., 2017).

The connective tissue ECM is synthesized by the cells resident in the matrix. In
many tissues these cells are fibroblasts, in specialized tissues other mesenchymal
cells produce the matrix, for example, in bone these cells are osteoblasts. The
typical loose connective tissue ECM is composed of collagens, which together with
fibronectin provide the mechanical strength of the tissue and from proteoglycans,
which provide the GF and cytokine binding sites and interconnections of ECM
proteins (Erler and Weaver 2009).
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Each organ of the human body under normal conditions has optimal, well-
regulated tissue stiffness. During cancer development, however, the ECM changes,
for example its stiffness, because of the excessive synthesis of ECM components
and the remodeling of the ECM structure by proteolytic enzymes. A good example
of tissue stiffness due to increased ECM and CAFs is breast cancer, which can be
discovered because of the presence of a lump in the breast. This lump might reflect
the tumorigenic growth of cancer cells, an increased number of CAFs and the
accumulated connective tissue around it, called desmoplasia. Desmoplasia is an
extra fibrous matrix synthesized and remodeled by CAFs. The increased number of
CAFs and ECM in invasive ductal carcinoma is called fibrotic foci, which is
connected with a more aggressive disease and metastatic potential (Hasebe et al.,
2001).

2.6.3.1 Proteoglycans

Proteoglycans (PG) are proteins which have linked glycosaminoglycan (GAG)
chains. Large GAG chains fill the extracellular space and help to form a porous
hydrated gel-like structure, which is resistant to compressive forces. Hyaluronan
(HA) is a linear GAG, it is synthesized on the cell surface. HA can be either protein
-free or as non-covalently attached to other PGs. HA polymers can be various sizes
and act as signaling molecules. HA is produced by hyaluronan synthases (HAS)
and the degradation of HA is performed by hyaluronidases (HYALs), which can
degrade HA into low molecular weight fragments (Theocharis et al., 2016).
Proteoglycans can be classified into four families: extracellular, intracellular, BM
and cell-surface ones. Extracellular PGs can be divided again into 2 sub-families.
First, HA- and lectin-binding PGs (hyalectans), from which the most common
proteins are aggrecan and versican, and secondly, small leucine-rich PGs (SLRPs).
Decorin, biglycan and lumican are some examples of SLRPs, which can participate
in several biological processes. SLRPs can interact with collagens and participate
in collagen fibrillogenesis and by binding to RTKSs they can modulate cell signaling
pathways (Iozzo and Schaefer 2015). The BM PG family consists of perlecan,
agrin and collagen XV and XVIII, all of which participate in the BM organization.
Perlecan and agrin share a structurally organized C-terminus, endorepellin, which
can be cleaved by metalloproteinases (MMPs). Collagen XV and XVIII also share
some structural properties and be cleaved by MMPs and other proteinases. Cell
surface PGs, as the name indicates, are attached to cell membranes. Syndecans and
glypicans are the two main sub-families. Syndecans can interact with fibronectin,
laminins and collagens. Syndecan-1 is a co-receptor for collagen with integrin
021 and known to induce the transcription of MMP1 (Vuoriluoto et al., 2008).
Glypicans are a family which consists of six glycosylphosphatidylinositol (GPI)-
anchored members, glypican 1-6. Glypicans can bind and modulate several GFs,
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for example Wnt signaling (Theocharis et al., 2016). In addition to their structural
role, most proteoglycans are able to modulate the signaling between the cells via
regulating the availability of growth factors.

2.6.3.2 Collagens

Collagens are abundant and constitute up to 30% of the total human proteins. The
collagen superfamily consists of 28 different collagen types, which are expressed
through the body. Collagen I is a major structural element for tissues such as bone,
dermis and tendon (Heino 2007). Collagens differ from each other in their
structure, properties and the tissues where they are expressed. Collagens can be
classified into seven categories as fibrillar collagens, network-forming collagens,
FACITs (fibril-assiciated collagens with interupted triple helices), MACITs
(membrane-associated collagens with interupted triple helices), anchoring fibrils,
beaded-filament-forming collagens, and MULTIPLEXIN (multiple triple-helix
domains and interruptions) (Theocharis et al., 2016).

2.6.3.3 Glycoproteins

The fiber-forming protein fibronectin (FN) is expressed by several cell types. FN is
encoded by a single gene, but due to alternative splicing, the 20 distinct proteins
exist in humans. FN can either be soluble plasma FN or cellular FN, which is
assembled into fibers. /n vitro cells are able to produce their own FN, secrete it and
then assemble it. FN consists of two covalently linked subunits (250 kDa), which
contain three types of repeating modules. FN contains 12 type I repeats, two type II
repeats and 15-17 type III repeats. The FN protein has fibrin-, collagen/gelatin and
fibrillin binding sites. It can interact with proangiogenic factors VEGF and HGF
(R.O. Hynes et al., 2002). The main integrin-binding site RGD and second
integrin-binding LDV are used by cells to bind to FN (Richard O Hynes 2009).

Another group of glycoproteins are laminins. These proteins consist of one a,
one B and one y subunit, each of which are transcribed from an individual gene. It
is known that there are 5 a genes (LAMAI-5), 3 B genes (LAMBI-3) and 3 y genes
(LAMCI-3) and LAMA3 has 2 isoforms, long and short, which gives six possible o
genes although there would be possibly 51 potential trimers, only sixteen have
been found in human (Durbeej 2010). According to the newer nomenclature the
names of laminins are based on the heterotrimers formed, for example al, f1 and
y1 form laminin-111 (Aumailley et al., 2005). Laminins bind each other as well as
other ECM proteins. Binding sites for nidogens, fibulins, perlecan, heparin,
sulfatides and agrin are known. The main cellular receptors for laminins are
integrins and syndecans. Laminins are crucial for embryonic development and
organogenesis (Durbeej 2010).
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2.6.34 Matricellular proteins

The ECM also contains proteins, which do not have a structural role, but contribute
to the integrity of the ECM by modulating the cell-cell and cell-ECM interactions.
These proteins have been categorized as matricellular. They interact with the
structural ECM proteins, bind to a large variety of receptors on the cell surface and
regulate the cell-matrix interactions (Bornstein and Sage 2002). The matricellular
proteins group includes CCN proteins, galectins, thrombospondin 1 and 2, SPARC
(secreted protein, acidic and rich in cysteine; also known as osteonectin), the
SIBLING family (small integrin-binding ligand N-linked glycoproteins), periostin
(POSTN), TINAGL, tenascin C and X (Bornstein and Sage 2002; Li et al., 2007,
Thakur and Mishra 2016). Matricellular proteins in adult tissues show diminished
to moderate expression levels. However, in developing tissues, and pathological
conditions such as tumor growth, their expression increases notably (Wong and
Rustgi 2013).

264 Proteolytic regulation of ECM composition.

The proteolytic turnover of the ECM is required for normal physiological processes
like development and wound healing, as well as in tumor growth and metastasis.
Based on their catalytic activity and cofactor requirements, enzymes degrading
ECM can be divided into four groups: aspartic, cysteine and serine proteinases,
metalloproteinases (MMPs). MMPs are a family of zinc-dependent endopeptidases
which can regulate ECM composition, since they can degrade collagens, matrix
glycoproteins, and proteoglycans, and ECM properties by regulating growth factors
and their receptors, as well as cytokines and chemokines in ECM (Sternlicht and
Werb 2001). MMPs have been associated with tumor progression and cancer cell
invasion (Gialeli, Theocharis, and Karamanos 2011). MMPs can be divided into
several subgroups, which have been thoroughly reviewed (Reunanen and K&héri
2002). In the context of this work, the most interesting subgroups are collagenases
and transmembrane MMPs. The group of collagenases contains three members
MMPI1, MMP8 and MMPI13. These major proteinases can cleave fibrillar
collagens. MMP1 can degrade several components of the ECM, including collagen
types I, II, III, VII, VIII and X, aggrecan, fibronectin, perlecan and tenascin
(Sternlicht and Werb 2001). MMP1 has been shown to be crucial for prostate
cancer DU145 cells to invade (Yoneda et al., 2010) and its synergy with integrin
02p1 has also been reported (Dumin et al., 2001; Riikonen et al., 1995).

Membrane type MMP1 (MT-MMP1/ MMP14) belongs to the membrane-
bound MMP subfamily. In addition to many other cancer types, MMP14 is found
in prostate carcinoma, where it is expressed either by cancer cells or CAFs.
Macrophages and endothelial cells have been shown to express MMP14 as well
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(Rowe and Weiss 2009). MMP14 has many substrates, including fibronectin,
collagen type I, tenascin and laminin-332 (Sternlicht and Werb 2001).

Four endogenous protease inhibitors form the family of Tissue inhibitors of
metalloproteinases (TIMPs). Classically, TIMPs inhibit the MMP-mediated
degradation of ECM and additionally have other roles in regulating apoptosis and
angiogenesis. TIMP1 has been the most intensively investigated TIMP. In
colorectal cancer, TIMP1 is exclusively expressed by CAFs at the invasive front of
the tumor (Holten-Andersen et al., 2005). Whereas, in prostate cancer TIMP-1 is
expressed by both CAFs and prostate cancer cells (Gong et al., 2013). These results
suggest that TIMP-1 expression and role might be tumor type specific.
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3 Aims of the Study

The aims for this thesis were set in agreement with the Marie Curie Initial Training
Network CAFFEIN. The goal was to increase knowledge about the function of
cancer associated fibroblasts in tumor expansion and invasion. Based on this, the
specific aims were:

1. To study the composition of the human prostate extracellular matrix (ECM)
by mass spectrometry and proteomics.

2. To isolate human prostate-derived fibroblast cell lines in order to study their
ECM in in vitro 2D and 3D systems and to compare it to the in vivo
produced ECM.

3. To study the role of integrin a2f1 in DU145 prostate cancer cells by creating
an 02 knockout with Crispr/Cas9 and to perform functional studies on
invasion, proliferation and gene expression.
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4 Materials and Methods

The extensively used materials and methods applied in this thesis work are listed
here and have been described in detail in the original publications. The specific
methods used for this study have been explained in detail below.

Table 1. Methods

Method

Used in

Flow cytometry

Flow assisted cell sorting

Confocal microscopy

Live microscopy

Mass spectrometry and proteomics

Western Blot

Real time cell adhesion measurement with xCelligence system
Out from spheroid migration and invasion assay
RT-qPCR

Matrigel transwell invasion assay

Cell proliferation analysis

Cell cycle analysis

Colony survival assay

Extraction of ECM proteins from human prostate tissue
Immunohistochemistry

3D spheroid culture system

RNA sequencing

Immunocytochemistry

Image analysis

4.1 Human prostate tissue samples

In order to study the in vivo composition of the human prostate ECM the matrix
proteins were extracted from 12 human prostates tissue samples, from 6 cancerous
and 6 non-cancerous locations. In addition, prostate tissue samples were used to
isolate human primary cells to initiate fibroblast cell lines (27 cell lines were
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created during the study). The tissue samples were obtained from surgically
removed prostates using robotic-assisted laparoscopic prostatectomy (RALP) at the
Turku University Hospital during 2013-2014. All patients signed the informed
consent to allow the use of their tissue material for scientific research conducted by
the Turku Prostate Cancer Consortium Study (TPCCS). This study has been
approved by the ethics committee of the Hospital District of Southwest Finland
(ETMK: 3/180/2013).

4.2 Cell cultures

Human androgen independent prostate cancer cell lines DU145 and PC3 were
purchased from the American Type Culture Collection (ATCC). DU145 cells The
origin of DU145 cells are prostate cancer metastasizing to brain and PC3 cells from
a metastatic bone lesion. Human prostate-derived fibroblastic cultures were
developed in-house according to the published protocol (Le et al., 2006). All cells
were cultivated in RPMI 1640 medium, supplemented with 2mM ultraglutamine,
10% fetal calf serum (FCS), 100U/ml penicillin and streptomycin. For serum-free
conditions the FCS was omitted and serum-free keratinocyte medium (KSF) with 5
ng/ml human recombinant EGF, 50 pug/ml bovine pituitary extract, supplemented
with 2 ng/ml recombinant human leukemia inhibitory factor and 2 ng/ml stem cell
factor (Sigma Aldrich) was used in indicated experiments. Cells were routinely
screened with the MycoAlert™ PLUS mycoplasma detection kit.

4.3 Genome editing for knock-out and rescue of a2
integrin

To create integrin 02 negative DU145 cells Crispr/ Cas9 genome editing was
applied. A commercial all-in-one vector (Sigma, HS0000253951 gRNA sequence:
GTTACTGGTTGGTTCACCCTGG) was transfected into the DU145 cells. A
transient transfection was confirmed and a positive population of transfected cells
was sorted based on their expression of GFP. The GFP expressing cells represented
a mixed population of ITGA2 knockout and a2 integrin positive cells. Therefore,
the cells were stained against a2 integrin, the negative population was identified
and sorted separatly. These cells were labelled as DU145KO. To create cells with
rescued integrin 02 expression ( called DU145KO+a2 cells), DU145KO cells were
stably transfected with the pAWneo2 vector carrying a2 integrin cDNA (Ivaska, et
al., 1999) or with the empty pAWneo?2 vector to create a proper a2 negative control
cell line (DU145KO+vector). To ensure the stable expression of the vector
constructs the cells were cultured in the presence of 250 pg/ml of G418.
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4.4 Gene expression analysis

Table 2. Primers and probes used for g°PCR

Gene Forward primer Reverse primer Probe
CHD5 tgggctacatggatgagaaa ctcactctccactctatccaagg 11
CDH5 aagcctctgattggcacagt gactcggaagaactggccc 58
KIF26B cgtgttcttcacactgcacat ctgcgacctccagacattc 58
LG tcactaaccaaactgacattcctaa acacgtcccctttcactgag 88
PKP1 aaacaggcacgtctggca aagccatcatacatggaacctc 68
RBP1 acgctgagcacttttaggaact atgcctgtcagatcctccte 12
SCARA5 tccaagctgaacctgtgtga agaatcaggaagaccagcag 56
SDC2 aaacggacagaagtcctagcag ccttcatccttctttctcatge 18
SVEP1 tctetgttggtttgcccata atggagcccacaaaagactc 26
SYK aaagacaaatggaaagttcctga ctttgtcgatgcgatagtge 40
VWA2 gggtttgcagaggttgactg ctgcggtaccaccaggac 76
MMP1 aagatgaaacgtggaccaacaatt ccaagagaatggaagagttc *
ACTA2 cctatccccgggactaagac aggcagtgctgtcctcettct 78
FAP tggcgatgaacaatatcctaga atccgaacaacgggattctt 19
COL1A1 gggattccectggacctaaag ggaacacctcgctctcca 67
COL3A1 ctggaccccagggtcttc gaccatctgatccagggtttc 20
KRT8 tcaacaacaagtttgcctcct atgttgtccatgttgcticg 1
KRT 18 ggaagatggcgaggacttta atggtttgcatggagttgct 9
POSTN aatgccaacagttactatgac cttgataccagttcttacagg 9
GAPDH acccactcctccacctttga ttgctgtagccaaattcgttgt bl

* 5'-FAM-cagagagtacaacttacatcgtgttgcggctc-TAMRA-3’

** 5’-FAM-acgaccactttgtcaagctcatttcctggt-TAMRA-3’
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4.5 Immunoassays
Table 3. List of antibodies used in this study
Target protein Product code Company Method Used
in
Integrin a2 12F1, BD Pharmingen FC, FACS |
BD5555668
Integrin a2 Mab12332 R&D Systems IF |
CD44-FITC Ab19622 Abcam FC, FACS |
B-actin A1978 Merck WB 1, Nl
Hsp90 4877S Cell Signaling Technology = WB |
p38 MAPK, 9215L Cell Signaling Technology WB |
pT180/Y182
FAK pY397 3283S Cell Signaling Technology  WB |
ERK 1/2, pT204/pT187 5726S Cell Signaling Technology = WB |
CREB, pS133 MAB6906 BD Biosciences WB |
FAK 610088 BD Biosciences WB |
ERK 9102S Cell Signaling Technology = WB |
Trop2 MAB650 BD Biosciences FC |
aSMA ab32575 Abcam IF Il
Pan-cytokeratin C2562 Merck IF Il
(1,4,5,6,8,10,18,19)
Collagen | ab6308 Abcam IF Il
Fibronectin ab6328 Abcam IF Il
Laminin5 ab14509 Abcam WB ]
Endostatin PA1-601 Thermo Fisher Scientific ~ WB ]
MMP14 AB6004 Merck WB Il
Collagen XVl N2, Ref homemade WB ]
WB: Western blot, IF: Immunofluorescence, FC: Flow cytometry, FACS: Fluorescence-activated
cell sorting
4.6 Reagents
Table 4. List of ECM proteins used in this study
Protein Company, product code Used in

Collagen | (Bovine)
Fibronectin

Recombinant Human Endostatin

Laminin-332
Poly-I-lysine

Advanced BioMatrix, 5010-50

Merck, F1141
Peprotech, 150-01
Biolamina

Merck, P9155
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Table 5. List of reagents used in the original publications.

