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Harjunen, Vanessa, Skin stem cells and tumor growth. Functions of collagen XVIII
in hair follicle cycling and skin cancer, and Bmx tyrosine kinase in tumor
angiogenesis.
University of Oulu Graduate School; University of Oulu, Faculty of Biochemistry and
Molecular Medicine; Biocenter Oulu; Oulu Center for Cell-Matrix research
Acta Univ. Oul. D 1275, 2014
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Skin stem cells are essential for maintaining epidermal homeostasis by providing new cells to
replace those that are lost during normal tissue turnover and repair after injury. Adult epidermal
stem cells serve also as the cells of origin for different types of skin cancers. This PhD study
investigates the hair follicle (HF) stem cells and skin cancer, and the microenviromental factors
that regulate the initiation of tumors and their progression to malignancy.

Collagen XVIII is a common basement membrane multidomain proteoglycan highly expressed
in HF stem cells (HFSCs) and in malignant skin squamous carcinoma cells. It is known to be
essential for the development of the eye, and mutations in the COL18A1 gene cause a rare disease,
Knobloch syndrome, with severe eye defects. However, the roles of collagen XVIII in other
tissues and diseases are not well understood. Using genetically modified mice, we show here that
collagen XVIII is important for the structure and formation of hemidesmosomes, the junctional
complexes between epidermal cells and basement membrane. We propose that the disturbed
adhesion of the HFSCs to the underlying BM in mice with collagen XVIII ablation leads to defects
in stem cell viability and HF cycling. Overexpression of the N-terminal noncollageous sequences
of collagen XVIII were sufficient to rescue the abnormal HF phenotype observed in the absence
of collagen XVIII. We also found that mice lacking this collagen develop fewer chemical-induced
skin tumors, which we suggest is due to increased apoptosis in skin stem cells upon carcinogen-
induced DNA damage, and to reduced stemness of tumor cells.

In another project we studied the functions of Bmx, a cytoplasmic protein tyrosine kinase,
which is upregulated in different types of cancer. However, little is known about the pathways that
Bmx regulates in tumors. Therefore, we investigated its roles in cancer using syngeneic tumor
assays, and chemical and genetic experimental tumor models. We show here that Bmx promotes
tumor growth and progression and induces tumor angiogenesis by contributing to the transduction
of VEGF signals.

Keywords: angiogenesis, Bmx tyrosine kinase, Collagen type XVIII, hair follicle, skin,
skin cancer, stem cells





Harjunen, Vanessa, Kollageeni XVIII tehtävät karvatupen syklisessä kasvussa ja
ihosyövässä ja Bmx tyrosiinikinaasin merkitys kasvainten angiogeneesissä. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Biokemian ja molekyylilääketieteen tiedekunta;
Biocenter Oulu; Oulu Center for Cell-Matrix research
Acta Univ. Oul. D 1275, 2014
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Ihon kantasoluilla on tärkeä tehtävä ihon epidermiksen tasapainon (homeostaasin) ylläpitämises-
sä. Kantasolut jakautuvat tarvittaessa ja tuottavat uusia erilaistuneita soluja sekä ihon pintasolu-
kon normaalin uusiutumisen että vahingoittuneen kudoksen korjaamisen yhteydessä. Ihon kanta-
soluilla uskotaan olevan myös tärkeä rooli erilaisten ihosyöpien synnyssä. Tässä tutkimuksessa
tutkittiin ihon karvatupen kantasoluja ja ihosyöpää, ja selvitettiin kantasoluja ympäröivän
kudoksen, mikroympäristön (kantasolulokero), merkitystä ihosyövän synnyssä ja etenemisessä.

Kollageeni XVIII on useista toiminnallisista osista koostuva tyvikalvojen proteoglykaani,
joka ilmenee voimakkaasti ihon karvatupen kantasoluissa, sekä ihon pahanlaatuisissa levyepitee-
likarsinoomasoluissa. Vaikka kollageeni XVIII:n biologiset tehtävät elimistössä ovat vielä jok-
seenkin epäselviä, sen tiedetään olevan välttämätön silmän kehittymiselle. Kollageeni XVIII:n
geenimutaatioiden on osoitettu aiheuttavan Knoblochin oireyhtymän, jota sairastavilla potilailla
on muutoksia silmän rakenteessa. Tässä väitöskirjatyössä hyödynnettiin useita muuntogeenisiä
hiirimalleja ja osoitettiin, että kollageeni XVIII säätelee merkittävästi ihon karvatupen erilaistu-
vien solujen elinkykyä ja karvojen kasvukiertoa. Kollageeni XVIII:n puutos aiheutti muutoksia
karvatupen pullistuma-alueen (bulge) liitoskomplekseissa (hemidesmosomi), jotka ankkuroivat
alueen tyvisolut karvatuppea ympäröivään tyvikalvoon. Tulokset viittaavat siihen, että puutteel-
liset liitokset solujen ja tyvikalvon välillä ja niistä johtuvat signaalinvälityksen häiriöt voivat
aiheuttaa muutoksia karvatupen solujen ominaisuuksissa. Kollageenin XVIII:n aminoterminaali-
sen osan tuottaminen poistogeenisen hiiren ihossa riitti palauttamaan hemidesmosomit, karvatu-
pen solujen elinkyvyn ja karvasyklin normaaliksi. Työssä havaittiin myös, että kollageeni XVIII
puute vähensi kemikaalikäsittelyillä aiheutettujen ihokasvainten määrää hiirillä, mitä voidaan
osaltaan selittää sillä, että kollageeni XVIII:n puutos lisäsi DNA-vaurioista kärsivien erilaistuvi-
en solujen ohjelmoitua solukuolemaa (apoptoosi) ja vähensi kasvainsolujen kantasoluominai-
suuksia.

Tässä työssä tutkittiin myös monissa syövissä voimakkaasti ilmenevän solunsisäisen signaa-
linvälittäjän tyrosiinikinaasi Bmx:n tehtäviä syövässä hyödyntäen istutettavia kasvainsoluja sekä
kemiallista ja geneettisiä kokeellisia syöpämalleja muuntogeenisillä hiirillä. Tutkimuksessa osi-
tettiin Bmx:n osallistuvan verisuonikasvutekijän signaalinvälitykseen ja täten edistävän syöpä-
kasvainten verisuonten uudismuodostusta sekä syövän kasvua ja etenemistä.

Asiasanat: Bmx tyrosiinikinaasi, iho, ihosyöpä, kantasolu, karvatuppi, Kollageeni
XVIII, verisuonten uudismuodostus
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Abbreviations 

Ang angiopoietin 

APM arrector pili muscle 

BCC basal cell carcinoma 

BM basement membrane 

BMP bone morphogenetic protein 

Bmx bone marrow kinase in chromosome X 

Btk Bruton’s tyrosine kinase 

CD collagenous domains 

CSC cancer stem cell  

Dkk Dickkopf 

DMBA 7,12-dimethylbenz[α]anthracene 

DP dermal papilla 

DUF  domain of unknown function 

E embryonic day 

ECM extracellular matrix 

EGFR epidermal growth factor receptor 

ER endoplasmic reticulum 

ES endostain  

Etk epithelial tyrosine kinase  

FACITs fibril associated collagens with interrupted triple helices  

FAK focal adhesion kinase 

Fgf fibroblast growth factor 

FZ frizzled domain 

FZC18 frizzled domain of collagen XVIII 

HF hair follicle 

HFSC hair follicle stem cell 

HR hinge region 

HS heparin sulfate 

HS hair shaft 

HSPG heparan sulfate proteoglycan 

IFE interfollicular  

IRS inner root sheath 

Itk inducible tyrosine kinase 

KD kinase domain 

Lef lymphoid enhancing factor 
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LLC Lewis lung carcinoma 

LOX lysyl oxidase 

MMP metalloproteinase 

Mp Multiplexin 

NC non-collagenous 

NCD non-collagenous domain  

OI osteogenesis imperfecta 

ORS outer root sheath 

P postnatal day 

P promoter 

Pdgf platelet derived growth factor 

PH pleckstrin homology 

PTK protein tyrosine kinases 

SCC squamous cell carcinoma 

SG sebaceous gland 

SH Src homology 

Shh sonic hedgehog 

Src proto-oncogene sarcoma 

SS signal sequences 

TD trimerization domain 

Tec transient erythroblastopenia of childhood 

Tgf-β transforming growth factor beta 

TH Tec homology 

TLR toll-like receptor 

Tnf tumor necrosis factor  

TNFR2 Tumor necrosis factor receptor 2 

TPA 12-O-tetradecanoyl phorbol-13-acetate 

Tsp-1 thrombospondin 1-like domain  

Txk tyrosine X-linked agammaglobulinemia kinase 

VEGF vascular endothelial growth factors 
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1 Introduction  

The skin constitutes the largest organ of the body and accomplishes several vital 

functions, including protection from water loss, temperature changes and 

environmental stresses. To support these multiple functions, the skin has a 

complex tissue architecture composed of different layers and appendages, such as 

hair follicles (HFs) and sebaceous glands. The skin undergoes a constant renewal 

process where several types of stem cells are crucial. Skin stem cells are located 

in different compartments, including the HFs, the interfollicular epidermis (IFE), 

the sebaceous glands (SGs) and the isthmus. HFs play an important role in skin 

homeostasis and in biological functions, such as protection and thermoregulation. 

Hair follicle stem cells (HFSCs) allow the dynamic cycling behavior of the HFs 

by offering a reservoir of cells that are able to undergo proliferation, and produce 

cells which account for the rapid self-renewal. The epidermal stem cells have also 

been implicated in the development of certain types of skin cancer as they 

represent a long-lasting cell type that is able to accumulate the multiple mutations 

needed for cancer development.  

Collagen XVIII, a ubiquitous component of basement membranes (BMs), is 

expressed as three isoforms distinguished by differences affecting part of their N-

terminal domains, although all three forms share an N-terminal thrombospondin 

1-homology domain, a collagenous domain with multiple interruptions and an 

endostatin domain at their C-terminus. Moreover, all isoforms are glycosylated 

and contain heparin sulfate (HS) side chains in the N-terminal domain. 

Interestingly, collagen XVIII is strongly expressed in various types of stem and 

progenitor cells, including skin stem cells, and strongly upregulated in malignant 

cutaneous squamous cell carcinoma cells in human.  

Bmx (bone marrow kinase in chromosome X), also called Etk (epithelial 

tyrosine kinase), was originally identified in myeloid cell lineages. Nevertheless, 

it is broadly expressed by other cell types, including the arterial endothelium and 

epithelial cells. Bmx modulates multiple cellular processes such as proliferation, 

differentiation and apoptosis. Additionally, increasing evidence indicates that 

Bmx is overexpressed in different types of cancer, including prostate, bladder, 

nasopharyngeal, lung and breast cancer. 

The aim of this thesis work was to advance our understanding of tissue 

homeostasis and tumor development and progression, focusing particularly on 

stem cells and tumor microenvironments. Skin stem cells are essential for HF 

cycling and additionally, are the origin of skin cancers. As collagen XVIII is 
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highly expressed in skin stem cells and in malignant squamous carcinoma cells, 

but the consequences of this high expression are not known, our objective was to 

study whether collagen XVIII plays a role in HF cycling and skin tumor growth. 

Bmx regulates several biological processes and also is highly expressed in 

different types of cancer, however little is known about Bmx in tumor biology. 

Therefore, we also studied whether Bmx regulates tumor cell progression in 

squamous cell carcinoma (SCC) and other types of cancer. 
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2 Review of the literature  

2.1 Skin  

The skin acts as a barrier that protects us from environmental and pathogenic 

stresses (Fuchs 2009). During life, the skin constantly rejuvenates and dead or 

damaged cells are replaced with fresh ones. This renewal capacity is called 

homeostasis (Blanpain & Fuchs 2009). Additionally, the skin has an extraordinary 

ability to generate supportive appendages, such as HFs, SGs and nails which 

contribute to thermoregulation, camouflage and social interactions (Beck & 

Blanpain 2012). Furthermore, the skin represents the first line of defense against 

hazardous factors, such as infection by microbes (Baroni et al. 2012). 

The skin consists of three primary structural cell layers, called the epidermis, 

the dermis and the hypodermis (Fig.1). The epidermis is the outermost structure, 

which consists of keratinocytes, melanocytes, and Merkel and Langerhans cells 

(Forni et al. 2012). Keratinocytes are the main cell type in the epidermis, and 

these maintain the epidermal barrier function and control the flux of molecules 

and liquids. In addition, keratinocytes are a source of cytokines and chemokines, 

providing an immunological barrier (McKelvey et al. 2014). Melanocytes 

produce the pigment of the skin and hair in a process that occurs constantly but 

can be accelerated in response to UV exposure (Costin & Hearing 2007). Merkel 

cells are associated with nerve fibres and are therefore involved in sensory touch 

functions of the skin (Moll et al. 2005). Langerhans cells, the antigen-presenting 

dendritic cells, are important to the immune barrier function of the skin (Ilkovitch 

2011).  

The epidermis consists of stratum corneum, granular, spinous and basal 

layers (Kulukian & Fuchs 2013). The stratum corneum is the protective layer, 

composed of corneocytes and lipids. Corneocytes are terminally differentiated 

keratinocytes filled with keratin filaments and water, which are surrounded by 

densely crosslinked protein layers (Bouwstra & Ponec 2006). The main function 

of the lipids in the stratum corneum is to restrict water loss from the body 

(Madison 2003). The granular layer is the degenerative layer of the epidermis 

while the spinous layer is the generative layer, where keratinocyte differentiation 

takes place. In the spinous layer, cells contain keratin filaments anchored to the 

desmosomes between adjacent keratinocytes, which provide the mechanical 

strength needed for resistance and elasticity (Wikramanayake et al. 2014). The 
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basal layer contains proliferative and differentiating cells, and is mainly 

responsible for the renewal of the epidermis. Basal keratinocytes are associated 

with the components of the underlying BM via specialized cell–extracellular 

matrix (ECM) junctions, called hemidesmosomes (Borradori & Sonnenberg 

1999). Decreased adhesion to the BM induces differentiation of keratinocytes 

(Kaur & Li 2000).  