Regent Type Company, product Used in
code

Fugene 6 Transfection regent Promega |

CellTracker™ Orange CMRA
Dye

CellTracker™ Green CMFDA
Dye

N-Isobutyl-N-(4-
methoxyphenylsulfonyl)-
glycylhydroxamic Acid, NNGH
N-(benzyloxycarbonyl)-L-
phenylalanyl-L-tyrosinal, Z-FY-
CHO
3,4-Dichloro-N-(1-methylbutyl)-
benzamide, 3,4-Dichloro-N-
(pentan-2-yl)benzamide, NSC
405020

NucleoSpin® RNA
4-(4-Fluorophenyl)-2-(4-
methylsulfinylphenyl)-5-(4-
pyridyl)-1H-imidazole, SB
203580

SensiFAST™ cDNA Synthesis
Kit

ABI TagMan

Universal Master Mix Il

Fluorescent stain
Fluorescent stain

MMP inhibitor

Cathepsin L inhibitor

MT1-MMP inhibitor

RNA extraction kit
p38 MAPK inhibitor

cDNA synthesis kit

PCR mastermix

Thermo Fisher Scientific,
C34551

Thermo Fisher Scientific,
C7025

Merck

Santa Cruz
Biotechnology

Merck

Macherey-Nagel
Merck

Bioline

Applied Biosystems

4.7

Data and statistical analysis

Statistical analyses were performed using IBM SPSS statistics 22 software. The
normal distribution of data was checked with Shapiro-Wilk test. A paired Student’s
t-test was used to determine the statistical significance between the two treatments.
Several treatment samples were compared with a one way ANOVA test and
pairwise comparisons were made with the Tukey HSD and Dunnett T3 post hoc
test. The statistical significance was considered for p-values less than 0.05.
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5 Results

5.1 Integrin a2, CD44 and Trop2 expression on
DU145 and PC3 cells (I)

The DU145 and PC3 cell lines were used as a model system for the cancer stem
cells in this study. The expression of the stem cell markers a2 integrin, CD44 and
Trop2 was studied using flow cytometry.The analysis of the markers expressed on
the cells surfaces for both cell lines are shown in Figure 5.
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Figure 5. PCSC markers: a2 integrin, CD44 and Trop2 expression levels on the DU145 and

PC3 cell surface were determined by flow cytometry using human CD49b, CD44
and Trop2 antibodies. Both, DU145 and PC3 cells express all three marker
proteins on cells surface. The 5 * 10* cells were analyzed using BD
LSRFortessa™ cell analyzer, data were analyzed with FlowJo v10 software.
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5.2 Docetaxel resistant cells show high prostate
cancer stem cell marker expression (1)

We first studied whether ECM or certain ECM proteins have protective properties
for DU145 and PC3 cancer cells. The cancer cells were plated on the human
prostate primary fibroblast-derived ECM or surface coated with the matrix proteins
fibronectin or collagen I, and treated with docetaxel. Based on these data from our
group, the ECM in 2D cell culture system does not have a protective role for cancer
cells (Elina Aalto, Master’s thesis 2015). Next, we studied the cells which survived
the docetaxel treatment. We discovered that the stem cell markers a2 integrin and
the CD44 cell surface levels were higher on the DU145 cells treated with docetaxel
than on the corresponding untreated cells (I, Figure 1A-B). The same effect of
increased integrin 02 was seen with PC3 cells (I, Supplementary Figure 3A-B). As
anticipated, the surviving cells were mostly arrested at the G2/M of the cell cycle
(I, Supplementary Figurel).

To study the a2 integrin high and low sub-populations, the DU145 and PC3
cells were sorted using fluorescence-activated cells sorting (FACS) (I, Figure 1C).
The sorted cells kept the expression profile for 5-7 passages. The levels of a2
integrin, CD44 and Trop2 were studied at the Sth passage after sorting. The
DU145WTa2High cells also expressed more CD44 than the DU145WTa2Low
cells, suggesting that these stem cell markers are connected. There was no
difference in the Trop2 expression on the DUI45WTo2High and the
DU145WTa2Low cells (I, Figure 1D). Surprisingly, the PC3 cells with a high
expression of o2 integrin had lower levels of CD44 when compared to the
PC302Low cells. Another interesting observation was that the PC3a2High
population had a positive and negative population of Trop2 expressing cells
whereas PC3a2Low cells were negative for Trop2 expression (I, Supplementary
Figure 3C). The proliferation assay indicated that the DU145WTa2High cells had a
reduced ability to multiply on collagen I, fibronectin and poly-L-lysine (PLL) when
compared to the DU145WTa2Low cells (I, Figure 1E). This explains the
enrichment of the cells possessing more a2 integrin and CD44 expression after the
docetaxel treatment. Docetaxel targets cells at mitosis. Cells with a higher o2
integrin expression divide less frequently and are therefore more resistant to drug
treatment. These promising results justified continuingt the study to describe in
depth the role of integrin a2f1 in cancer cell proliferation and survival by creating
a2 integrin knockout lines for DU145 cells.

5.3 The role of a2 integrin in DU145 cells ()

We successfully applied the CrispR/Cas9 system to target the a2 integrin at gene
level in the DU145 cells and to create the knockout cell line DU145KO. The
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knockout was confirmed by sequencing PCR amplified genomic DNA around the
guide RNA binding area (I, Supplementary Figure 2). The DU145KO cells were
used to generate two more cells lines: DU145KO+02 cells, which have a rescued
expression of 02 integrin, and DU145KO+vector line, integrin o2 negative cells,
which carry an empty vector. The expression of a2 integrin was confirmed by
Western blot (I, Figure 2B) and the presence of a2B1 on the surface of the
DUI145KO+a2 cells was determined by flow cytometry (I, Figure 2A).
Additionally, the CD44 expression levels were controlled by flow cytometry in all
cell lines as well. The results showed that the overexpression of 02 integrin did not
affect the CD44 expression, indicating that these two stem cells markers are not
regulated by each other.

5.3.1 Integrin a2 regulates proliferation and resistance to
docetaxel (1)

Since a2P1 integrin signaling is thought to be more relevant in a 3D environment
(Heino 2014) and DU145 cells are able to grow as spheroids in non-adherent
conditions, the majority of the following work was carried out in a 3D spheroid
system. The proliferation of the a2 positive DU145KO+a2 and the a2 negative
DU145KO+vector cells was analyzed by measuring the increase in the DNA content
in the spheroids. The a2 negative cells formed more compact spheroids and appeared
smaller. However, the amount of DNA in the spheroid increased significantly faster,
presenting a higher proliferation rate of the cells (I, Figure 2E). In the colony survival
assay on collagen the DU145KO+02 cells were significantly more resistant to
docetaxel when compared to their 02 negative counterparts (I, Figure 2F), indicating
the connection between reduced proliferation and increased survival.

5.3.2 Integrin a2 regulates motility of cancer cells (I)

The 3D spheroids consisting of a2 positive DU145KO+a2 cells had a loosened
appearance compared to the a2 negative cell spheroids, and one of the explanation
for this might be the increased motility of cells. To study the cell motility, the
invasion of cancer cells through a matrigel coated transwell chamber was
monitored. The results revealed that the DU145KO+02 cells had a significantly
higher invasion capacity compared to the a2 negative DU145KO+vector and the
DUI145WT cells (I, Figure 3A). The same assay was repeated with PC302High and
PC3a2Low cells (I, Supplementary Figure 3D), where again a2f1 integrin high
expressing cells had an advantage in their ability to invade through the matrigel
transwell chambers. All the results supported the belief that the ability of cancer
cells to invade is connected to their a2B1 integrin levels. To confirm that invasive
prostate cancer cells have to express a2f1 integrin in order to move on or through
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the collagen rich matrix, a spheroid-based migration and invasion assay were
developed.

Spheroids for the migration and invasion assay, composed of a2 positive
DU145KO+a2 or a2 negative cells, were grown for 72 hours. For the migration
assay, the spheroids were placed onto collagen I coated plates and for the invasion
assay the spheroids were embedded into the collagen. The size of the surface area
covered by cells was measured in both assays daily during 96 hours. The
DU145KO+a2 cells had a significantly higher migration (I, Figure 3B) and
invasion rate (I, Figure 3C) when compared to the 02 negative cells.

5.3.3 Integrin a2B1 suppresses cell growth and promotes
motility by activation of p38 MAPK. (1)

Although integrin a21 does not have kinase activity itself, it still activates several
signaling pathways. To understand a2 integrin specific signaling we used our o231
integrin positive and a2 negative DU145KO+vector cells and measured the
activation of FAK, ERK and p38MAPK (I, Figure 4A). The phosphorylation of all
three proteins was significantly lower in the DU145KO+vector cells when
compared to the DU145KO+a2 cells. These cells were plated onto a collagen I
coated surface. The most significant effect was seen in the case of the p38
phosphorylation. Therefore, we decided to clarify whether the inhibition of p38
MAPK would induce an increase in DU145KO+a2 cells proliferation. The p38
specific inhibitor SB203580 at a concentration of 10 pg/ml significantly increased
the proliferation of the DU145KO+a2 cells. It also slightly increased the
proliferation of the DU145KO+vector cells, but the difference was not statistically
significant (I, Figure 4B). In addition, the p38 inhibitor had an enormous effect on
the DU145KO+a2 cell migration (I, Figure 4C) and invasion (I, Figure 4D),
indicating that the p38 MAPK pathway is important in DUI145 cancer cell
proliferation and motility regulation.

53.4 Integrin a21 regulates genes previously associated
with cancer progression (I)

RNA sequencing was used to identify differentially expressed genes in DU145WT,
DU145K0, DU145KO+a2 and DU145KO+vector cancer cells. Table 6 shows a
list of genes expressed differentially in cells overexpressing a2 when compared to
the knockout (DU145KO0O) and to the o2 integrin negative (DU145KO+vector)
cells. Four biological replicates were used in order to increase the credibility of the
analyzed gene list. The biological processes which were potentially affected by the
differential gene expression between the a2 positive and the negative cells
(DU145KO0 and DU145KO+vector) were identified (I, Figure5B).
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Table 6. List of genes most differentially expressed in a2 overexpressed DU145KO+a2
cells when compared to DU145KO and DU145KO+vector cells indicated in fold
change (FC).

DU145KO+ DU145KO+
a2 a2
vs DU145KO  vs DU145KO
Gene symbol Description FC +vector FC
cadherin 5, VE-cadherin 7,646 67,204
scavenger receptor class A, member 5 5,487 15,744
ZNF853 zinc finger protein 853 5,386 12,975
LG leucine-rich, glioma inactivated 1 10,466 10,179
JAM3 junctional adhesion molecule 3 2,059 6,726
_ matrix metalloproteinase 1 8,76 5,268
LINC00421 long intergenic non-protein coding RNA 421 4,952 4,816
AMPH amphiphysin 2,47 4,501
- sushi, von Willebrand factor type A, EGF and 3,195 4,224
pentraxin domain containing 1
FOXL1 forkhead box L1 2,543 4,057
SLC18A2 solute carrier family 18 (vesicular 2,929 4,053
monoamine transporter), member 2
DQX1 DEAQ box RNA-dependent ATPase 1 3,002 3,857
ALX1 ALX homeobox 1 3,046 3,768
CACNA1D calcium channel, voltage-dependent, L type, 2,029 3,417
alpha 1D subunit
POM121 POM121 transmembrane nucleoporin-like 9, 2,273 3,293
L9P pseudogene
BEAN1 brain expressed, associated with NEDD4, 1 2,052 3,187
_ kinesin family member 26B 2,771 3,033
DDX60 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 -2,35 -3,037
_ von Willebrand factor A domain containing 2 -3,49 -3,639
CYP4F3 cytochrome P450, family 4, subfamily F, -3,60 -3,046
polypeptide 3
UBA7 ubiquitin-like modifier activating enzyme 7 -3,71 -3,252
RASSF10 Ras association (RalGDS/AF-6) domain -4,20 -3,055
family member 10
spleen tyrosine kinase -4,92 -4,519
retinol binding protein 1, cellular -5,18 -3,328
C1orf116 chromosome 1 open reading frame 116 -6,62 -7,178
plakophilin 1 -6,66 -4,748
chromodomain helicase DNA binding protein 5 -7,14 -9,988
SLC15A3 solute carrier family 15 (oligopeptide transp.) -9,36 -7,288
member 3
BST1 bone marrow stromal cell antigen 1 -9,88 -14,72
! syndecan 2 -28,55 11,773
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Taking into account the previous connection to cancer progression described in the
literature, 12 genes were selected (marked with light blue in the Table 6). To
confirm the RNA sequencing results, the expression of these 12 genes in
DU145KO+0a2 and DU145KO+vector cells was analyzed using qPCR (I, Figure
5D).