 

Fig. 1. Skin organization. The skin is composed of epidermis, dermis and hypodermis. 

The epidermis consists of stratum corneum, and granular, spinous and basal layers. 

The dermis consists of papillary and reticular layers. SC: stratum corneum; BM: 

basement membrane; HF: hair follicle.  

 

The dermis consists of ECM, fibroblasts, macrophages, blood vessels and 

lymphatic vessels. Fibroblasts synthesize and renew the ECM while macrophages 

eliminate foreign material and damaged tissue. The structure that physically 

separates the epidermis and the dermis is the BM, a highly specialized ECM 

structure that also functions as a diffusion barrier (Breitkreutz et al. 2013). The 

dermis can also be divided into two layers, which can be morphologically 

distinguished: the upper papillary dermis is located right underneath the epidermis 
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and shows a high cell density while the inner reticular dermis contains a thick 

ECM (Eckert et al. 2013, Janson et al. 2013, Watt & Fujiwara 2011). 

The hypodermis is the innermost layer of the skin and consists of fat, blood 

vessels, lymphatic vessels and nerves. This layer provides mechanical protection 

over the underlying muscle and bone and offers thermoregulation, mechanical 

protection and energy storage (Baroni et al. 2012). 

2.1.2 Development of the skin  

During mouse embryogenesis, the epidermis forms as a single layer of ectoderm, 

namely a simple epithelium of flat cells expressing keratins 8 and 18. Around 

embryonic day (E) 9.5 these cells transit to a basal layer structure, expressing 

keratins 5 and 14. From E12.5 onwards this basal layer proliferates and starts to 

stratify into a spinous layer, expressing keratins 1 and 10. Spinous cells then 

differentiate and migrate to form the granular and the stratum corneum layers 

expressing involucrin and filaggrin/loricrin, respectively. Involucrin (a 

transglutaminase substrate protein), filaggrin (a keratin binding protein) and 

loricrin (a glycine/serine-rich transglutaminase substrate protein) play a key role 

in epidermal barrier function (Brown & McLean 2012, Giardina et al. 2004, 

Moravcova et al. 2013). Finally, the stratum corneum layer cells become flattened 

and secure the barrier function. The maintenance of the skin homeostasis is 

dependent on the basal layer cells (Fuchs & Raghavan 2002, Kulukian & Fuchs 

2013).  

By E18.5, when the epidermis is fully stratified, formation of the dermis 

commences. Interactions between the epidermis and the dermis will induce the 

development of epidermal appendage structures, such as HFs and SGs (Atit et al. 

2006). Already at this point, the papillary layer is distinguishable from the 

reticular layer because of its high cellular mass (Driskell et al. 2013).  

Besides giving rise to the epidermis, the embryonic ectoderm also gives rise 

to the nervous system (Forni et al. 2012). During ectodermal differentiation, the 

balance between bone morphogenetic protein (BMP), Wnt signaling and 

fibroblast growth factor (Fgf) direct the ectodermal cells to a neural or epidermal 

fate (Qiao et al. 2012). In the absence of Wnt signaling, the ectodermal cells 

respond to Fgf, which inhibits Bmp and consequently induces a neural fate. On 

the other hand, in the presence of Wnt signaling, the ectodermal cells respond to 

Bmp instead of Fgf, which induces an epidermal fate (Liu et al. 2013). Another 

important factor in skin development is Notch signaling, which regulates cell 
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adhesion and terminal differentiation. Adhesion is regulated via suppression of 

basally expressed proteins such as the integrin family of cell adhesion receptors, 

leading basal cells to detach (Panelos & Massi 2009). Differentiation is induced 

by an upregulation of early differentiation markers, such as keratin 1 and 

involucrin, expressed in the spinous layer. Conversely, Notch signaling inhibits 

terminal differentiation markers such as loricrin and filaggrin, which are 

expressed in the granular layer and beyond (Okuyama et al. 2008). 

2.2 Hair follicles  

Besides being important in skin homeostasis and in other biological functions, 

including protection and thermoregulation, the HF is a perfect model system to 

understand various cell signaling pathways. HFs possess a synchronized growth 

pattern accompanied by morphological changes that allow studying at different 

stages of development (Tumbar 2012). Thus, the HFs are exceptional miniorgans 

that can be used in studies of stem cells, tissue regeneration, and cell growth, 

differentiation, migration and death.  

2.2.1 Structure of hair follicles 

The mature HF can be divided into two parts, the permanent upper part and the 

temporary lower part (Fig. 2). The upper part contains the infundibulum and the 

isthmus areas, while the lower contains the suprabulbar region and the bulb. The 

bulge, that preserves epithelial and melanocyte stem cells, is located in the lower 

isthmus. The arrector pili muscle (APM) is a bundle attached from the bulge to 

the upper dermis that is responsible for piloerection (Fujiwara et al. 2011). The 

SG is located in the upper portion of the HF; its function is to release sebum to 

the skin surface and for lubrication of the hair channel (Smith & Thiboutot 2008). 

The HF has several concentric layers, including the outer root sheath (ORS), the 

companion layer, the inner root sheath (IRS) and the hair shaft (HS). A connective 

tissue sheath contains collagen and stromal cells attached to the BM surrounding 

the follicle (Schneider et al. 2009). A small cluster of packed fibroblasts located 

in the base of the HF, is called the dermal papilla (DP) (Driskell et al. 2011). The 

proliferative cells at the follicle base, called matrix cells, produce the progeny 

cells that terminally differentiate to form the HS, which is the growing hair in the 

skin surface (Alonso & Fuchs 2006). 
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Fig. 2. Morphology of the growing HF. The permanent or upper part contains the 

isthmus and infundibulum. The anagen associated or lower part contains the bulb and 

the suprabulbar region. HS: hair shaft; BM: basement membrane; APM: arrector pili 

muscle; SG: sebaceous gland; ORS: outer root sheath; IRS: inner root sheath; DP: 

dermal papilla; matrix cells in green (Data from Blanpain & Fuchs 2009, Fujiwara et al. 

2011).  

2.2.2 Hair follicle morphogenesis 

The process in which the anatomical structures of the HF are produced is called 

HF morphogenesis. The initiation of HF morphogenesis requires intensive 

interactions between the epidermis and the mesenchyme (Liu et al. 2013). In the 

mouse, the first signal starts at embryonic day E14.5, when the basal layer of the 

epidermis starts to aggregate, forming a structure called the hair placode (Fig. 3). 

Hair placode formation entails a shape change of epithelial cells, which become 

more elongated. By E15.5, a cluster of underlying dermal cells will form, which 

will induce the proliferation and downward movement of the epithelial cells into 

the dermis, forming the hair germ. At E16.5, the underlying mesenchymal cells 

start to condense forming the DP, while continued cell division causes the hair 



 

22 

germ to grow, forming the hair peg. Tissue differentiation starts at E18.5, when 

the highly proliferative cells at the lower part of the peg become matrix cells, 

which produce HF lineages, forming the bulbous peg, which encloses the DP at 

the lower part. In the meantime, the cells on the outer layer will form the bulge. 