The results indicate integrin a2 as a regulator of several genes associated with
cancer progression, many of which have previously been related to prostate cancer
or other malignancies. Substantial downregulation was seen in syndecan 2
expression, which has been shown to be present in the majority of prostate cancers
and is upregulated in high Gleason score cases (Popovi¢ et al., 2010). As a2p1
integrin expression decreases in Gleason 3-5 prostate cancers (Mirtti et al., 2006)
this opposite direction of syndecan 2 expression might have a role in vivo as well.
Also, the expression of PKP1 and CDHS5 genes was downregulated by integrin
02B1, both genes are transcribed to proteins with known tumor-suppressive
properties. The diminished expression of PKP1 has been associated with a
metastatic phenotype of prostate cancer (Yang et al., 2013). In contrast, the
expression of two tumor suppressors, namely SCARAS and LGII, was induced,
which is in accordance to the anti-proliferative action of integrin a2f1 in prostate
cancer cells. The highest increase in gene expression was seen in cadherin 5, also
known as vascular endothelial cadherin (CDH5 / VE-cadherin). Our group has
previously shown the connection between 021 integrin and MMP-1 expression in
other cells (Riikonen et al., 1995). Here, one of the remarkably upregulated genes
in a2 positive cells was also MMP1 and since these cells had increased motility on
the surface and in collagen I gel, the MMP1 degradation of collagen could be one
reason for the ability of a2 positive cells to move through the collagen rich matrix
as well as on its surface. We tested the MMP inhibitor, N-Isobutyl-N-(4-
methoxyphenylsulfonyl) glycyl hydroxamic acid (NNGH), in spheroid migration
and invasion assays. The MMP inhibition, implementing 1 pM of NNGH,
significantly reduced the migration of the DU145KO+a2 and DU145WT cells on
collagen; however, invasion was not influenced by this concentration (],
Supplementary Figure 5). These results showed that MMPs are at least partially
involved in the motility of the prostate cancer cells expressing o2 integrin.

54 ECM in human prostate tissue (lI)

In order to study the ECM composition of the human prostate tissue, a 3 step
matrix extraction protocol, developed initially for the isolation of the ECM from a
human aorta (Didangelos et al., 2010) was applied. Based on the proteomics data
obtained with mass spectrometry (MS), altogether 120 reliable recognitions were
observed and categorized as ECM proteins. MS data enabled the composition of
ECM to be established in the human prostate (II, Figure 4A, Supplementary Table
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S3). The prostate loose connective tissue was composed of fibril forming collagens
I, III and V, and fibril-associated collagens XII and XIV, in addition fibril-binding
proteoglycans decorin and biglycan. BM components, such as collagen IV chains
al and a2, laminin chains a2, a4, a5, B1, B2, and y1, nidogen land 2, perlecan,
fibulin 1, and collagens XV and XVIII were also recognized. Fibronectin, tenascin
C and XB, collagen VI, fibulin-1 and -2, and proteoglycans lumican and
osteoglysin were identified in several samples. In order to study in depth the cells
contributing to the ECM production and the possibility to use ECM in vitro we
continued with isolation of fibroblastic cells from human prostate tissue.

5.5 Prostate-derived fibroblastic cells (I1, 1)

Prostate-derived fibroblasts were isolated from cancerous and non-cancerous tissue
samples from radical prostatectomy specimens obtained from Turku Prostate
Cancer Consortium in collaboration with Auria Biobank and the Pathology unit of
Turku University Hospital.

5.5.1 Fibroblasts become activated by culture conditions (I1)

During the study 27 cell-lines were created of which cells had the characteristic
appearance of fibroblastic cells in culture. To confirm their mesenchymal origin,
cells were immunostained for widely used marker proteins. Vimentin, a-SMA and
FAP, together with negative staining for cytokeratin, were used as markers for the
fibroblasts and activated fibroblasts. The created fibroblast cell-lines were positive
for vimentin, a-SMA and FAP, independently from the cancerous or non-
cancerous origin (Figure 6). The expression levels of the two activation markers, o-
SMA and FAP, correlated with each other in relative mRNA levels measured by
the qPCR analysis (II, Figure 1D-E). A minor tumor or non-transformed epithelial
cell contamination was observed (II, Figure 1B-C); however, it was considered not
to interfere with further studies.
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Vimentin

Figure 6. Cell cultures initiated from human prostate tissue showed the positive staining for
mesenchymal marker vimentin and activated fibroblast marker a-SMA. Scale bar is
20 pm.

55.2 Fibroblasts produce functional ECM (I1)

Fibroblasts were allowed to produce ECM proteins on the plastic cell culture dish
during the 7 days cultivation in the presence of ascorbic acid (aa, 50 pg/ml) in
order to provide the performance of prolyl hydroxylases and the synthesis of stable
collagens. The presence of the ECM proteins was identified by
immunofluorescence staining of the abundant matrix proteins fibronectin and
collagen I (II, Figure 2A). Apparent staining was confirmed in both conditions with
or without cells after the hypotonic lysis of the fibroblasts. The fibrillary structures
in the ECM were visualized by scanning electron microscopy (SEM) (II, Figure
2B)

The cell-free ECM was subjected to further studies with the DU145 and PC3
prostate cancer cells. Cancer cells attached and spread on the ECM as on the
collagen I or fibronectin coated plates. We discovered that the DU145 cells show a
significantly decreased proliferation rate on the ECM when compared to
fibronectin and collagen I coated surfaces (11, Figure 2C).

ECM proteins produced in 2D monolayer cultures by 6 cancerous and
accordingly 6 non-cancerous fibroblastic cell-lines were collected. After collection
the ECMs were subjected to mass spectrometry analysis to identify the synthesized
ECM proteins. We identified 164 matrisome proteins which have been listed as
“core matrisome” or “matrisome associated” in the Matrisome database (Naba et
al., 2012). The detected 132 proteins out of 164 were identified in the produced
matrix at least in one of the cell-lines in both groups (II, Supplementary Table2).
This finding is at least partially related to the fact that both cancer associated
fibroblasts (CAFs) and non-cancer-derived fibroblasts were activated in the cell
culture conditions. Thirteen proteins were identified in the CAF produced matrix
and not present in the non-cancerous matrix. Nineteen proteins were solely
identified in some of non-cancerous fibroblasts matrix, without identification in the
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CAF matrix. However, these differences were not statistically significant once
compared between the groups defined as tumor and non-cancerous fibroblasts. Our
results are in accordance with the outcome of studies analyzing and describing the
considerably high person-to-person protein expression variation. Furthermore, even
the fibroblasts isolated from the same patient can be remarkably heterogeneous in
their gene expression pattern despite having been demonstrated to keep their gene
expression for several passages in cell culture (Chang et al., 2002).

We also analysed the expression of three matrix proteins at mRNA levels,
namely collagen al (I), collagen al (III), and periostin (II, Figure 3A-C). The
mRNA levels do not always reflect the actual protein level in matrix, but based on
this it is possible to investigate their expression. We noted that collagen al (III)
mRNA levels were lower in 5 out of 6 cases in the CAFs compared to the non-
affected fibroblasts in the same prostate (P = 0.026). We also compared the
expression of these matrix proteins with the activation level of the fibroblasts and
discovered that collagen al (I) or al (III) mRNA levels did not correlate with o-
SMA mRNA levels (II, Figures 3D-E), but periostin and a-SMA had a statistically
significant correlation (P = 0.005) (II, Figure 3F). Based on our results all
fibroblasts become activated in the cell-culture conditions, but they may preserve
some properties related to the origin of the tissue, i.e. the CAFs versus normal
tissue fibroblasts. To understand better how the 2D cell culture conditions changed
the matrix produced by fibroblasts, we decided to use a fibroblastic cell-line (II,
Table 1, Patient 2 cancer location isolated fibroblasts) in a 3D spheroid culture
system with and without the DU145 prostate cancer cells (II, Figure 5). The results
revealed that only 62 proteins were shared within the matrix produced by same
fibroblastic cell-line in the monolayer and in the spheroid (II, Figure 6A).
Surprisingly, we identified 86 ECM proteins specific to either the 2D or 3D culture
condition. Most differences were in the group of “ECM regulators”, followed by
“secreted factors” and then “glycoproteins”. The formation of basal lamina was
alternatively regulated since collagen VII, laminin a3 and y2 chains were identified
only in spheroids. Lysyl oxidase (LOX) was only found in the spheroids,
suggesting that the assembly of collagen fibrils is induced in the 3D culture system.

553 ECM components produced by cancer cells or by
fibroblasts and in co-culture (1)

Based on mass spectrometry and proteomics analysis, 64 matrisome proteins were
identified in the spheroid cultures for the DU145 or PC3 prostate cancer cells,
indicating that without fibroblasts cancer cells synthesize little ECM. The DU145
cells did not express core matrisome structural proteins when cultivated alone,
whereas PC3 cells did produce the laminin chains alpha3, beta3 and gamma 2
(known as LN332/ laminin-332), as well as perlecan and collagen type VI (III,
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Supplementary Table 1.) Thirty-two matrisomal proteins were shared between the
DU145 and PC3 cells, 4 proteins were identified only in the DU145 matrisome and
the PC3 cells had 28 unique matrix proteins (III, Figurel A, and Supplementary
Table 1.). The proteins common between the DU145 and PC3 cells could be
categorized into several regulatory protein families, like cathepsins and ADAM
proteinases, annexins, S100 and galectin family members and procollagen lysine
hydroxylases (PLOD) (III, Supplementary Table 1.). Interestingly, the presence of
PLODs in the ECM is in accordance with the recently reported extracellular
function in lung cancer (Y. Chen et al., 2016). These findings propose that collagen
may be modified in the extracellular space, not only in endoplasmic reticulum.
PLOD?2 is required for collagen fiber formation and alignment, and through this
function it contributes to ECM stiffening. The overexpression of PLOD2 leads to
fibrosis (Gilkes et al., 2013).

The experimental data from the second study described fibroblasts to be the
main cell type predominantly synthesizing the core ECM proteins. Another
fibroblast cell-line generated (II, Table 1, Patient 3 cancerous tissue sample) was
cultured in the spheroids alone or alongside the fibroblasts/DU145 and
fibroblasts/PC3 cells (III, Figure 1B, Table 2). In the fibroblast spheroids, most of
the collagenous ECM components were identified: both al and o2 chains of fibril
forming collagen I, fibril associated collagen XII and beaded filament forming
collagen VI, as well as fibronectin, tenascin C and decorin. The fibroblasts alone
express laminin B1 and y1 chain (III, Supplementary Table 1.); however, in the co-
culture with cancer cells a prominent accumulation of the laminins (03, a5, B2 and
B3) was observed (III, Table 2.). The synthesis of BM components, namely
perlecan and collagen XVIII had increased expression in both the fibroblast/DU145
and fibroblast/PC3 spheroids (III, Table 2.). The downregulation of certain ECM
proteins was identified in the co-cultures, particularly fibrillin-2, fibulin-1 and
collagen XIV. HGF was identified only in the fibroblast spheroids,but it remained
undetectable in the co-culture samples (III, Table 2.).

554 Co-culturing of fibroblasts with DU145 or PC3 cells
leads to enhanced ECM proteins degradation (lll)

Although the PC3 cells could independently produce some BM components in the
spheroid cultures, the DU145 cells were not capable of doing so. However, the co-
cultivation of cancer cells along with fibroblasts lead to an accumulation of the
proteins required to form the BM (III, Table 2). Concurrently, the degradation of
the ECM proteins seemed to be enhanced in the co-culture spheroids. The
accumulation of laminin-332 and collagen X VIII noticed in the MS and proteomics
analysis was controlled by Western blot. Using an anti-human laminin-332
antibody confirmed the accumulation of this BM component and also revealed
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several smaller bands detected only in the fibroblast/DU145 and fibroblast/PC3
spheroid samples (III, Figure 3). The collagen XVIII was significantly processed
into endostatin, as the peptides identified in the MS belonged to the endostatin part
of the protein and enhanced endostatin protein bands were detected also by
Western blot (III, Figure 4). The active degradation of laminin-332 into smaller
peptides was also noticed in Western blot analysis. The enhanced turnover of the
ECM, detected in co-cultures, is probably mediated through the co-operation of
several degrading enzymes. Presumable candidates include regulators such as
MMP14, expressed by fibroblasts, or cathepsins and the ADAM family MMPs
produced by cancer cells. Utilizing broad MMP inhibitor and MMP-14 specific
inhibitor revealed that MMPs are needed for invasion of DU145 cancer cells in
“out of spheroid” assay, however MMP inhibition did not affect the formation of
laminin-332 and endostatin containing fragments. Endostatin formation was
decreased when cells in spheroids were treated with cathepsin L inhibitor.
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§) Discussion and General
Perspectives

6.1 Integrin a2B31 regulates proliferation, invasion and
gene expression of prostate cancer cells

The complexity of integrin a2P1 in prostate cancer is reflected by the controversial
findings that integrin o2p1 is downregulated during prostate cancer progression
(Bonkhoff, Stein, and Remberger 1993b; Mirtti et al., 2006) and at the same time is
a cancer stem cell marker (Collins et al., 2005; Trerotola et al., 2010). Previous
works have also suggested the importance of integrin 021 in prostate cancer cell
metastasization into bone (Sottnik et al., 2013; Ricci et al., 2013). These assertions
do not fit perfectly to the traditional tumor progression cascade, unless the cancer
stem-cell theory is included. This theory suggests that most invasive cells have
stem cell properties and are resistant to all environmental challenges. Questions
regarding the role of integrin a2fB1 in prostate cancer cells and its ability to regulate
gene expression and motility have previously remained unanswered. The findings
obtained within this current doctoral thesis significantly extend the previously
known properties of integrin 02p1 in cancer cell motility and as additional features,
also include the regulation of proliferation and the control of gene expression.

6.1.1 Docetaxel treatment enriched the population of DU145
cells with higher expression of a231integrin and CD44

The outcome of our first attempts to study the role of the ECM or its certain
components as a protective factor against the chemotherapeutic drug docetaxel did
not agree with some previously published data (Thomas et al., 2010), since the
ECM had no direct effect on cell survival. However, other studies have clearly
indicated integrin-mediated protection against chemotherapeutics. In one study,
integrins 02B1 and a5B1 expression on MDA-MB-231 breast cancer cells was
shown to decrease apoptosis induced by paclitaxel. However, these receptors did
not have the same effect on MDA-MB-435 cells. In the last case a6p1 integrin and
the attachment to laminin was indicated to be responsible for a reduction in
paclitaxel induced cell death. In both cell lines the integrins were shown to activate
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PI3K/Akt signaling, which induced the expression of Bcl-2 and inhibited the
release of cytochrome c to mediate survival (Aoudjit and Vuori 2001). In another
study, integrin a2p1 expression on T cell acute lymphoblastic leukemia (T-ALL)
cells and attachment to collagen I promoted survival against doxorubicin through
the activation of MAPK/ERK (Naci et al., 2012). These results indicate that the
integrin-mediated attachment and survival enhancing effects may be receptor and
cell type specific. Although, in our study the protective effect of ECM proteins on
docetaxel induced cell death was not noted, we decided to study the surviving cells
in more detail. We discovered the enrichment of the integrin a21 and CD44 high
cells among surviving cells. One of the mechanisms of cancer stem like cells to
survive cytotoxic drug treatments could be the rapid efflux of drugs. CD44 has
been shown to participate in the induction of MDR1 expression and the regulation
of drug resistance (Misra et al., 2005). Another explanation could be the decreased
proliferation of cells with a high expression of integrin 021 and CD44 which
provide a better survival against drugs that target highly proliferative cells. To test
this hypothesis, DU145 cells were sorted into high and low o2f1 integrin
expressing cells and their proliferation and survival were tested. The results created
a link between the higher expression of integrin 021 and better survival.
Nonetheless, it was impossible to claim whether the higher expression is the reason
or the consequence. To test the integrin a2B1 induced stem cell characteristics of
DU145 cells Crispr/cas9 technology was applied.