HF cells also differentiate to form the SG. The melanocytes, which give color to 

the hair shaft, originate from the neural crest and reside mainly in the bulge. HF 

morphogenesis is completed at postnatal day (P) 4 (Sennett & Rendl 2012). HF 

morphogenesis is carefully controlled by different signal pathways such as Wnt 

signaling, sonic hedgehog (Shh) and Bmp (Rishikaysh et al. 2014).  

 

Fig. 3. HF morphogenesis. The development of HFs is morphologically divided into 

five stages: placode, hair germ, hair peg, bulbous peg and mature HF. HS: hair shaft 

(Data from Lee & Tumbar 2012). 

Wnt signaling 

Wnt proteins are an evolutionary conserved family of secreted glycoproteins 

crucial in development. Wnts activate more than one type of signaling pathway, 

but the best understood Wnts activate the nuclear functions of β-catenin. In the 

absence of Wnt ligands, β-catenin becomes phosphorylated, ubiquitylated and 

proteasomally degraded. Binding of Wnt to the frizzled receptor activates Wnt 
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signaling, which leads to the translocation of β-catenin into the nucleus, where it 

interacts with the lymphoid enhancing factor (Lef) to induce the expression of 

downstream target genes that regulate the cell cycle, proliferation and 

differentiation (Moon et al. 2004). Extracellular Wnt ligands can interact with 

secreted antagonists, which prevent activation of the pathway. Members of the 

secreted Frizzled-related protein class bind directly to Wnts, thereby altering their 

ability to bind to the Wnt receptor complex. In contrast, members of the Dickkopf 

(Dkk) family inhibit Wnt signaling by binding to the Wnt receptor complex 

(Kawano & Kypta 2003). 

Genetic studies have demonstrated that Wnt signaling is absolutely essential 

for hair morphogenesis, as the conditional loss of β-catenin within the epidermis 

inhibits HF morphogenesis. Conversely, overexpression of β-catenin in the 

epidermis induces de novo HFs in postnatal mice (Andl et al. 2002, Huelsken et 

al. 2001). On the other hand, mutant mice lacking Lef1 show a marked reduction 

in the number of HFs and poorly keratinized HSs, as Lef1 binding sites are 

present in several HF specific keratin genes (Rishikaysh et al. 2014). 

Shh and Bmp signaling pathways 

Shh lies downstream of Wnt signaling during HF morphogenesis, as it is absent in 

β-catenin null epidermis. Expressed in the hair placode and germ during 

morphogenesis, Shh induces epidermal proliferation and subsequent downgrowth 

of HFs. Genetic studies have shown that in the absence of Shh, the underlying 

mesenchyme fails to condense and the developing follicles are arrested as hair 

germs (Chiang et al. 1999, St-Jacques et al. 1998).  

In contrast to Wnt and Shh, Bmp signaling inhibits HF morphogenesis. Bmp 

signaling is needed for the induction of ectoderm cells, when the specification to 

epidermal, rather than neural fate, takes place (Hemmati-Brivanlou & Melton 

1997). After the formation of the hair germ, Bmp signaling must be inhibited by 

antagonists, such as Noggin, for proper specification. Therefore, mutant mice 

lacking Noggin have fewer HFs and retarded hair development (Botchkarev et al. 

1999). Nevertheless, Bmp signaling is dispensable for proper HS and IRS 

differentiation, as mutant mice lacking Bmp showed reduced expression of 

several factors required for terminal differentiation. Additionally, Bmp signaling 

interacts with Wnt and Shh to control HF morphogenesis, as Lef1 and Shh are 

enhanced in mutant mice lacking Bmp signaling (Mou et al. 2006).  
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2.2.3 Hair follicle cycle  

After the HF is fully formed (in morphogenesis) and reaches a critical size, it will 

undergo repeated cycles of degeneration and regeneration. The HF degenerates in 

a process called catagen (Fig. 4) where cells in the lower part undergo apoptosis 

at P17 in the mouse. By P21, the HF enters to a resting or quiescence stage 

(telogen) where control signals re-activate the growing state (anagen) by P24. 

Throughout life, the HF alternates cycles of growth and degeneration, referred to 

as a hair cycle (Lee & Tumbar 2012). In the human skin, HF cycling displays a 

mosaic pattern, and thus the cycles are not synchronized. In mice, however, most 

of the HF cycling occurs in synchronized waves. Therefore, the synchronized HF 

cycle in mice is an excellent model in which to study physiological remodeling of 

the skin (Stenn & Paus 2001). HF cycling is a complex process mediated by 

different signaling cascades and transcription factors that operate at different 

stages of the cycle, which will be described below.  

Fig. 4. HF cycle. The HFs undergo cycles of growth (anagen), regression (catagen) and 

rest (telogen). HS: hair shaft; BM: basement membrane; SG: sebaceous gland; ORS: 

outer root sheath; IRS: inner root sheath; DP: dermal papilla (Data from Reddy et al. 

2001). 
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Anagen to catagen transition  

During catagen, the cells in the lower part of the HF regress mainly by apoptosis. 

Ultimately, this lower part becomes reduced to an epithelial strand, bringing the 

DP in proximity to the bulge (Schneider et al. 2009). The anagen to catagen 

transition is a highly regulated event mainly controlled by Fgf, Bmp, transforming 

growth factor beta (Tgf-β), tumor necrosis factor (Tnf) and different keratins. Fgf-

5 is a key inducer of catagen, as genetic studies demonstrated that mice lacking 

Fgf-5 have decreased hair cycling, due to prolonged anagen (Stenn & Paus 2001). 

Bmp signaling is needed for proper cell proliferation during anagen and its 

inhibition triggers the anagen to catagen transition (Guha et al. 2004). Tgf-β1 

expression controls the switch between proliferation and apoptosis of 

keratinocytes, playing an important role in catagen regulation, as Tgf-β1 null 

mice showed delayed catagen entrance (Foitzik et al. 2000). On the other hand, 

Tnf-α and keratin 17 regulate the end of anagen by inducing apoptosis (Tong & 

Coulombe 2006). 

Telogen to anagen transition 

By the end of catagen, the HF becomes located at the papillary layer of the dermis 

and the DP lies right under the bulge (Stenn & Paus 2001). The DP is essential for 

the activation of the bulge cells to proliferate and differentiate, and therefore, the 

initiation of anagen. Recent studies have shown that Wnt signaling sustains this 

induction (Zhang et al. 2013). After this activation occurs, the bulge will 

gradually move away from the DP (Schneider et al. 2009). Similar to HF 

morphogenesis, Wnt, Shh and BMP, are the main regulators in the onset of 

anagen. As mentioned previously, Wnt signaling is necessary in bulge cells during 

the onset of a new HF cycle. Additionally, Wnt/ β-catenin induces proliferation 

(Reddy et al. 2001), and transient expression of β-catenin in the epidermis can 

induce anagen HFs (Lo Celso et al. 2004). Shh also regulates the telogen to 

anagen transition, as mice treated with antibodies against Shh or antagonists can 

block this transition (Silva-Vargas et al. 2005). Finally, as in HF morphogenesis, 

Bmp signaling inhibits the specification of HF progenitors, but promotes terminal 

differentiation. Interestingly, Bmp signaling interacts with Wnt and Shh signaling 

pathways to control HF morphogenesis (Zhang et al. 2006).  
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2.2.4 Hair follicle stem cells  

In the skin, homeostasis and repair after injury are ensured by stem cells, which 

have the ability to self-renew and the capacity to generate cells that go through 

differentiation. The stem cells in the skin are located in different compartments, 

including HFs, IFE, SGs and isthmus (Arwert et al. 2012). Under normal 

homeostasis, the stem cells in different locations maintain the cell lineages for 

those compartments, however, after injury, these cells can adopt differentiation 

program that do not occur normally and differentiate to replenish the cells in other 

compartments as well (Blanpain & Fuchs 2009). 