6.1.2 Proliferation and motility of prostate cancer DU145
cells is regulated by a2B1 integrin through p38 MAPK
pathway

The study revealed that integrin o2B1 decelerates proliferation since
DU145KO+vector cells had increased proliferation compared to a2 positive
DU145KO+ a2 cells. A decrease in the proliferation of 021 integrin expressing
cells could be the reason for the decrease in their population during prostate cancer
progression and would explain the previous report by Mirtti et al, 2006.

Still, the a2 positive DU145KO+ 02 cells had remarkably increased motility
compared to the a2 negative cells, which demonstrates the importance of a2f1
integrin expression in a metastatic cancer cell population. It has been shown that
PC3 cells with suppressed or reduced 021 integrin on cells have significantly less
tumorigenic potential and metastases capability (Ryu, Park, and Lee 2016; Lee et
al., 2009). Furthermore, we discovered that the p38 MAPK pathway is one main
regulator of invasion and proliferation downstream from a2f1 integrin in DU145
prostate cancer cells. The regulation of DU145 cell motility by p38 has also been
studied earlier (Shen et al., 2010). Moreover, we showed that the inhibition of p38
MAPK with specific inhibitor SB203580 significantly increased the proliferation
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of 02 integrin positive cells, whereas the treatment on o2 negtaive cells was
ineffective. Also, the treatment with an inhibitor resulted with the diminished
invasion capability of o2 positive cells to the level of a2 negative cells. These
findings warrant studying o2p1 integrin-targeted therapy as a potent approach to
treat chemotherapy resistant and metastatic prostate cancer cells.

6.1.3 Integrin a2 regulates gene expression related to
cancer progression

The a2p1 positive cells had a significantly higher MMP-1 expression. This is in
accordance with earlier study where Riikonen et al. showed that a2p1 integrin
induces the expression of MMP-1. Considering the motile phenotype of a2 integrin
positive cells, high MMP-1 expression enables the local degradation of the ECM to
further facilitate dissemination.

The induction of cadherin 5 (CDHS5) expression was also observed in a2
integrin expressing cells compared to knockout cells. The cell-cell adhesion
proteins, cadherins, have been shown to be dysregulated in many malignancies.
Cadherin 5, also known as vascular endothelial cadherin (VE-cadherin) is not
expressed in normal epithelium, but is expressed in several tumors. Cancer cells
expressing cadherin 5 might easily take part in vasculature mimicry (VM). VM is
described as cancer cells interacting with endothelium or even replacing
endothelial cells which form mosaic vessels. VM vessels are clinically significant
and increase the risk of metastatic disease. In gastric cancer CDHS5 is a marker for
poor survival (Higuchi et al., 2017) and the phosphorylation of cadherin 5 in a co-
culture of breast cancer cells with HUVECs was induced by 021 integrin (Haidari
et al., 2012). In addition it has been proposed that the matricellular proteins
produced by CAFs, the proteolytic processing of laminin-332 and the dense 3D
collagen-network existing in the TME could trigger the formation of VM vessels
(Eble and Niland 2019).

Concomitantly, integrin a2B1 downregulates several tumor suppressors,
including plakophilinl (PKP1), a protein participating in desmosome formation.
Syndecan 2 was up-regulated in a2 integrin knockout cells. In high Gleason score
prostate cancers, where overall expression of integrin a2p1 is decreased, syndecan
2 is known to be increased (Popovi¢ et al., 2010). The bi-dierctional expression of
syndecan 2 and integrin a2f31could be studied in more detail.

The majority of genes (7 outr of 12) that were up or down regulated by the
expression of integrin a2f1 on the cell surface, were also regulated by integrin
a2pB1 binding to its ligand, collagen 1. However, when a2 positive and negative
cells were plated on collagen and fibronectin some of the effects were evident on
both surfaces leaving the option that a2Blmay also have ligand independent
functions. It has been proposed earlier that integrins may have ligand independent
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functions (Ferraris et al., 2014) and that a2fBlintegrin with a loss-of-function
mutation at a2E336A is able to induce FAK phosporylation and downstream
signaling (Salmela et al., 2017). However, the ligand independent functions of
integrins have not been studied in detail.

Collectively, based on our results, a231 integrin expression on cancer cells
contributes to the gene expression pattern influencing tumor evolvement.

6.2 Prostate fibroblasts mainly produce the
components of ECM, crosstalk with cancer cells
enhances remodelling

Alterations in the ECM composition and organization have been proposed to
induce tumour burden and dissemination (Erler and Weaver, 2009; Rowe and
Weiss, 2009; Lu et al., 2012). CAFs as common cells in cancerous stroma are
known to synthesize and organize the ECM in the TME. Interestingly, it was
shown that another integrin, namely o331 with its interaction to laminin-332
maintains the CAF phenotype and facilitates the invasion of pancreatic
adenocarcinoma cells (Cavaco et al., 2018). Based on our results, prostate-derived
fibroblasts in in vitro cell culture are able to synthesize many ECM proteins. These
include several structural proteins such as collagens, FN, tenascin C, and also GFs
embedded into the matrix, for example FGF2 and HGF. In addition the fibroblasts
in the spheroid culture were able to synthesize some components of the BM, for
example laminin B1 and y1 chain, collagen IV and XV. Prostate cancer cell lines
DU145 and PC3 differ in their ability to produce ECM proteins. When DU145
cells are unable to synthesize any core matrisome proteins, then the PC3 cells can
produce several components of the BM and many matricellular proteins. However,
in co-cultures of cancer cells with fibroblasts, ECM protein synthesis is increased
and it seems that the cells collectively produce all the components needed for the
BM formation. The induced expression of several laminins, perlecan and collagen
XVIII was observed in both the DU145 and PC3 co-cultures with fibroblasts.
Laminin-332 protein expression has been reported to be diminished in prostate
cancer. The same report, however, indicates that the corresponding mRNA levels
remain normal (Hao et al., 2001). In the in vitro system we not only saw the
induction of laminin-332 protein expression, but simutanously the degredation of
the BM components laminin-332 and collagen XVIII were also observed. An
intensive degradation of proteins rather than reduced gene expression may explain
the findings by Hao ef al., 2001. Depending on the cancer type, laminin-332 has
been shown to be either down or up regulated with the opposite effect on cancer
cell dissemination. In colorectal carcinoma, breast cancer, prostate carcinoma, and
oral squamous cell carcinoma (SCC) the protein levels of laminin-332 are
diminished and these tumors are thought to have a tumor suppresive role. Whereas,
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in pancreatic carcinoma, lung adenocarcinoma, malignant glioma, gastric cancer,
SCC elevated laminin-332 protein levels have been reported (Tsuruta et al., 2008).
In some of these cancer types elevated laminin-332 is connected with the increased
dissemination of cancer cells. Degradation of basement membrane proteins can
produce biologically active peptides which can regulate behavior of malignant cells
and other cells present in local microenvironment. Our results indicated that MMPs
are needed for dissemination of DU145 cells in “out of spheroid” assay, but are not
responsible for formation of endostatin and laminin-332 fragments. Whereas
cathepsin L, expressed by DU145 and PC3 cells is responsible at least partially for
formation of endostatin containing fragments from collagen X VIII.
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7 Conclusion and Future Prospects

The tumor microenvironment, including malignant cells as well as activated
stromal and immune cells and the scaffolding ECM, has been proposed to
contribute to cancer progression. This thesis provides new knowledge about the
ECM synthesized by cancer associated fibroblasts and the adhesion molecule
integrin 021 in human prostate cancer. This thesis work demonstrates the
following findings:

L Integrin 02B1 is essential for cancer cell dissemination in the collagen rich
ECM

II.  Integrin a2B1 regulates the proliferation and motility of DU145 prostate
cancer cells through the p38 MAPK pathway

II.  The ECM is mainly produced by fibroblast cells in in vitro cell culture
conditions and iz vivo in human prostate

IV. The co-culture of cancer cells with activated fibroblasts enhances the
synthesis and proteolytic processing of ECM proteins.

Integrin a2B1 is a marker protein of both prostate stem cells and prostate cancer
stem cells. The adhesion protein 021 mediates the cell attachment to collagens
and to several other ECM proteins. The attachment to ECM proteins through the
integrin regulates the behavior of the cell including its processes such as
proliferation, motility and survival.

The results obtained in this thesis project explain the previous controversy
related to the role of a2pB1 integrin in prostate cancer. Firstly, the finding that
integrin a2P1 inhibits prostate cancer cell proliferation explains why the bulk of
non-tumorigenic cells in tumors have reduced levels of integrin a2p1 expression.
Secondly, integrin 0231 seems to protect the phenotype and survival of cancer stem
like cells. And thirdly, the most important cells for cancer progression and
dissemination are tumorigenic cancer stem cell like cells, which remain integrin
a2p1 positive.

ECM is a complex scaffold and reservoir of growth factors and active peptides.
In tumorigenesis, the ECM is continuously remodeled. Cancer cells use matrix
proteins to move and release growth factors to induce their own proliferation. The
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results support the findings that fibroblasts are the main source of ECM proteins in
the in vitro models used in this thesis. Due to the restrictions of the cell culture
models, the composition of the ECM in vitro is slightly different from the ECM
found in vivo in the human prostate. However, based on the similarity of the core
matrisome components it could be said that fibroblasts are the main source of ECM
proteins also in human prostate tissue. The effects of the insoluble matrix on cancer
cells have been investigated less extensively. This thesis aimed to bring new
knowledge into this topic also.

In the future, the 3D co-culture model applied extensively in this thesis could
be used to investigate the ECM in other cancer types. It would be interesting to
study whether cancer stem cell markers could be used to specifically target this
population of cancer cells or could certain matrix proteins be used to target a
microenvironment. This could improve the cancer treatment options already
available.

56



Acknowledgements

This research was carried out at the MediCity Research Laboratory and at the
Department of Biochemistry, University of Turku. I would like to thank Professors
Sirpa Jalkanen and Jyrki Heino for providing an excellent research environment
and to acknowledge all the people working in these departments.

The financial support for this project came from the European Commission, as
a Marie Sklodowska Curie Initial Training Network fellowship, the Sigrid Jusélius
Foundation, the K. Albin Johansson Foundation and the Cancer Society of Finland.
The Turku University Foundation, the Cancer Society of Finland and the Cancer
Society of Southwestern Finland are acknowledged for travel grants which allowed
my trips to conferences to share and connect with fellow researchers.

I express my deep and sincere gratitude to my supervisor Professor Jyrki
Heino, whose guidance and patience have encouraged me throughout the years.
Also his vast knowledge and dedication to science have been a foundation for my
research projects. I am grateful to him, for allowing me to develop the projects as
much as I could, and always supporting me with solutions when not everything has
gone as expected.

Docent Sanna Pasonen-Seppénen and Docent Paula Kujala are warmly thanked
for reviewing this thesis and providing me with valuable comments.

Elina Siljaméki, Elina Aalto (nee Taipalus), Johanna Jokinen, Marjaana
Parikainen, Noora Virtanen, Pekka Rappu, Pekka Taimen, Peter Bostrom and Jyrki
Heino are all acknowledged as my co-authors. My special gratitude goes to my
colleague Dr. Pekka Rappu, who has been the “mass spectrometry guru” of our
group and supported all of my projects with his know-how.

I am so happy to be part of the Integrin team and for having the best
colleagues: Noora Virtanen, Elina Siljaméki, Johanna Jokinen, Salli Keindnen,
Maria Tuominen, Abbi Puranen, Jyrki Heino, Pekka Rappu, Ville Jokinen and
Jarmo Kipyld, but also the former members: Maria Salmela, Kalle Sipild, Silja
Tiitta, Camilla Pelo and Matti Lahti.

Katri, Johannes, Marika, Deep, Veera, Elli and Anne form “Elenius lab” and
Kristina, Liisa, Johanna and Minna from ”Kahari’s lab”, I am thankful for all the
fun at coffee breaks and common events.

57



Marjaana Ojalill

I also would like to thank my current fellow-PhD students Abbi, Salli, Katri,
Johannes, Marika, Deep, Veera and Janne as well as the already defended doctors
Maria, Anna, Erika, Heidi, Vilja, Tuuli, Kalle and Matti for their peer support.
Ketlin Adel, Inna Starskaia, Jouko Sandholm and Markku Saari from the Cell
Imagining Core facility are acknowledged for their help and guidance.

I am deeply thankful to my family and relatives who have believed in me and
supported me in my choices. I am especially grateful to my mother Juta, who has
said: “you should enjoy what you choose to do”. I want to thank my aunt Janika
and her family, sister Leevi, grandparents Inna and Tiit, Katri and Kateriin with
their families for their care and support during my entire life. I thank my sisters-in-
law Kristina and Katrin with their families and my friends Kadri, Mirja and Heiki
for their great support. My sweet little boys — Martin and Markus, you are the joy
of my life. Thank you for being the life beyond work and educating me on how to
be a mother. Finally, my beloved husband Andres, thank you for your endless
support, love and the adventures we share.

Turku, October 2019
Marjaana Ojalill

58



References

Aguirre-Ghiso, J A, D Liu, A Mignatti, K Kovalski, and L Ossowski. 2001. “Urokinase Receptor and
Fibronectin Regulate the ERK(MAPK) to P38(MAPK) Activity Ratios That Determine
Carcinoma Cell Proliferation or Dormancy in Vivo.” Molecular Biology of the Cell 12 (4): 863—
79. https://doi.org/10.1091/mbc.12.4.863.

Al-Hajj, Muhammad, Max S Wicha, Adalberto Benito-Hernandez, Sean J Morrison, and Michael F
Clarke. 2003. “Prospective Identification of Tumorigenic Breast Cancer Cells.” Proceedings of
the National Academy of Sciences of the United States of America 100 (7): 3983-88.
https://doi.org/10.1073/pnas.0530291100.

Alanko, Jonna, Anja Mai, Guillaume Jacquemet, Kristine Schauer, Riina Kaukonen, Markku Saari,
Bruno Goud, and Johanna Ivaska. 2015. “Integrin Endosomal Signalling Suppresses Anoikis.”
Nature Cell Biology 17 (11): 1412-21. https://doi.org/10.1038/ncb3250.

Aoudjit, Fawzi, and Kristiina Vuori. 2001. “Integrin Signaling Inhibits Paclitaxel-Induced Apoptosis
in Breast Cancer Cells.” Oncogene 20 (36): 4995-5004. https://doi.org/10.1038/sj.onc.1204554.

Arcangelis, Adéle De, Hussein Hamade, Fabien Alpy, Sylvain Normand, Emilie Bruyére, Olivier
Lefebvre, Agnés Méchine-Neuville, et al. 2017. “Hemidesmosome Integrity Protects the Colon
against Colitis and Colorectal Cancer.” Gut 66 (10): 1748-60. https://doi.org/10.1136/gutjnl-
2015-310847.

Armstrong, Cameron M, and Allen C Gao. 2015. “Drug Resistance in Castration Resistant Prostate
Cancer: Resistance Mechanisms and Emerging Treatment Strategies.” American Journal of
Clinical and Experimental Urology 3 (2): 64-76.

Attiech, Youmna, Andrew G Clark, Carina Grass, Sophie Richon, Marc Pocard, Pascale
Mariani, Nadia Elkhatib, Timo Betz, Basile Gurchenkov, and Danijela Matic Vignjevic. 2017.
“Cancer-Associated  Fibroblasts = Lead  Tumor  Invasion  through  Integrin-B3-
Dependent Fibronectin Assembly.” The Journal of Cell Biology 216 (11): 3509-20.
https://doi.org/10.1083/jcb.201702033.

Attiech, Youmna, and Danijela Matic Vignjevic. 2016. “The Hallmarks of CAFs in Cancer
Invasion.” Furopean Journal of Cell Biology 95 (11): 493-502. https://doi.org/10.1016/
J.EJCB.2016.07.004.

Aumailley, Monique, Leena Bruckner-Tuderman, William G. Carter, Rainer Deutzmann, David
Edgar, Peter Ekblom, Jiirgen Engel, et al. 2005. “A Simplified Laminin Nomenclature.” Matrix
Biology 24 (5): 326-32. https://doi.org/10.1016/J.MATBIO.2005.05.006.

Balkwill, Frances R., Melania Capasso, and Thorsten Hagemann. 2012. “The Tumor
Microenvironment at a Glance.” J Cell Sci 125 (23): 5591-96. https://doi.org/10.1242/
JCS.116392.

Barclay, Wendy W., Linara S. Axanova, Wenhong Chen, Lina Romero, Sophia L. Maund, Shay
Soker, Cynthia J. Lees, and Scott D. Cramer. 2008. “Characterization of Adult Prostatic
Progenitor/Stem Cells Exhibiting Self-Renewal and Multilineage Differentiation.” Stem Cells
(Dayton, Ohio) 26 (3): 600. https://doi.org/10.1634/STEMCELLS.2007-0309.

Barrow-McGee, Rachel, Naoki Kishi, Carine Joffre, Ludovic Ménard, Alexia Hervieu, Bakhouche A
Bakhouche, Alejandro J Noval, et al. 2016. “Beta 1-Integrin-c-Met Cooperation Reveals an

59



Marjaana Ojalill

inside-in Survival Signalling on Autophagy-Related Endomembranes.” Nature Communications
7: 11942, https://doi.org/10.1038/ncomms11942.

Bengtsson, Therese, Attila Aszodi, Claudia Nicolae, Ernst B. Hunziker, Evy Lundgren-Akerlund,
and Reinhard Féssler. 2005. “Loss of A10B1 Integrin Expression Leads to Moderate Dysfunction
of Growth Plate Chondrocytes.” Journal of Cell Science 118 (5): 929-36.
https://doi.org/10.1242/JCS.01678.

Bonkhoff, H., U. Stein, and K. Remberger. 1993a. “Differential Expression of A6 and A2 Very Late
Antigen Integrins in the Normal, Hyperplastic, and Neoplastic Prostate: Simultaneous
Demonstration of Cell Surface Receptors and Their Extracellular Ligands.” Human Pathology 24
(3): 243-48. https://doi.org/10.1016/0046-8177(93)90033-D.

Bonkhoff, H, U Stein, and K Remberger. 1993b. “Differential Expression of Alpha 6 and Alpha 2
Very Late Antigen Integrins in the Normal, Hyperplastic, and Neoplastic Prostate: Simultaneous
Demonstration of Cell Surface Receptors and Their Extracellular Ligands.” Human Pathology 24
(3): 243-48.

Bonnet, Dominique, and E Dick. 1997. “Human Acute Myeloid Leukemia Is Organized as a
Hierarchy That Originates from a Primitive Hematopoietic Cell.”

Bornstein, Paul, and E.Helene Sage. 2002. “Matricellular Proteins: Extracellular Modulators of Cell
Function.” Current Opinion in Cell Biology 14 (5): 608-16. https://doi.org/10.1016/S0955-
0674(02)00361-7.

Brami-Cherrier, Karen, Nicolas Gervasi, Diana Arsenieva, Katarzyna Walkiewicz, Marie-Claude
Boutterin, Alvaro Ortega, Paul G Leonard, et al. 2014. “FAK Dimerization Controls Its Kinase-
Dependent Functions at Focal Adhesions.” The EMBO Journal 33 (4): 356-70.
https://doi.org/10.1002/embj.201386399.

Bray, Freddie, Jacques Ferlay, Isabelle Soerjomataram, Rebecca L. Siegel, Lindsey A. Torre, and
Ahmedin Jemal. 2018. “Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries.” CA: A Cancer Journal for Clinicians 68
(6): 394-424. https://doi.org/10.3322/caac.21492.

Bu, Pengcheng, Kai-Yuan Chen, Joyce Huan Chen, Lihua Wang, Jewell Walters, Yong Jun
Shin, Julian P Goerger, et al. 2013. “A MicroRNA MiR-34a-Regulated Bimodal Switch Targets
Notch in  Colon Cancer Stem Cells.” Cell Stem Cell 12 (5): 602-15.
https://doi.org/10.1016/j.stem.2013.03.002.

Calderwood, David A. 2004. “Integrin Activation.” Journal of Cell Science 117 (Pt 5): 657—66.
https://doi.org/10.1242/jcs.01014.

Campbell, lain D, and Martin J Humphries. 2011. “Integrin Structure, Activation, and Interactions.”
Cold Spring Harbor Perspectives in Biology 3 (3). https://doi.org/10.1101/cshperspect.a004994.

Camper, Lisbet, Ulf Hellman, and Evy Lundgren-Akerlund. 1998. “Isolation, Cloning, and Sequence
Analysis of the Integrin Subunit 10, a 1-Associated Collagen Binding Integrin Expressed on
Chondrocytes*.”

Carracedo, Sergio, Ning Lu, Svetlana N Popova, Roland Jonsson, Beate Eckes, and Donald Gullberg.
2010. “The Fibroblast Integrin Alphallbetal Is Induced in a Mechanosensitive Manner
Involving Activin A and Regulates Myofibroblast Differentiation.” The Journal of Biological
Chemistry 285 (14): 10434-45. https://doi.org/10.1074/jbc.M109.078766.

Cavaco, Ana C Martins, Maryam Rezaei, Michele F Caliandro, Augusto Martins Lima, Martin
Stehling, Sameer A Dhayat, Jorg Haier, Cord Brakebusch, and Johannes A Eble. 2018. “The
Interaction between Laminin-332 and A3p1 Integrin Determines Differentiation and
Maintenance of CAFs, and Supports Invasion of Pancreatic Duct Adenocarcinoma Cells.”
Cancers 11 (1). https://doi.org/10.3390/cancers11010014.

Chaffer, Christine L, Ines Brueckmann, Christina Scheel, Alicia J Kaestli, Paul A Wiggins, Leonardo
O Rodrigues, Mary Brooks, et al. 2011. “Normal and Neoplastic Nonstem Cells Can
Spontaneously Convert to a Stem-like State.” Proceedings of the National Academy of Sciences
of the United States of America 108 (19): 7950-55. https://doi.org/10.1073/pnas.1102454108.

60



References

Chang, Howard Y, Jen-Tsan Chi, Sandrine Dudoit, Chanda Bondre, Matt van de Rijn, David
Botstein, and Patrick O Brown. 2002. “Diversity, Topographic Differentiation, and Positional
Memory in Human Fibroblasts.” Proceedings of the National Academy of Sciences of the United
States of America 99 (20): 12877-82. https://doi.org/10.1073/pnas.162488599.

Chen, Jianchun, Thomas G. Diacovo, David G. Grenache, Samuel A. Santoro, and Mary M. Zutter.
2002. “The A2 Integrin Subunit-Deficient Mouse : A Multifaceted Phenotype Including Defects
of Branching Morphogenesis and Hemostasis.” The American Journal of Pathology 161 (1): 337.

Chen, Yulong, Houfu Guo, Masahiko Terajima, Priyam Banerjee, Xin Liu, Jiang Yu, Amin A
Monmin, et al. 2016. “Lysyl Hydroxylase 2 Is Secreted by Tumor Cells and Can Modify Collagen
in the Extracellular Space.” The Journal of Biological Chemistry 291 (50): 25799-808.
https://doi.org/10.1074/jbc.M116.759803.

Chin, Suyin Paulynn, James R. Marthick, Alison C. West, Annabel K. Short, Jyoti Chuckowree,
Andrea M. Polanowski, Russell J. Thomson, Adele F. Holloway, and Joanne L. Dickinson. 2015.
“Regulation of the /TGA2 Gene by Epigenetic Mechanisms in Prostate Cancer.” The Prostate 75
(7): 723-34. https://doi.org/10.1002/pros.22954.

Chiu, Sue-Jean, Si-Tse Jiang, Yang-Kao Wang, and Ming-Jer Tang. 2002. “Hepatocyte
Growth Factor Upregulates Alpha2betal Integrin in Madin-Darby Canine Kidney Cells:
Implications in Tubulogenesis.” Journal of Biomedical Science 9 (3): 261-72.
https://doi.org/10.1159/000059427.

Collins, A T, F K Habib, N J Maitland, and D E Neal. 2001. “Identification and Isolation of Human
Prostate Epithelial Stem Cells Based on Alpha(2)Beta(1)-Integrin Expression.” Journal of Cell
Science 114 (Pt 21): 3865-72.

Collins, Anne T, Paul A Berry, Catherine Hyde, Michael J Stower, and Norman J Maitland. 2005.
“Prospective Identification of Tumorigenic Prostate Cancer Stem Cells.” Cancer Res 65 (23):
10946-51. https://doi.org/10.1158/0008-5472.CAN-05-2018.

Danen, Erik H.J., and Kenneth M. Yamada. 2001. “Fibronectin, Integrins, and Growth Control.”
Journal of Cellular Physiology 189 (1): 1-13. https://doi.org/10.1002/jcp.1137.

Didangelos, Athanasios, Xiaoke Yin, Kaushik Mandal, Mark Baumert, Marjan Jahangiri, and Manuel
Mayr. 2010. “Proteomics Characterization of Extracellular Space Components in the Human
Aorta.” Molecular & Cellular ~ Proteomics : mce 9 9): 2048-62.
https://doi.org/10.1074/mcp.M110.001693.

Douma, Sirith, Theo van Laar, John Zevenhoven, Ralph Meuwissen, Evert van Garderen, and Daniel
S. Peeper. 2004. “Suppression of Anoikis and Induction of Metastasis by the Neurotrophic
Receptor TrkB.” Nature 430 (7003): 1034—39. https://doi.org/10.1038/nature02765.

Dumin, J A, S K Dickeson, T P Stricker, M Bhattacharyya-Pakrasi, ] D Roby, S A Santoro, and W C
Parks. 2001. “Pro-Collagenase-1 (Matrix Metalloproteinase-1) Binds the Alpha(2)Beta(1)
Integrin upon Release from Keratinocytes Migrating on Type I Collagen.” The Journal of
Biological Chemistry 276 (31): 29368-74. https://doi.org/10.1074/jbc.M104179200.

Durbeej, Madeleine. 2010. “Laminins.” Cell and Tissue Research 339 (1): 259-68.
https://doi.org/10.1007/s00441-009-0838-2.

Eble, Johannes A, and Stephan Niland. 2019. “The Extracellular Matrix in Tumor Progression and
Metastasis.” Clinical & Experimental Metastasis 36: 171-98. https://doi.org/10.1007/s10585-
019-09966-1.

English, Hugh F., Richard J. Santen, and John T. Isaacs. 1987. “Response of Glandular versus Basal
Rat Ventral Prostatic Epithelial Cells to Androgen Withdrawal and Replacement.” The Prostate
11 (3): 229-42. https://doi.org/10.1002/pros.2990110304.

Erler, Janine T, and Valerie M Weaver. 2009. “Three-Dimensional Context Regulation of
Metastasis.” Clinical & Experimental Metastasis 26 (1): 35-49. https://doi.org/10.1007/s10585-
008-9209-8.

Ferraris, Gian Maria Sarra, Carsten Schulte, Valentina Buttiglione, Valentina De Lorenzi,
Andrea Piontini, Massimiliano Galluzzi, Alessandro Podesta, Chris D Madsen, and Nicolai
Sidenius. 2014. “The Interaction between UPAR and Vitronectin Triggers Ligand-Independent

61



Marjaana Ojalill

Adhesion  Signalling by Integrins.” The EMBO Journal 33 (21): 2458-72.
https://doi.org/10.15252/embj.201387611.

Frisch, Steven M, and Erkki Ruoslahti. 1997. “Integrins and Anoikis.” Current Opinion in Cell
Biology 9 (5): 701-6. https://doi.org/10.1016/S0955-0674(97)80124-X.

Garamszegi, N, S P Garamszegi, P Samavarchi-Tehrani, E Walford, M M Schneiderbauer,
J L Wrana, and S P Scully. 2010. “Extracellular Matrix-Induced Transforming Growth
Factor-$ Receptor Signaling Dynamics.” Oncogene 29 (16): 2368-80.
https://doi.org/10.1038/0nc.2009.514.

Gardner, Humphrey, Jordan Kreidberg, Victor Koteliansky, and Rudolf Jaenisch. 1996. “Deletion of
Integrin A1 by Homologous Recombination Permits Normal Murine Development but Gives
Rise to a Specific Deficit in Cell Adhesion.” Developmental Biology 175 (2): 301-13.
https://doi.org/10.1006/DBI0.1996.0116.

Garraway, Isla P, Wenyi Sun, Chau P Tran, Sven Perner, Bao Zhang, Andrew S Goldstein, Scott A
Hahm, et al. 2010. “Human Prostate Sphere-Forming Cells Represent a Subset of Basal
Epithelial Cells Capable of Glandular Regeneration in Vivo.” The Prostate 70 (5): 491-501.
https://doi.org/10.1002/pros.21083.

Gialeli, Chrisostomi, Achilleas D. Theocharis, and Nikos K. Karamanos. 2011. “Roles of Matrix
Metalloproteinases in Cancer Progression and Their Pharmacological Targeting.” FEBS Journal
278 (1): 16-27. https://doi.org/10.1111/j.1742-4658.2010.07919.x.

Gilkes, Daniele M, Saumendra Bajpai, Pallavi Chaturvedi, Denis Wirtz, and Gregg L Semenza. 2013.
“Hypoxia-Inducible Factor 1 (HIF-1) Promotes Extracellular Matrix Remodeling under Hypoxic
Conditions by Inducing PAHA1, PAHA2, and PLOD2 Expression in Fibroblasts.” The Journal of
Biological Chemistry 288 (15): 10819-29. https://doi.org/10.1074/jbc.M112.442939.

Goldstein, Andrew S, Devon A Lawson, Donghui Cheng, Wenyi Sun, Isla P Garraway, and Owen N
Witte. 2008. “Trop2 Identifies a Subpopulation of Murine and Human Prostate Basal Cells with
Stem Cell Characteristics.” Proceedings of the National Academy of Sciences of the United
States of America 105 (52): 20882—87. https://doi.org/10.1073/pnas.0811411106.

Golubovskaya, Vita M, Richard Finch, Min Zheng, Elena V Kurenova, and William G Cance. 2008.
“The 7-Amino-Acid Site in the Proline-Rich Region of the N-Terminal Domain of P53 Is
Involved in the Interaction with FAK and Is Critical for P53 Functioning.” The Biochemical
Journal 411 (1): 151-60. https://doi.org/10.1042/BJ20071657.