As mentioned previously, HFSCs reside in the bulge, and although they cycle 

slowly, most of them divide several times in each hair cycle. The bulge houses 

two distinct stem cell populations, HFSCs and melanocyte stem cells. These cells 

typically express keratin 15, CD34, Sox9 and Lgr5, and proliferation associated 

proteins such as Ki67 and CDC25C are downregulated (Blanpain et al. 2004). 

Interestingly, bulge cells secrete nephronectin, a ligand of β1-integrin, which 

enables the APM to firmly adhere to the bulge region regardless of the stage of 

the hair growth cycle (Wang et al. 2012). HFSCs have an intimate association 

with the underlying BM; they reside in the basal layer of the bulge and exit the 

bulge during differentiation. This process is mediated by BM components such as 

laminin and integrins, which control cell polarity, anchorage, proliferation and 

survival. HFSCs are also characterized by reduced levels of desmosomes, 

underscoring the importance of both extracellular and intercellular cues (Wong et 

al. 2012). The strategic anatomical position of the bulge ensures enriched 

mesenchymal cells and provides the shortest route by which HFSCs migrate 

downward for HF reconstruction and upward for epidermal repair upon skin 

injury. Additionally, the bulge protects HFSCs from environmental and chemical 

factors, and most importantly, the quiescence of HFSCs is maintained in this 

niche (Waters et al. 2007). HFSCs have a long life span, which exposes them to 

multiple genetic mutations permitting cancer initiation, and their quiescence also 

facilitates the retention of carcinogens (Cotsarelis 2006).  

HFSCs play a crucial role in HF cycling. During the telogen to anagen 

transition, the initiation of hair growth relies on the activation of quiescent HFSCs 

to proliferate and to differentiate (Fuchs 2008). Upon activation, HFSCs at the 

base of the bulge proliferate and produce the matrix cells. Later on, the cells in 

the bulge proliferate to form the ORS (Rompolas et al. 2013). As the matrix and 

ORS grow downward, the DP is moved away from the bulge, stimulating HFSC 
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quiescence. The matrix cells retain connection with the DP, which allows 

proliferation before their differentiation to form the HS and the IRS. Soon after, 

apoptosis is induced in the matrix and ORS. The cells from the ORS which divide 

occasionally become the new bulge while the remaining cells form the new DP or 

differentiate (Kadaja et al. 2014). 

2.3 Cancer  

Cancer is a multistep process where transformation of normal cells into malignant 

derivatives occurs. Ten essential alterations are thought to drive this 

transformation: insensitivity to growth suppressors, resistance to cell death, 

limitless proliferation potential, replicative immortality, induction of 

angiogenesis,activation of tissue invasion and metastasis, deregulation of cellular 

energetics, resistance to immune destruction, instability of the genome and 

promotion of tumor inflammmation. These ten capabilities, or hallmarks, are 

shared in most tumor types (Hanahan & Weinberg 2011).  

Cancer is considered a genetic disease produced by consecutive mutations in 

normal cells. As cancer cells are genetically unstable and tumor 

microenviroments are highly heterogeneous, the therapeutic strategies have 

proven challenging (Abdollahi & Folkman 2010). Additionally, metastasis is 

highly associated with cancer mortality. During metastatic dissemination, cancer 

cells from the primary tumor locally invade the surrounding tissue, enter the 

circulation, translocate to distant tissues and form secondary tumors (Chaffer & 

Weinberg 2011). 

2.3.1 Squamous cell carcinoma 

In humans, more than 100 different types of cancer have been described within 

distinct organs. The non-melanoma skin cancers, basal cell carcinoma (BCC) and 

SCC are the most common types of human cancers (Sotiropoulou & Blanpain 

2012). SCC tumors are biologically more aggressive than BCC tumors, 

commonly metastasizing to lymph nodes via lymphatic vessels (Samarasinghe & 

Madan 2012). SCC includes many subtypes, such as actinic keratosis, Bowen’s 

disease, invasive SCC and metastatic SCC (Ratushny et al. 2012). 

In epidermal keratinocytes, UV radiation is capable of inducing a signature of 

mutations in the TP53 tumor suppressor gene, which together with changes in the 

surrounding microenvironment, may lead to development of SCC. Moreover, 
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genetic studies have shown that CDKN2A and Notch signaling may work as SCC 

tumor suppressors (Chin et al. 1997, Demehri et al. 2009). In addition to UV 

radiation, chronic exposure to heat, X or gamma rays and arsenic are considered 

to cause SCC (Boukamp 2005). SCC usually develops in places of chronic sun 

exposure, such as the head, neck, back, and arms.  

SCC can be studied with mouse models which resemble the human pathology 

and offer an ideal way to study cancer initiation and growth (Owens & Watt 

2003). A model used to study cancer in mice is the multistage chemical skin 

carcinogenesis protocol. In the first step of the model, mice are treated with a low 

dose of 7,12-dimethylbenz[α]anthracene (DMBA). In the second step, mice are 

treated with 12-O-tetradecanoyl phorbol-13-acetate (TPA). The DMBA treatment 

causes mutations in the RAS oncogene after which clonal expansion of mutated 

keratinocytes is promoted by repeated TPA applications. These treatments lead to 

the outgrowth of highly differentiated benign papillomas, which may progress to 

malignant and invasive SCC (Abel et al. 2009). 

2.3.2 Cancer stem cells 

Unlike epidermal keratinocytes, which are committed to undergo terminal 

differentiation, skin stem cells have a long life span and this result in an ability to 

accumulate multiple genetic mutations that are necessary to induce cancer 

formation (Blanpain & Fuchs 2009). When stem cells possess the ability to 

originate tumors they are called cancer stem cells (CSCs) (Pattabiraman & 

Weinberg 2014). CSCs and stem cells have similar properties, which may operate 

aberrantly in CSCs. However, the main difference is that while stem cells usually 

replicate and differentiate at various levels, CSCs fail to differentiate normally 

and accumulate instead. Consequently, although self-renewal is highly controlled 

in stem cells, it is constitutively activated or incorrectly regulated in CSCs, 

leading to uncontrolled growth (Soltanian & Matin 2011). 

The concept of CSCs originated from similarities between embryonic and 

tumor tissues suggesting that mutations induce the transformation from a stem 

cell to a CSC or from a cancer cell to a stem-cell-like cell, resulting in tumor 

heterogeneity. CSCs express specific markers such as CD133, CD44 and CD34. 