Golubovskaya, Vita M, Nadia L Palma, Min Zheng, Baotran Ho, Andrew Magis, David Ostrov, and
William G Cance. 2013. “A Small-Molecule Inhibitor, 5’-O-Tritylthymidine, Targets FAK and
Mdm-2 Interaction, and Blocks Breast and Colon Tumorigenesis in Vivo.” Anti-Cancer Agents
in Medicinal Chemistry 13 (4): 532-45.

Gong, Yixuan, Evita Scott, Rong Lu, Yin Xu, William K. Oh, and Qin Yu. 2013. “TIMP-1 Promotes
Accumulation of Cancer Associated Fibroblasts and Cancer Progression.” Edited by Natasha
Kyprianou. PLoS ONE 8 (10): €77366. https://doi.org/10.1371/journal.pone.0077366.

Haidari, Mehran, Wei Zhang, Amy Caivano, Zhenping Chen, Leila Ganjehei, Ahmadreza Mortazavi,
Christopher Stroud, Darren G Woodside, James T Willerson, and Richard A F Dixon. 2012.
“Integrin A2B1 Mediates Tyrosine Phosphorylation of Vascular Endothelial Cadherin Induced by
Invasive Breast Cancer Cells.” The Journal of Biological Chemistry 287 (39): 32981-92.
https://doi.org/10.1074/jbc.M112.395905.

Hanahan, Douglas, and Robert A. Weinberg. 2011. “Hallmarks of Cancer: The Next Generation.”
Cell 144 (5): 646-74. https://doi.org/10.1016/j.cell.2011.02.013.

Hao, J, L Jackson, R Calaluce, K McDaniel, B L Dalkin, and R B Nagle. 2001. “Investigation into the
Mechanism of the Loss of Laminin 5 (Alpha3beta3gamma2) Expression in Prostate Cancer.” The
American Journal of Pathology 158 (3): 1129-35.

Harris, William P, Elahe A Mostaghel, Peter S Nelson, and Bruce Montgomery. 2009. “Androgen
Deprivation Therapy: Progress in Understanding Mechanisms of Resistance and Optimizing
Androgen  Depletion.”  Nature  Clinical  Practice.  Urology 6  (2): 76-85.
https://doi.org/10.1038/ncpuro1296.

62



References

Hasebe, Takahiro, Satoshi Sasaki, Shigeru Imoto, and Atsushi Ochiai. 2001. “Highly Proliferative
Fibroblasts Forming Fibrotic Focus Govern Metastasis of Invasive Ductal Carcinoma of the
Breast.” Modern Pathology 14 (4): 325-37. https://doi.org/10.1038/modpathol.3880310.

Heino, Jyrki. 2007. “The Collagen Family Members as Cell Adhesion Proteins.” BioEssays 29 (10):
1001-10. https://doi.org/10.1002/bies.20636.

Heino, Jyrki. 2014. “Cellular Signaling by Collagen-Binding Integrins.” In Advances in Experimental
Medicine and Biology, 819:143-55. https://doi.org/10.1007/978-94-017-9153-3_10.

Henriet, P, Z D Zhong, P C Brooks, K I Weinberg, and Y A DeClerck. 2000. “Contact with Fibrillar
Collagen Inhibits Melanoma Cell Proliferation by Up-Regulating P27KIP1.” Proceedings of the
National Academy of Sciences of the United States of America 97 (18): 10026-31.
https://doi.org/10.1073/pnas.170290997.

Higuchi, Kyoko, Mikito Inokuchi, Yoko Takagi, Toshiaki Ishikawa, Sho Otsuki, Hiroyuki Uetake,
Kazuyuki Kojima, and Tatsuyuki Kawano. 2017. “Cadherin 5 Expression Correlates with Poor
Survival in Human Gastric Cancer.” Journal of Clinical Pathology 70 (3): 217-21.
https://doi.org/10.1136/jclinpath-2016-203640.

Ho, Maria M, Alvin V Ng, Stephen Lam, and Jaclyn Y Hung. 2007. “Side Population in Human Lung
Cancer Cell Lines and Tumors Is Enriched with Stem-like Cancer Cells.” Cancer Res 67 (10):
4827-60. https://doi.org/10.1158/0008-5472.CAN-06-3557.

Holten-Andersen, Mads N., Ulla Hansen, Nils Briinner, Hans Jorgen Nielsen, Martin Illemann, and
Boye Schnack Nielsen. 2005. “Localization of Tissue Inhibitor of Metalloproteinases 1 (TIMP-1)
in Human Colorectal Adenoma and Adenocarcinoma.” International Journal of Cancer 113 (2):
198-206. https://doi.org/10.1002/ijc.20566.

Holtkétter, Olaf, Bernhard Nieswandt, Neil Smyth, Werner Miiller, Martin Hafner, Valerie Schulte,
Thomas Krieg, and Beate Eckes. 2002. “Integrin Alpha 2-Deficient Mice Develop Normally, Are
Fertile, but Display Partially Defective Platelet Interaction with Collagen.” The Journal of
Biological Chemistry 277 (13): 10789-94. https://doi.org/10.1074/jbc.M112307200.

Humphrey, Peter A. 2012. “Histological Variants of Prostatic Carcinoma and Their Significance.”
Histopathology 60 (1): 59-74. https://doi.org/10.1111/j.1365-2559.2011.04039.x.

Humphries, Jonathan D., Adam Byron, and Martin J. Humphries. 2006. “Journal of Cell Science.” J.
Cell Sci. 97 (4): 585-92. https://doi.org/10.1242/jcs.03098.

Hynes, R.O., J.C. Lively, J.H. Mccarty, D. Taverna, S.E. Francis, K. Hodivala-Dilke, and Q. Xiao.
2002. “The Diverse Roles of Integrins and Their Ligands in Angiogenesis.” Cold Spring Harbor
Symposia on Quantitative Biology 67 (0): 143-54. https://doi.org/10.1101/sqb.2002.67.143.

Hynes, Richard O. 2009. “The Extracellular Matrix: Not Just Pretty Fibrils.” Science (New York,
N.Y.) 326 (5957): 1216-19. https://doi.org/10.1126/science.1176009.

lozzo, Renato V, and Liliana Schaefer. 2015. “Proteoglycan Form and Function: A Comprehensive
Nomenclature of Proteoglycans.” Matrix Biology : Journal of the International Society for
Matrix Biology 42 (March): 11-55. https://doi.org/10.1016/j.matbio.2015.02.003.

Ivaska, J, J Kdpyld, O Pentikdinen, A M Hoffrén, J] Hermonen, P Huttunen, M S Johnson, and J
Heino. 1999. “A Peptide Inhibiting the Collagen Binding Function of Integrin Alpha2l Domain.”
The Journal of Biological Chemistry 274 (6): 3513-21. https://doi.org/10.1074/JBC.274.6.3513.

Ivaska, J, H Reunanen, J Westermarck, L Koivisto, V M Kaéhéri, and J Heino. 1999. “Integrin
Alpha2betal Mediates Isoform-Specific Activation of P38 and Upregulation of Collagen Gene
Transcription by a Mechanism Involving the Alpha2 Cytoplasmic Tail.” The Journal of Cell
Biology 147 (2): 401-16.

Ivaska, Johanna, and Jyrki Heino. 2011. “Cooperation Between Integrins and Growth Factor
Receptors in Signaling and Endocytosis.” Annual Review of Cell and Developmental Biology 27
(1): 291-320. https://doi.org/10.1146/annurev-cellbio-092910-154017.

Ivaska, Johanna, Liisa Nissinen, Nina Immonen, John E. Eriksson, Veli-Matti Kahéri, and Jyrki
Heino. 2002. “Integrin A2B1 Promotes Activation of Protein Phosphatase 2A and
Dephosphorylation of Akt and Glycogen Synthase Kinase 3p.” Molecular and Cellular Biology
22 (5): 1352.

63



Marjaana Ojalill

Johnson, Mark S., Ning Lu, Konstantin Denessiouk, Jyrki Heino, and Donald Gullberg.
2009. “Integrins during Evolution: Evolutionary Trees and Model Organisms.” Biochimica et
Biophysica Acta (BBA) - Biomembranes 1788 (4): 779-89. https://doi.org/10.1016/
J.BBAMEM.2008.12.013.

Jokinen, Johanna, Elina Dadu, Petri Nykvist, Jarmo K& pyld, Daniel J] White, Johanna Ivaska, Piia
Vehvild inen, et al. 2004. “Integrin-Mediated Cell Adhesion to Type 1 Collagen Fibrils*.”
https://doi.org/10.1074/jbc.M401409200.

Kalluri, Raghu. 2016. “The Biology and Function of Fibroblasts in Cancer.” Nature Reviews Cancer
16 (9): 582-98. https://doi.org/10.1038/nrc.2016.73.

Kalluri, Raghu, and Michael Zeisberg. 2006. “Fibroblasts in Cancer.” Nature Reviews. Cancer 6 (5):
392-401. https://doi.org/10.1038/nrc1877.

Kinbara, Hiroyuki, Gerald R. Cunha, Eugenie Boutin, Norio Hayashi, and Juichi Kawamura. 1996.
“Evidence of Stem Cells in the Adult Prostatic Epithelium Based upon Responsiveness to
Mesenchymal Inductors.” The Prostate 29 (2): 107-16. https://doi.org/10.1002/(SICI)1097-
0045(199608)29:2<107::AID-PROS6>3.0.CO;2-C.

Knight, C G, L F Morton, A R Peachey, D S Tuckwell, R W Farndale, and M J Barnes. 2000. “The
Collagen-Binding A-Domains of Integrins Alpha(1)Beta(1) and Alpha(2)Beta(1) Recognize the
Same Specific Amino Acid Sequence, GFOGER, in Native (Triple-Helical) Collagens.” The
Journal of Biological Chemistry 275 (1): 35-40. https://doi.org/10.1074/jbc.275.1.35.

Knudsen, Beatrice S., and Cindy K. Miranti. 2006. “The Impact of Cell Adhesion Changes on
Proliferation and Survival during Prostate Cancer Development and Progression.” Journal of
Cellular Biochemistry 99 (2): 345—61. https://doi.org/10.1002/jcb.20934.

Kostenuik, P J, O Sanchez-Sweatman, F W Orr, and G Singh. 1996. “Bone Cell Matrix Promotes the
Adhesion of Human Prostatic Carcinoma Cells via the Alpha 2 Beta 1 Integrin.” Clinical &
Experimental Metastasis 14 (1): 19-26.

Kyostild, Kaisa, Anu K Lappalainen, and Hannes Lohi. 2013. “Canine Chondrodysplasia Caused by a
Truncating Mutation in Collagen-Binding Integrin Alpha Subunit 10.” PloS One 8 (9): €75621.
https://doi.org/10.1371/journal.pone.0075621.

Kyprianou, Natasha, and John T Isaacs. 1988. “Activation of Programmed Cell Death in the Rat
Ventral Prostate after Castration*.” Vol. 122.

Lahti, Matti, Eva Bligt, Henri Niskanen, Vimal Parkash, Anna-Maria Brandt, Johanna Jokinen, Pekka
Patrikainen, Jarmo Képyld, Jyrki Heino, and Tiina A Salminen. 2011. “Structure of Collagen
Receptor Integrin (1)l Domain Carrying the Activating Mutation E317A.” The Journal of
Biological Chemistry 286 (50): 43343-51. https://doi.org/10.1074/jbc.M111.261909.

Lalonde, Emilie, Adrian S Ishkanian, Jenna Sykes, Michael Fraser, Helen Ross-Adams, Nicholas
Erho, Mark J Dunning, et al. 2014. “Tumour Genomic and Microenvironmental Heterogeneity
for Integrated Prediction of 5-Year Biochemical Recurrence of Prostate Cancer: A Retrospective
Cohort Study.” The Lancet Oncology 15 (13): 1521-32. https://doi.org/10.1016/S1470-
2045(14)71021-6.

Lathia, J D, M Hitomi, J Gallagher, S P Gadani, J Adkins, A Vasanji, L Liu, et al. 2011. “Distribution
of CD133 Reveals Glioma Stem Cells Self-Renew through Symmetric and Asymmetric Cell
Divisions.” Cell Death & Disease 2 (9): €200. https://doi.org/10.1038/cddis.2011.80.

Lawson, Devon A, Li Xin, Rita U Lukacs, Donghui Cheng, and Owen N Witte. 2006. “Isolation and
Functional Characterization of Murine Prostate Stem Cells.”

Le, Hanh, Julia T. Arnold, Kimberly K. McFann, and Marc R. Blackman. 2006. “DHT and
Testosterone, but Not DHEA or E 2 , Differentially Modulate IGF-1, IGFBP-2, and IGFBP-3 in
Human Prostatic Stromal Cells.” American Journal of Physiology-Endocrinology and
Metabolism 290 (5): E952—-60. https://doi.org/10.1152/ajpendo.00451.2005.

Lee, Seung Ho, Shingo Hatakeyama, Shin-Yi Yu, Xingfeng Bao, Chikara Ohyama, Kai-Hooi Khoo,
Michiko N Fukuda, and Minoru Fukuda. 2009. “Core3 O-Glycan Synthase Suppresses Tumor
Formation and Metastasis of Prostate Carcinoma PC3 and LNCaP Cells through down-

64



References

Regulation of Alpha2betal Integrin Complex.” The Journal of Biological Chemistry 284 (25):
17157-69. https://doi.org/10.1074/jbc.M109.010934.

Leeuw, Renée de, Lisa D Berman-Booty, Matthew J Schiewer, Stephen J Ciment, Robert B Den,
Adam P Dicker, William K Kelly, et al. 2015. “Novel Actions of Next-Generation Taxanes
Benefit Advanced Stages of Prostate Cancer.” Clinical Cancer Research : An Official Journal of
the American Association for Cancer Research 21 (4): 795-807. https://doi.org/10.1158/1078-
0432.CCR-14-1358.

Li, Dan, Kuniaki Mukai, Tsuneharu Suzuki, Reiko Suzuki, Shuji Yamashita, Fumiko Mitani, and
Makoto Suematsu. 2007. “Adrenocortical Zonation Factor 1 Is a Novel Matricellular Protein
Promoting Integrin-Mediated Adhesion of Adrenocortical and Vascular Smooth Muscle Cells.”
FEBS Journal 274 (10): 2506-22. https://doi.org/10.1111/j.1742-4658.2007.05786.x.

Lu, Pengfei, Valerie M Weaver, and Zena Werb. 2012. “The Extracellular Matrix: A Dynamic Niche
in Cancer Progression.” The Journal of Cell Biology 196 (4): 395-406.
https://doi.org/10.1083/jcb.201102147.

Mani, Sendurai A, Wenjun Guo, Mai-Jing Liao, Elinor Ng Eaton, Ayyakkannu Ayyanan, Alicia Y
Zhou, Mary Brooks, et al. 2008. “The Epithelial-Mesenchymal Transition Generates Cells with
Properties of Stem Cells.” Cell 133 (4): 704—15. https://doi.org/10.1016/j.cell.2008.03.027.

Mcecall-Culbreath, Karissa D, Zhengzhi Li, and Mary M Zutter. 2008. “Crosstalk between the
Alpha2betal Integrin and C-Met/HGF-R Regulates Innate Immunity.” Blood 111 (7): 3562-70.
https://doi.org/10.1182/blood-2007-08-107664.