However, the expression pattern varies in different tissues (Routray & Mohanty 

2014). 

Using the multistage chemical skin carcinogenesis protocol and genetic 

lineage tracing it was found that tumor initiating cells arise from multiple 
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epidermal stem cell populations including the HF bulge and IFE (Lapouge et al. 

2011). Importantly, the HF cycle appears to be crucial for HFSCs activation as 

tumorigenesis begins only when HFSCs are in the telogen to anagen transition 

(White et al. 2014). 

2.3.3 Angiogenesis in cancer 

Blood vessels, fundamentally composed of endothelial cells, are responsible for 

the transportation of nutrients, signaling molecules and circulating cells between 

tissues and organs. Angiogenesis, the process in which new capillaries grow from 

existing vessels, is regulated by a variety of pro- and anti-angiogenic factors. The 

most important signals that control blood vessel formation are the vascular 

endothelial growth factors (VEGF), a large family of potent angiogenic regulators 

(Jeltsch et al. 2013). VEGF is required for differentiation, proliferation, assembly 

and remodeling of the endothelium. The cellular responses to VEGF are strongly 

regulated by several mechanisms including the expression of different family 

members, alternatively spliced variants and ligand binding to different receptors 

(Adams & Alitalo 2007). Other signals controlling blood vessel formation are 

angiopoietins (Ang), Fgf and platelet derived growth factors (Pdgf). The four 

distinct forms of angiopoietins (Ang-1, Ang-2, Ang-3 and Ang-4) are associated 

with tumor angiogenesis. Although, the expression of Ang-1 and Ang-2 is 

upregulated in various types of cancers, the balance between them seems to 

define the tumorigenic outcome. Even though Ang-3 and Ang-4 have not been 

extensively studied, they are known to promote tumor angiogenesis (Fagiani & 

Christofori 2013). The Fgf family of 18 ligands is known to promote tumor 

development by directly regulating tumor angiogenesis. Fgf-1 and Fgf-2 are often 

upregulated in tumors, acting as initiators of angiogenesis (Turner & Grose 2010). 

The functional significance of Pdgf is the recruitment of pericytes, which play a 

critical role in tumor angiogenesis (Abramsson et al. 2003). 

Angiogenesis is one of the ten main alterations needed in the development of 

cancer, as the formation of new vessels is necessary for tumors to grow beyond a 

microscopic size. In the absence of adequate vasculature, tumor cells become 

necrotic or apoptotic, restraining tumor volume (Folkman 2007, Hanahan & 

Folkman 1996). During tumor development, angiogenesis can occur at different 

stages depending on the nature and microenvironment of the tumor. Most tumors 

start growing as nodules until a certain level of cancer cell proliferation is 

reached. The next step is vasodilation and an increased permeability of existing 
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capillaries, followed by new vessel formation and final maturation (Fig. 5). Blood 

vessel development will continue as long as the tumor grows (Bergers & 

Benjamin 2003). 

Different forms of VEGF and their cellular receptors (VEGFR) are associated 

with tumor angiogenesis and with the recruitment of immune cells in the tumor 

microenvironment. Hypoxia is the major driver of VEGF expression in tumors, 

suggesting the importance of hypoxia in malignant conversion (Goel & Mercurio 

2013). With regard to angiogenesis, VEGFR-2 seems to be the most important of 

the VEGF receptors, promoting endothelial proliferation, permeability and 

survival. VEGFR-2 activation induces endothelial survival and proliferation by 

regulating the signaling through PI3K/Akt and Raf/MEK/Erk, respectively. The 

main function of VEGFR-1 is to recruit VEGF and prevent it from binding to 

VEGFR-2. On the other hand, VEGFR-3 affects mainly lymphatic cells. 

However, how signaling pathways connected with malignant conversion control 

the expression of VEGF and VEGFR is still unclear (Alitalo & Detmar 2012, 

Ferrara et al. 2003, Ferrara 2004).  

 

 

 

Fig. 5. Tumor angiogenesis. Tumor associated angiogenesis starts with the formation 

of the initial nodule, followed by vasodilatation, formation of new blood vessels and 

final maturation (Data from Bergers & Benjamin 2003). 

2.4 Extracellular matrix  

The ECM is a complex network of proteins such as collagens, proteoglycans, 

laminins, tenascins, microfibrillar components and fibronectins. The ECM not 
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only provides structural support for organs and tissues, but also regulates 

proliferation, survival, differentiation and migration (Hynes 2009, Naba et al. 

2012b).  The ECM is a very dynamic structure constantly being remodeled as 

cells degrade it and reassemble it. Remodeling of the ECM is accelerated during 

development and tissue repair. Abnormal ECM dynamics can lead to pathological 

processes such as tissue fibrosis and cancer (Lu et al. 2011). 

BMs represent a highly specialized form of the ECM and are sheet-like thin 

structures that provide structural support and divide tissues into compartments. 

Additionally, the BM plays a crucial role during proliferation, migration, 

differentiation, tissue repair and pathologic conditions as it controls cell traffic, 

diffusion of molecules, release of cytokines and growth factors, and provides 

binding site for adhesion molecules (LeBleu et al. 2007). The key components of 

BMs are collagen IV alpha chains, laminins, nidogen and heparan sulfate 

proteoglycans, perlecan and agrin. However, the components of BMs can vary 

depending on the tissue (Kalluri 2003).  

2.4.1 Functions of ECM in the skin 

In the skin, the ECM regulates cell adhesion, communication between cells and 

stem cell fate, which are essential for skin homeostasis and repair, aging and the 

development of diseases. These functions between the cells and the ECM are 

mainly mediated by integrins, a large family of cell adhesion receptors (Eckes et 

al. 2014). The main integrins expressed in basal epidermal keratinocytes are 

α2β1, α3β1 and α6β4 (Watt 2002). Integrins are usually associated with actin 

microfilaments, which are crucial for adhesion and migration. On the other hand, 

α6β4 integrin is more readily associated with keratin filaments, which together 

with tetraspanin CD151 and collagen XVII (a transmembrane protein) form the 

hemidesmosomes (Fig. 6), structures responsible for the anchorage of the 

epidermis to the BM (Sterk et al. 2000). The extracellular domain of collagen 

XVII, laminin-5 and α6β4 integrin form the anchoring filaments on both sides of 

the epidermal BM (Seltmann et al. 2013).  

During HF cycling, the ECM changes its composition. The purpose is to 

adjust the skin structure after anagen expansion and to regulate the length of the 

HS (Morisaki et al. 2013). β1 integrins are needed for HF maintenance, as genetic 

studies showed that the HFs of mice lacking the β1 subunit disappear after the 

first hair cycle (Brakebusch et al. 2000). On the other hand, entry into anagen was 

inhibited in the HFs of mice lacking the integrin α3 subunit, due to defects in 
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proliferation (Conti et al. 2003). Laminin-5 plays a role in anagen, as mice 

lacking this laminin show accelerated HF regression (Gao et al. 2008). 