Mettouchi, Amel, Sharon Klein, Wenjun Guo, Miguel Lopez-Lago, Emmanuel Lemichez, John K.
Westwick, and Filippo G. Giancotti. 2001. “Integrin-Specific Activation of Rac Controls
Progression through the G1 Phase of the Cell Cycle.” Molecular Cell 8 (1): 115-27.
https://doi.org/10.1016/S1097-2765(01)00285-4.

Micallef, Ludovic, Nicolas Vedrenne, Fabrice Billet, Bernard Coulomb, Ian A Darby, and Alexis
Desmouliére. 2012. “The Myofibroblast, Multiple Origins for Major Roles in Normal and
Pathological Tissue Repair.” Fibrogenesis & Tissue Repair 5 (Suppl 1): S5.
https://doi.org/10.1186/1755-1536-5-S1-S5.

Mirtti, Tuomas, Camilla Nylund, Janika Lehtonen, Heikki Hiekkanen, Liisa Nissinen, Markku
Kallajoki, Kalle Alanen, Donald Gullberg, and Jyrki Heino. 2006. “Regulation of Prostate Cell
Collagen Receptors by Malignant Transformation.” International Journal of Cancer 118 (4):
889-98. https://doi.org/10.1002/ijc.21430.

Misra, Suniti, Shibnath Ghatak, and Bryan P Toole. 2005. “Regulation of MDR1 Expression
and Drug Resistance by a Positive Feedback Loop Involving Hyaluronan, Phosphoinositide
3-Kinase, and ErbB2.” The Journal of Biological Chemistry 280 (21): 20310-15.
https://doi.org/10.1074/jbc.M500737200.

Mitra, Satyajit K, and David D Schlaepfer. 2006. “Integrin-Regulated FAK-Src Signaling in
Normal and Cancer Cells.” Current Opinion in Cell Biology 18 (5): 516-23.
https://doi.org/10.1016/J.CEB.2006.08.011.

Naba, A., K. R. Clauser, S. Hoersch, H. Liu, S. A. Carr, and R. O. Hynes. 2012. “The Matrisome: In
Silico Definition and In Vivo Characterization by Proteomics of Normal and Tumor Extracellular
Matrices.” Molecular & Cellular Proteomics 11 (4): MI111.014647-M111.014647.
https://doi.org/10.1074/mcp.M111.014647.

Naci, Dalila, Mohammed-Amine El Azreq, Nizar Chetoui, Laura Lauden, Frangois Sigaux,
Dominique Charron, Reem Al-Daccak, and Fawzi Aoudjit. 2012. “A2B1 Integrin Promotes
Chemoresistance against Doxorubicin in Cancer Cells through Extracellular Signal-Regulated
Kinase (ERK).” The Journal of Biological Chemistry 287 (21): 17065-76.
https://doi.org/10.1074/jbc.M112.349365.

Nan, Zhou, Xiaohua Wu, Bo Yang, Xu Yang, Dingding Zhang, and Guo Qing. 2014. “Stem
Cell Characteristics of Dormant Cells and Cisplatin-Induced Effects on the Stemness of
Epithelial Ovarian Cancer Cells.” Molecular Medicine Reports 10 (5): 2495-2504.
https://doi.org/10.3892/mmr.2014.2483.

65



Marjaana Ojalill

Navab, R, D Strumpf, C To, E Pasko, K S Kim, C J Park, J Hai, et al. 2016. “Integrin A11p1
Regulates Cancer Stromal Stiffness and Promotes Tumorigenicity and Metastasis in Non-Small
Cell Lung Cancer.” Oncogene 35 (15): 1899—1908. https://doi.org/10.1038/onc.2015.254.

Nishida, Sachiyo, Yoshihiko Hirohashi, Toshihiko Torigoe, Ryuta Inoue, Hiroshi Kitamura, Toshiaki
Tanaka, Akari Takahashi, et al. 2013. “Prostate Cancer Stem-like Cells/Cancer-Initiating Cells
Have an Autocrine System of Hepatocyte Growth Factor.” Cancer Science 104 (4): 431-36.
https://doi.org/10.1111/cas.12104.

O’Neill, Amanda J, Maria Prencipe, Catherine Dowling, Yue Fan, Laoighse Mulrane, William M
Gallagher, Darran O’Connor, et al. 2011. “Characterisation and Manipulation of Docetaxel
Resistant  Prostate Cancer Cell Lines.” Molecular Cancer 10 (October): 126.
https://doi.org/10.1186/1476-4598-10-126.

Park, Jung Wook, John K Lee, John W Phillips, Patrick Huang, Donghui Cheng, Jiaoti Huang, and
Owen N Witte. 2016. “Prostate Epithelial Cell of Origin Determines Cancer Differentiation State
in an Organoid Transformation Assay.” Proceedings of the National Academy of Sciences of the
United States of America 113 (16): 4482-87. https://doi.org/10.1073/pnas.1603645113.

Parsons, Melissa J, Pritty Patel, Daniel J Brat, Laronna Colbert, and Paula M Vertino. 2009.
“Silencing of TMS1/ASC Promotes Resistance to Anoikis in Breast Epithelial Cells.” Cancer
Research 69 (5): 1706—11. https://doi.org/10.1158/0008-5472.CAN-08-2351.

Plaks, Vicki, Niwen Kong, and Zena Werb. 2015. “The Cancer Stem Cell Niche: How Essential Is the
Niche in Regulating Stemness of Tumor Cells?” Cell Stem Cell 16 (3): 225-38.
https://doi.org/10.1016/J.STEM.2015.02.015.

Pontes-Junior, Jose, Sabrina Thalita Reis, Marcos Dall’Oglio, Luis Carlos Neves de Oliveira, Jose
Cury, Paulo Afonso Carvalho, Leopoldo Alves Ribeiro-Filho, Katia Ramos Moreira Leite, and
Miguel Srougi. 2009. “Evaluation of the Expression of Integrins and Cell Adhesion Molecules
through Tissue Microarray in Lymph Node Metastases of Prostate Cancer.” Journal of
Carcinogenesis 8: 3. https://doi.org/10.4103/1477-3163.48453.

Popova, Svetlana N, Malgorzata Barczyk, Carl-Fredrik Tiger, Wouter Beertsen, Paola Zigrino, Attila
Aszodi, Nicolai Miosge, Erik Forsberg, and Donald Gullberg. 2007. “Alphall Betal Integrin-
Dependent Regulation of Periodontal Ligament Function in the Erupting Mouse Incisor.”
Molecular and Cellular Biology 27 (12): 4306—16. https://doi.org/10.1128/MCB.00041-07.

Popovi¢, A, A Demirovié¢, B Spaji¢, G Stimac, B Kruslin, and D Tomas. 2010. “Expression and
Prognostic Role of Syndecan-2 in Prostate Cancer.” Prostate Cancer and Prostatic Diseases 13
(1): 78-82. https://doi.org/10.1038/pcan.2009.43.

Ramirez, Norma E, Zhonghua Zhang, Aasakiran Madamanchi, Kelli L Boyd, Lynda D O’Rear, Abudi
Nashabi, Zhengzi Li, William D Dupont, Andries Zijlstra, and Mary M Zutter. 2011. “The Azp1
Integrin Is a Metastasis Suppressor in Mouse Models and Human Cancer.” The Journal of
Clinical Investigation 121 (1): 226-37. https://doi.org/10.1172/JCI42328.

Reigstad, Inga, Hilde Y H Smeland, Trude Skogstrand, Kristina Sortland, Marei Caroline
Schmid, Rolf K Reed, and Linda Stuhr. 2016. “Stromal Integrin A1131 Affects RM11 Prostate
and 4T1 Breast Xenograft Tumors Differently.” PloS One 11 (3): ¢0151663.
https://doi.org/10.1371/journal.pone.0151663.

Reunanen, Niina, and VeliMatti Kahéri. 2002. “Matrix Metalloproteinases in Cancer Cell Invasion.”

Ricci, Estelle, Eve Mattei, Charles Dumontet, Colby L. Eaton, Freddy Hamdy, Gabri van der Pluije,
Marco Cecchini, George Thalmann, Philippe Clezardin, and Marc Colombel. 2013. “Increased
Expression of Putative Cancer Stem Cell Markers in the Bone Marrow of Prostate Cancer
Patients Is Associated with Bone Metastasis Progression.” The Prostate 73 (16): 1738-46.
https://doi.org/10.1002/pros.22689.

Richardson, G. D., Craig N Robson, Shona H Lang, David E Neal, Norman J Maitland, and Anne T
Collins. 2004. “CD133, a Novel Marker for Human Prostatic Epithelial Stem Cells.” Journal of
Cell Science 117 (16): 3539-45. https://doi.org/10.1242/jcs.01222.

Riikonen, T, J] Westermarck, L Koivisto, A Broberg, V M Kéhiri, and J Heino. 1995. “Integrin Alpha
2 Beta 1 Is a Positive Regulator of Collagenase (MMP-1) and Collagen Alpha 1(I) Gene

66



References

Expression.”  The  Journal of  Biological = Chemistry 270  (22):  13548-52.
https://doi.org/10.1074/JBC.270.22.13548.

Robinson, Dan, Eliezer M. Van Allen, Yi-Mi Wu, Nikolaus Schultz, Robert J. Lonigro, Juan-Miguel
Mosquera, Bruce Montgomery, et al. 2015. “Integrative Clinical Genomics of Advanced Prostate
Cancer.” Cell 161 (5): 1215-28. https://doi.org/10.1016/J.CELL.2015.05.001.

Rohwer, Nadine, Martina Welzel, Katjana Daskalow, David Pfander, Bertram Wiedenmann,
Katharina Detjen, and Thorsten Cramer. 2008. “Cancer Research.” Cancer Res. 63 (19): 6130—
34. https://doi.org/10.1158/0008-5472.can-08-1839.

Rowe, R Grant, and Stephen J Weiss. 2009. “Navigating ECM Barriers at the Invasive Front: The
Cancer Cell-Stroma Interface.” https://doi.org/10.1146/annurev.cellbio.24.110707.175315.

Rybak AP, Bristow RG, Kapoor A. Prostate cancer stem cells: deciphering the origins and pathways
involved in prostate tumorigenesis and aggression. Oncotarget. 2015;6(4):1900-1919.
doi:10.18632/oncotarget.2953

Ryu, Sujin, Ki Moon Park, and Seung Ho Lee. 2016. “Gleditsia Sinensis Thorn Attenuates the
Collagen-Based Migration of PC3 Prostate Cancer Cells through the Suppression of A2p1
Integrin  Expression.” International Journal of Molecular Sciences 17 (3): 328.
https://doi.org/10.3390/ijms17030328.

Salm, Sarah N, Patricia E Burger, Sandra Coetzee, Ken Goto, David Moscatelli, and E Lynette
Wilson. 2005. “TGF-{beta} Maintains Dormancy of Prostatic Stem Cells in the Proximal Region
of Ducts.” The Journal of Cell Biology 170 (1): 81-90. https://doi.org/10.1083/jcb.200412015.

Salmela, Maria, Johanna Jokinen, Silja Tiitta, Pekka Rappu, R Holland Cheng, and Jyrki Heino. 2017.
“Integrin A2B1 in Nonactivated Conformation Can Induce Focal Adhesion Kinase Signaling.”
Scientific Reports 7 (1): 3414. https://doi.org/10.1038/s41598-017-03640-w.

Schatton, Tobias, George F Murphy, Natasha Y Frank, Kazuhiro Yamaura, Ana Maria Waaga-
Gasser, Martin Gasser, Qian Zhan, et al. 2008. “Identification of Cells Initiating Human
Melanomas.” Nature 451 (7176): 345—49. https://doi.org/10.1038/nature06489.

Schulz, Jan-Niklas, Cédric Zeltz, Ida W Serensen, Malgorzata Barczyk, Sergio Carracedo, Ralf
Hallinger, Anja Nichoff, Beate Eckes, and Donald Gullberg. 2015. “Reduced Granulation Tissue
and Wound Strength in the Absence of Al1B1 Integrin.” The Journal of Investigative
Dermatology 135 (5): 1435-44. https://doi.org/10.1038/jid.2015.24.

Shackleton, Mark, Elsa Quintana, Eric R. Fearon, and Sean J. Morrison. 2009. “Heterogeneity in
Cancer: Cancer Stem Cells versus Clonal Evolution.” Cell 138 (5): 822-29.
https://doi.org/10.1016/J.CELL.2009.08.017.

Shah, Rajal B, Rohit Mehra, Arul M Chinnaiyan, Ronglai Shen, Debashis Ghosh, Ming Zhou, Gary R
Macvicar, et al. 2004. “Androgen-Independent Prostate Cancer Is a Heterogeneous Group of
Diseases: Lessons from a Rapid Autopsy Program.”

Shen, Kun-Hung, Shun-Hsing Hung, Li-Te Yin, Chun-Shui Huang, Chang-Hung Chao, Chein-Liang
Liu, and Yuan-Wei Shih. 2010. “Acacetin, a Flavonoid, Inhibits the Invasion and Migration of
Human Prostate Cancer DU145 Cells via Inactivation of the P38 MAPK Signaling Pathway.”
Molecular and Cellular Biochemistry 333 (1-2): 279-91. https://doi.org/10.1007/s11010-009-
0229-8.

Signoretti, Sabina, Maira M. Pires, Meghan Lindauer, James W. Horner, Chiara Grisanzio,
Sonya Dhar, Pradip Majumder, et al. 2005. “Paneth Cell Differentiation in the Developing
Intestine of Normal and Transgenic Mice.” PNAS 91 (22): 10335-39.
https://doi.org/10.1073/pnas.91.22.10335.

Simpson, Craig D., Kika Anyiwe, and Aaron D. Schimmer. 2008. “Anoikis Resistance and Tumor
Metastasis.” Cancer Letters 272 (2): 177-85. https://doi.org/10.1016/J.CANLET.2008.05.029.

Singh, Sheila K., Cynthia Hawkins, Ian D. Clarke, Jeremy A. Squire, Jane Bayani, Takuichiro
Hide, R. Mark Henkelman, Michael D. Cusimano, and Peter B. Dirks. 2004. “Identification
of Human Brain Tumour Initiating Cells.” Nature 432 (7015): 396-401.
https://doi.org/10.1038/nature03128.

67



Marjaana Ojalill

Skvortsov, Sergej, Ira-Ida Skvortsova, Dean G. Tang, and Anna Dubrovska. 2018. “Concise Review:
Prostate Cancer Stem Cells: Current Understanding.” STEM CELLS 36 (10): 1457-74.
https://doi.org/10.1002/stem.2859.

Smeland, Hilde Ytre-Hauge, Ning Lu, Tine V. Karlsen, Gerd Salvesen, Rolf K. Reed, and Linda
Stuhr. 2019. “Stromal Integrin A11-Deficiency Reduces Interstitial Fluid Pressure and Perturbs
Collagen Structure in Triple-Negative Breast Xenograft Tumors.” BMC Cancer 19 (1): 234.
https://doi.org/10.1186/s12885-019-5449-z.

Sottnik, Joseph L, Stephanie Daignault-Newton, Xiaotun Zhang, Colm Morrissey, Maha H Hussain,
Evan T Keller, and Christopher L Hall. 2013. “Integrin Alpha2beta 1 (A2p1) Promotes Prostate
Cancer Skeletal Metastasis.” Clinical & Experimental Metastasis 30 (5): 569-78.
https://doi.org/10.1007/s10585-012-9561-6.

Sternlicht, M D, and Z Werb. 2001. “How Matrix Metalloproteinases Regulate Cell
Behavior.” Annual Review of Cell and Developmental Biology 17: 463-516.
https://doi.org/10.1146/annurev.cellbio.17.1.463.

Taddei, Ilaria, Marie-Ange Deugnier, Marisa M. Faraldo, Valérie Petit, Daniel Bouvard, Daniel
Medina, Reinhard Féssler, Jean Paul Thiery, and Marina A. Glukhova. 2008. “B1 Integrin
Deletion from the Basal Compartment of the Mammary Epithelium Affects Stem Cells.” Nature
Cell Biology 10 (6): 716-22. https://doi.org/10.1038/ncb1734.

Tani, H., R. J. Morris, P. Kaur, SN. Salm, D. Moscatelli, K. Goto, and EL. Wilson. 2000.
“Enrichment for Murine Keratinocyte Stem Cells Based on Cell Surface Phenotype.”
Proceedings of the National Academy of  Sciences 97 (20): 10960-65.
https://doi.org/10.1073/pnas.97.20.10960.

Taylor, Renea A., Roxanne Toivanen, Mark Frydenberg, John Pedersen, Laurence Harewood,
Australian Prostate Cancer Australian Prostate Cancer Bioresou, Anne T. Collins, Norman J.
Maitland, and Gail P. Risbridger. 2012. “Human Epithelial Basal Cells Are Cells of Origin of
Prostate Cancer, Independent of CD133 Status.” STEM CELLS 30 (6): 1087-96.
https://doi.org/10.1002/stem.1094.

Thakur, Ravi, and Durga Prasad Mishra. 2016. “Matrix Reloaded: CCN, Tenascin and SIBLING
Group of Matricellular Proteins in Orchestrating Cancer Hallmark Capabilities.” Pharmacology
& Therapeutics 168 (December): 61-74. https://doi.org/10.1016/JPHARMTHERA.2016.09.002.

Theocharis, Achilleas D., Spyros S. Skandalis, Chrysostomi Gialeli, and Nikos K. Karamanos. 2016.
“Extracellular Matrix Structure.” Advanced Drug Delivery Reviews 97 (February): 4-27.
https://doi.org/10.1016/J.ADDR.2015.11.001.

Thomas, Francis, Jeff M.P. Holly, Raj Persad, Amit Bahl, and Claire M. Perks. 2010. “Fibronectin
Confers Survival against Chemotherapeutic Agents but Not against Radiotherapy in DU145
Prostate Cancer Cells: Involvement of the Insulin like Growth Factor-1 Receptor.” The Prostate
70 (8): n/a-n/a. https://doi.org/10.1002/pros.21119.

Tiger, Carl-Fredrik, Francoise Fougerousse, Gunilla Grundstr6, Teet Velling, and Donald Gullberg.
2001. “Alpha 11 Beta 1 Integrin Is a Receptor for Interstitial Collagens Involved in Cell
Migration and Collagen Reorganization on Mesenchymal Nonmuscle Cells.”
https://doi.org/10.1006/dbio.2001.0363.

Tomés-Loba, Antonia, Elisa Manieri, Barbara Gonzéalez-Teran, Alfonso Mora, Luis Leiva-Vega,
Ayelén M. Santamans, Rafael Romero-Becerra, et al. 2019. “P38y Is Essential for Cell
Cycle Progression and Liver Tumorigenesis.” Nature 568 (7753): 557-60.
https://doi.org/10.1038/s41586-019-1112-8.

Touil, Yasmine, Wassila Igoudjil, Matthieu Corvaisier, Anne-Frédérique Dessein, Jérome
Vandomme, Didier Monté, Laurence Stechly, et al. 2014. “Colon Cancer Cells Escape SFU
Chemotherapy-Induced Cell Death by Entering Stemness and Quiescence Associated with the c-
Yes/YAP Axis.” Clinical Cancer Research : An Official Journal of the American Association for
Cancer Research 20 (4): 837. https://doi.org/10.1158/1078-0432.CCR-13-1854.

Trerotola, Marco, Swati Rathore, Hira Lal Goel, Jing Li, Saverio Alberti, Mauro Piantelli, Dave
Adams, Zhong Jiang, and Lucia R Languino. 2010. “CD133, Trop-2 and Alpha2betal Integrin

68



References

Surface Receptors as Markers of Putative Human Prostate Cancer Stem Cells.” American
Journal of Translational Research 2 (2): 135-44.

Truong, Tony, Guizhen Sun, Michael Doorly, Jean Y J Wang, and Martin Alexander Schwartz. 2003.
“Modulation of DNA Damage-Induced Apoptosis by Cell Adhesion Is Independently Mediated
by P53 and c-Abl.” Proceedings of the National Academy of Sciences of the United States of
America 100 (18): 10281-86. https://doi.org/10.1073/pnas.1635435100.

Tsuruta, Daisuke, Hiromi Kobayashi, Hisayoshi Imanishi, Koji Sugawara, Masamitsu Ishii, and
Jonathan C R Jones. 2008. “Laminin-332-Integrin Interaction: A Target for Cancer Therapy?”
Current Medicinal Chemistry 15 (20): 1968-75.

Tuckwell, D., Calderwood, D., Green, L. and Humphries, M. 1995. “Integrin A2 I-Domain Is a
Binding Site for Collagens.”

Tulla, Mira, Matti Lahti, J. Santeri Puranen, Anna-Maria Brandt, Jarmo Képyld, Anna Domogatskaya,
Tiina A. Salminen, Karl Tryggvason, Mark S. Johnson, and Jyrki Heino. 2008. “Effects of
Conformational Activation of Integrin A1l and A2l Domains on Selective Recognition of
Laminin and Collagen Subtypes.” Experimental Cell Research 314 (8): 1734-43.
https://doi.org/10.1016/J.YEXCR.2008.01.025.

Tuxhorn, Jennifer A, Gustavo E Ayala, Megan J Smith, Vincent C Smith, Truong D Dang, and David
R Rowley. 2002. “Reactive Stroma in Human Prostate Cancer: Induction of Myofibroblast
Phenotype and Extracellular Matrix Remodeling.” Clinical Cancer Research 8 (9).

Velling, Teet, Marion Kusche-Gullberg, Thomas Sejersen, and Donald Gullberg. 1999. “CDNA
Cloning and Chromosomal Localization of Human 11 Integrin A COLLAGEN-BINDING, I
DOMAIN-CONTAINING, 1-ASSOCIATED INTEGRIN-CHAIN PRESENT IN MUSCLE
TISSUES*.”

Velling, Teet, Stina Nilsson, Anne Stefansson, and Staffan Johansson. 2004. “Betal-Integrins Induce
Phosphorylation of Akt on Serine 473 Independently of Focal Adhesion Kinase and Src Family
Kinases.” EMBO Reports 5 (9): 901-5. https://doi.org/10.1038/sj.embor.7400234.

Vuoriluoto, Karoliina, Johanna Jokinen, Katja Kallio, Markku Salmivirta, Jyrki Heino, and Johanna
Ivaska. 2008. “Syndecan-1 Supports Integrin A2p1-Mediated Adhesion to Collagen.”
Experimental Cell Research 314 (18): 3369-81. https://doi.org/10.1016/J.YEXCR.2008.07.005.

Wallace, T.J., T. Torre, M. Grob, J. Yu, 1. Avital, BLDM Briicher, A. Stojadinovic, and Y.G. Man.
2014. “Current Approaches, Challenges and Future Directions for Monitoring Treatment
Response in Prostate Cancer.” Journal of Cancer 5 (1): 3-24. https://doi.org/10.7150/jca.7709.

Wang, Zhu A, Roxanne Toivanen, Sarah K Bergren, Pierre Chambon, and Michael M Shen. 2014.
“Luminal Cells Are Favored as the Cell of Origin for Prostate Cancer.” Cell Reports 8 (5): 1339—
46. https://doi.org/10.1016/j.celrep.2014.08.002.

Wong, G S, and A K Rustgi. 2013. “Matricellular Proteins: Priming the Tumour Microenvironment
for Cancer Development and Metastasis.” British Journal of Cancer 108 (4): 755-61.
https://doi.org/10.1038/bjc.2012.592.

Yamamoto, Hidekazu, John R Masters, Prokar Dasgupta, Ashish Chandra, Rick Popert, Alex
Freeman, and Aamir Ahmed. 2012. “CD49f Is an Efficient Marker of Monolayer- and Spheroid
Colony-Forming Cells of the Benign and Malignant Human Prostate.” PloS One 7 (10): e46979.
https://doi.org/10.1371/journal.pone.0046979.

Yang, Cheng, Philipp Strobel, Alexander Marx, and Ilse Hofmann. 2013. “Plakophilin-Associated
RNA-Binding Proteins in Prostate Cancer and Their Implications in Tumor Progression and
Metastasis.” Virchows Archiv 463 (3): 379-90. https://doi.org/10.1007/s00428-013-1452-y.

Yin AH, Miraglia S, Zanjani ED, Almeida-Porada G, Ogawa M, Leary AG, Olweus J, Kearney J,
Buck DW. 1997. “AC133, a Novel Marker for Human Hematopoietic Stem and Progenitor Cells
Myelomonocytic, and Megakaryocytic Repopulation in Vivo While the CD34 Dim Population
Contains Lineage-Committed.” Blood 90 (12): 5002—12.

Yoneda, Misao, Yoshifumi S Hirokawa, Atsuyuki Ohashi, Katsunori Uchida, Daisuke Kami,
Masatoshi Watanabe, Toyoharu Yokoi, Taizo Shiraishi, and Shinya Wakusawa. 2010. “RhoB

69



Marjaana Ojalill

Enhances Migration and MMP1 Expression of Prostate Cancer DU145.” Experimental and
Molecular Pathology 88 (1): 90-95. https://doi.org/10.1016/j.yexmp.2009.09.010.

Yu, Miao, Jinghe Wang, Daniel J. Muller, and Jonne Helenius. 2015. “In PC3 Prostate Cancer Cells
Ephrin Receptors Crosstalk to Bl-Integrins to Strengthen Adhesion to Collagen Type 1.”
Scientific Reports 5 (1): 8206. https://doi.org/10.1038/srep08206.

Zeltz, Cédric, and Donald Gullberg. 2016. “The Integrin-Collagen Connection--a Glue for Tissue
Repair?” Journal of Cell Science 129 (4): 653—64. https://doi.org/10.1242/jcs.180992.

Zeltz, Cédric, Ning Lu, and Donald Gullberg. 2014. “Integrin A11p1: A Major Collagen Receptor on
Fibroblastic Cells.” In , 73—83. Springer, Dordrecht. https://doi.org/10.1007/978-94-017-9153-
35,

Zhang, Wan-Ming, Jarmo Kapyla, J Santeri Puranen, C Graham Knight, Carl-Fredrik Tiger, Olli T
Pentikainen, Mark S Johnson, Richard W Farndale, Jyrki Heino, and Donald Gullberg. 2003.
“Alpha 11beta 1 Integrin Recognizes the GFOGER Sequence in Interstitial Collagens.” The
Journal of Biological Chemistry 278 (9): 7270-77. https://doi.org/10.1074/jbc.M210313200.

70






ISBN 978-951-29-7844-1 (PRINT)
ISBN 978-951-29-7845-8 (PDF)

ISSN 0082-7002 (Print)
ISSN 2343-3175 (Online)




	Abstract
	Tiivistelmä
	Abstrakt
	Contents 
	Abbreviations 
	List of Original Publications 
	1  Introduction
	2 Review of the Literature 
	2.1 Prostate tissue cellular organization 
	2.2 Prostate cancer statistics 
	2.3 Prostate cancer progression and treatment 
	2.4 Cancer stem cells 
	2.4.1 Prostate cancer stem cells 

	2.5 Integrins 
	2.5.1 The collagen binding integrins 
	2.5.2 Integrin α2β1 mediated signaling 
	2.5.3 Regulation of 21 integrin in prostate cancer 
	2.5.4 21 integrin in prostate cancer stem cells 

	2.6 Tumor microenvironment 
	2.6.1 Fibroblasts  
	2.6.2 Activated fibroblasts 
	2.6.3 ECM 
	2.6.3.1 Proteoglycans 
	2.6.3.2 Collagens 
	2.6.3.3 Glycoproteins 
	2.6.3.4 Matricellular proteins 

	2.6.4 Proteolytic regulation of ECM composition. 


	3 Aims of the Study 
	4 Materials and Methods 
	4.1 Human prostate tissue samples 
	4.2 Cell cultures 
	4.3 Genome editing for knock-out and rescue of 2 integrin 
	4.4 Gene expression analysis 
	4.5 Immunoassays 
	4.6 Reagents 
	4.7 Data and statistical analysis 

	5 Results 
	5.1 Integrin 2, CD44 and Trop2 expression on DU145 and PC3 cells (I) 
	5.2 Docetaxel resistant cells show high prostate cancer stem cell marker expression (I) 
	5.3 The role of 2 integrin in DU145 cells (I) 
	5.3.1 Integrin 2 regulates proliferation and resistance to docetaxel (I) 
	5.3.2 Integrin 2 regulates motility of cancer cells (I) 
	5.3.3 Integrin 21 suppresses cell growth and promotes motility by activation of p38 MAPK. (I) 
	5.3.4 Integrin 21 regulates genes previously associated with cancer progression (I) 

	5.4 ECM in human prostate tissue (II) 
	5.5 Prostate-derived fibroblastic cells (II, III) 
	5.5.1 Fibroblasts become activated by culture conditions (II) 
	5.5.2 Fibroblasts produce functional ECM (II) 
	5.5.3 ECM components produced by cancer cells or by fibroblasts and in co-culture (III) 
	5.5.4 Co-culturing of fibroblasts with DU145 or PC3 cells leads to enhanced ECM proteins degradation (III) 


	6 Discussion and General Perspectives 
	6.1 Integrin 21 regulates proliferation, invasion and gene expression of prostate cancer cells 
	6.1.1 Docetaxel treatment enriched the population of DU145 cells with higher expression of 21integrin and CD44 
	6.1.2 Proliferation and motility of prostate cancer DU145 cells is regulated by 21 integrin through p38 MAPK pathway 
	6.1.3 Integrin 2 regulates gene expression related to cancer progression  

	6.2 Prostate fibroblasts mainly produce the components of ECM, crosstalk with cancer cells enhances remodelling 

	7 Conclusion and Future Prospects 
	Acknowledgements 
	References 


 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1042
     425
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1042
     425
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1042
     425
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1042
     425
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1258
     676
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     8.5039
     -0.2835
            
                
         Both
         1
         AllDoc
         108
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     109
     138
     137
     138
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.717 x 10.630 inches / 196.0 x 270.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20191021100802
       765.3543
       Blank
       555.5906
          

     Tall
     1
     0
     No
     1258
     676
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     8.5039
     -0.2835
            
                
         Both
         1
         AllDoc
         108
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     109
     138
     137
     138
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as current
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1042
     425
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     BeforeCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 2
     Page size: same as current
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1042
     425
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1258
     676
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     8.5039
     -0.2835
            
                
         Both
         1
         AllDoc
         108
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     73
     74
     73
     74
      

   1
  

 HistoryList_V1
 qi2base