The ECM is also an important component of the niche where stem cells 

reside. In the skin, high levels of β1 and α6β4 are present in the bulge, making 

this structure more adhesive to ECM proteins. Reduced integrin expression or loss 

of contact with the ECM promotes terminal differentiation of stem cells (Evans et 

al. 2003, Watt & Fujiwara 2011). Additionally, collagen XVII is needed for the 

self-renewal of HFSCs, as mice lacking collagen XVII show premature hair 

graying and hair loss (Tanimura et al. 2011). 

Fig. 6. The epidermis-dermis junction in mice. Basal keratinocytes adhere to the BM 

via hemidesmosomes, which are composed of keratin filaments, CD151 and collagen 

XVII. Laminin-5 and α6β4 integrin mediate the assembly of hemidesmosomes (Used 

with permission of Raija Sormunen, University of Oulu). 

2.4.2 Extracellular matrix in cancer 

Alterations of the ECM composition and properties are often associated with 

pathologies like fibrosis and cancer, and this can affect cellular transformation, 

tissue polarity and tissue invasion (Lu et al. 2012). Actually, the ECM is a major 

component of the tumor microenvironment and genes encoding ECM components 
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are deregulated during tumor formation (Goubran et al. 2014). These changes in 

the ECM’s properties can develop from stromal cells, including cancer-associated 

fibroblasts and immune cells (Naba et al. 2012a).  

Some ECM components show increased deposition during tumor formation, 

such as collagens I, II, III, V, and IX. Moreover, the expression of many ECM 

remodeling enzymes, such as heparitinases, is often altered during cancer 

development (Lu et al. 2012). Furthermore, the biomechanical properties of the 

ECM are also altered during cancer, as tumor stroma is typically stiffer than 

normal stroma (Levental et al. 2009). Genetic studies have shown that 

overexpression of lysyl oxidase (LOX), which is an enzyme essential for the 

formation of the ECM, increases ECM stiffness and promotes tumor cell invasion 

and progression (Le et al. 2009).  

In the case of integrins, their expression is disrupted in tumors, including skin 

cancers (Orimoto et al. 2008). For example, high levels of β1 integrins are present 

in CSCs (Jensen et al. 2008), while α6β4 integrin plays a role in cancer 

progression, as transgenic expression of this integrin in mice can induce the 

formation of SCCs (Maalouf et al. 2012). The ECM can also contribute to cancer 

by controlling tumor cell apoptosis via switching integrin expression from αvβ5 

to αvβ6, as SCC cells expressing αvβ5 integrin undergo apoptosis, while SCC 

cells expressing αvβ6 do not (Janes & Watt 2004). Additionally, α3β1 is required 

for tumor initiation and early growth, whereas its loss enhances SCC conversion 

at later stages (Sachs et al. 2012). 

The remodeling of the ECM during cancer is controlled by proteases as 

aberrant polarity may cause induction of metalloproteinases (MMPs), leading to 

tumor invasion and metastasis. MMPs such as MMP3, MMP9, MMP11 and 

MMP19 are recognized as inducers of tumor formation. However, MMP8, 

MMP12 and MMP26 can provide a protective effect in different stages of cancer 

progression (Lopez-Otin & Matrisian 2007).  

Angiogenesis is also affected by the ECM as it can be induced by interactions 

between the ECM components and angiogenic regulators, including VEGF. 

Interestingly, hypoxia can lead to increased cross-linking and stiffness of the 

ECM, resulting in increased angiogenesis (Bignon et al. 2011). Finally, MMPs 

involved in degrading the ECM can promote angiogenesis by stimulating 

migration of endothelial cells or by releasing angiogenic regulators from the ECM 

(Campbell et al. 2010). For example, MMP14 (MT1-MMP) is involved in 

angiogenesis, tumor invasion, tumor proliferation, and importantly, remodeling of 

ECM and BM (Ulasov et al. 2013). 
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2.5 Collagens  

Collagens are the most abundant proteins in mammals and play a structural role in 

supporting the architecture, shape and mechanical properties of tissues. 

Additionally, collagens interact with cells through several receptors regulating 

cell growth, differentiation and migration (Hynes 2009). Twenty-eight distinct 

types of collagens have been identified in vertebrates (Gara et al. 2008), each 

containing at least one collagenous domain characterized by several Gly-X-Y 

repeats, in which X is often proline and Y is frequently hydroxyproline. This 

triplet allows the formation of a triple helix structure which is stabilized by the 

repeats, hydrogen bonds and electrostatic interactions (Fallas et al. 2009). 

However, imperfections and interruptions in the triplet can cause flexibility in the 

triple helix (Bella et al. 2006). Triple helical collagens contain three α chains, 

which can be either identical to form homotrimers or different to form 

heterotrimers. In addition to collagenous regions, collagens contain non-

collagenous (NC) domains; which participate in structural assembly and confer 

biological properties (Ricard-Blum 2011). 

The biogenesis of functional collagen, assisted by a number of molecular 

chaperones and enzymes, is a complex process characterized by many co and post 

translational modifications. The classical fibril-forming collagens are synthesized 

as precursor molecules, the so-called collagen pre-pro-α-chains, which are 

translated within the ribosomes of the rough endoplasmic reticulum (ER). After 

translocation into the ER lumen and cleavage of the signal peptide, the pro-α-

chains are immediately available for further modifications, which consist of 

hydroxylation of certain proline and lysine residues, glycosylation of some of the 

asparagine and hydroxylysine residues, assembly of three C propeptides, 

formation of intramolecular and intermolecular disulfide bonds and formation of a 

triple helix in a zipper like manner, propagating from the C terminal nucleus 

towards the N terminus. Subsequent steps in collagen biosynthesis take place in 

late transport vesicles and in the ECM, including cleavage of the N and C 

propeptides and in the case of fibril forming collagens, spontaneous self-assembly 

of the produced collagen molecules into a fibrillar structure. Finally, formation of 

intramolecular and intermolecular covalent crosslinks stabilizes the formed 

structures (Myllyharju & Kivirikko 2004). Moreover, collagens IX, XII, XIV, XV, 

and XVIII are considered to be proteoglycans since they contain 

glycosaminoglygan chains (Ricard-Blum 2011). Deficient or aberrant production 

of collagens is crucially involved in many diseases, including syndromes caused 
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by mutations in collagens and collagen-modifying enzymes (Myllyharju & 

Kivirikko 2004). Well-characterized diseases due to mutations in collagen-coding 

genes include osteogenesis imperfecta (OI), where bone fragility and high 

susceptibility to fractures result from mutations in type I collagen; and the 

dystrophic form of epidermolysis bullosa, with scarring and blistering of skin due 

to mutations of collagen VII in the skin anchoring fibrils (Myllyharju & Kivirikko 

2001, Myllyharju & Kivirikko 2004). 

Based on their supramolecular assembly and other features, collagens can be 

divided into different families (Gordon & Hahn 2010). The family of fibril 

forming collagens includes collagens I, II, III, V, XI, XXIV and XXVII and forms 

the structural basis of skin, tendon, bone, cartilage, and other tissues. Collagen 

fibrils, made of collagens I, II, III, V and XI, are the foundation of mechanical 

strength in tissues. The diameter of the fibrils, which vary depending on the tissue 

and fibril diameter control, is crucial to proper tissue function (Bruckner 2010). 

Collagens XXIV and XXVII form thin fibrils, which are distinct from the 

classical collagen fibrils (Kadler et al. 2007).  

Several collagens do not form fibrils themselves, but are associated with the 

surface of collagen fibrils. These types of collagens are named fibril associated 

collagens with interrupted triple helices (FACITs). The FACITs family includes 

collagens IX, XII, XIV, XVI, XIX, XX, XXI, XXII and XXVI. Collagen IX is 

associated with the surface of cartilage collagen fibrils from collagen II, while 

collagens XII and XIV are associated with striated collagen I fibrils (Agarwal et 

al. 2012, Thierry et al. 2004). Collagens XVI, XIX, XXI and XXII are primarily 

localized to BM zones (Gordon & Hahn 2010). Collagen XX has been described 

as a minor component of connective tissues, such as cartilage, cornea and tendon 

(Koch et al. 2001), and collagen XXVI is expressed in testis and ovaries (Sato et 

al. 2002). 

The family of network forming collagens includes collagens IV, VI, VII, VIII, 

and X (Gordon & Hahn 2010). Collagen IV is the prototypical network-forming 

collagen and is the major collagenous BM component (Kalluri 2003). Collagen 

IV forms several kinds of networks, which play a major role in the assembly and 

stabilization of this collagen (Robertson et al. 2014). Collagen VI has a crucial 

role in muscle and structurally forms characteristic beaded filaments, which are 

aggregations of the molecule that produce the ultrastructural appearance of beads 

on a string (Sabatelli et al. 2012). Collagen VII forms anchoring fibrils connecting 

the epidermis to the dermis (Nystrom et al. 2013), while collagens VIII, expressed 
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mainly in endothelial cells, and X, expressed in hypertrophic chondrocytes, form 

hexagonal networks (Hansen & Bruckner 2003). 

Collagens XIII, XVII, XXIII and XXV are transmembrane collagens. All the 

members of this family are inserted in the plasma membrane, but can be shed 

from the cell surface, producing soluble forms (Veit et al. 2007). Collagen XIII is 

involved in development, differentiation and maturation of musculoskeletal 

tissues, as well as in adhesion, as it localizes at focal contacts and interacts with 

components of the BM and the ECM (Heikkinen et al. 2012). Collagen XVII 

differs from the other members of the family by its large size and by several 

collagenous domains. As mentioned previously, together with α6β4 integrin and 

laminin-5 collagen XVII forms a key element of hemidesmosomes, the 

multiprotein adhesion complexes at the dermal-epidermal BM (Nishie et al. 

2011). Collagen XXIII binds to integrin α2β1 in the epidermis, regulating the 

adhesion of keratinocytes (Veit et al. 2011), and collagen XXV is known to be a 

component of the amyloid plaques (Hashimoto et al. 2002). 

Collagen XV and XVIII are called multiplexins, as they are characterized by 

multiple triple helix domains and interruptions (Seppinen & Pihlajaniemi 2011). 

Collagen XV is more pronounced than type XVIII in heart and skeletal muscle 

BM but the two collagens are coexpressed in many vascular and epithelial BMs 

(Kivirikko et al. 1995, Muona et al. 2002, Myers et al. 1996). These two types of 

collagen are structurally closely related, the highest homology involves the C 

terminal endostatin domain (Ramchandran et al. 1999). Collagen XV and XVIII 

are both glycosylated, with chondroitin sulfate and heparan sulfate side chains, 

respectively, attached to a collagenous core protein (Amenta et al. 2005, Halfter et 

al. 1998a, Wirz et al. 2011). Although these two collagens are structurally closely 

related, they appear to be functionally independent. Studies with knockout mice 

have shown that collagen XV is necessary for the structure and proper function of 

microvessels in the heart, skeletal muscle and in the skin (Eklund et al. 2001, Rasi 

et al. 2010, Tomono et al. 2002). On the other hand, the lack of collagen XVIII 

leads to eye abnormalities, such as abnormal maturation of the retinal vasculature 

and delayed regression of hyaloid vessels (Fukai et al. 2002). Collagen XVIII has 

also been shown to have an important role in supporting the structural integrity 

and function of endothelial and epithelial BMs (Utriainen et al. 2004). 
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2.6 Collagen XVIII  

The gene encoding collagen XVIII is located in chromosome 21 in humans and 

chromosome 10 in mice (Oh et al. 1994). Collagen XVIII is also conserved in C. 

elegans, Drosophila, X. leavis, zebrafish and chick, suggesting an essential role of 

this collagen (Hynes 2012, Seppinen & Pihlajaniemi 2011). 

2.6.1 Collagen XVIII structure 

Collagen XVIII contains ten triple helical collagenous domains divided by 11 NC 

domains. The C terminal domain of collagen XVIII shows high homology to the 

C terminal domain of collagen XV (Rehn & Pihlajaniemi 1994).  

There are three distinct collagen XVIII variants in human and mouse, which 

differ in their N terminal domains (Fig. 7). These three variants are called short, 

medium and long and they are coded by two different promoters. In mouse, the 

Col18a1 gene contains 43 exons and two alternative promoters (Rehn et al. 1996). 

Promoter 1 directs the synthesis of the short variant, which is 1315 amino acid 

residues long and contains exon 1and 2 and exons 4-43. Promoter 2 regulates the 

transcription of the medium and long variants, which start from exon 3 and are 

1527 and 1774 residues in length, respectively. The medium variant is generated 

from alternative splicing of exon 3. The three variants contain a thrombospondin 

1-like domain (Tsp-1) of 299 residues, a central region consisting of 10 

collagenous domains flanked by 9 NC domains and a C terminal NC domain 

(which contains a 22 KDa endostatin domain). The medium and long variants 

share a 215 residue domain of unknown function (DUF) in their N terminal 

domain (Rehn et al. 1994, Seppinen & Pihlajaniemi 2011). Additionally, the 

longest variant contains a cysteine rich domain in the middle of its N terminal 

region, called the frizzled domain (or FZC18) which comprises 247 residues  and 

shows high homology to the ligand binding part of the frizzled receptors for Wnts 

(Elamaa et al. 2003). 

Collagen XVIII is a heparan sulfate proteoglycan (HSPG), containing several 

potential GAG attachment sites (Halfter et al. 1998b, Saarela et al. 1998a). 

Interestingly, retinal analyses from chick embryos showed that HSPG side chains 

mediate the binding of collagen XVIII to BMs (Dong et al. 2003). Additionally, 

the HS side chains from collagen XVIII interact with L-selectin and monocyte 

chemoattractant protein-1, mediating cell adhesion and renal inflammation 

(Kawashima et al. 2003). The CS/HS chains from of the Drosophila orthologue of 
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collagens XV and XVIII, Multiplexin (Mp), are involved in the establishment of 

Wingless signaling gradients (Momota et al. 2011). 

 

 

Fig. 7. Schematic presentation of collagen XVIII expressed as three variants called 

short, medium and long. SS: signal sequences; DUF: domain of unknown function; 

FZ: frizzled domain; TSP-1: thrombospondin 1-like domain; HS: heparan sulfate; NCD: 

non-collagenous domains; CD: collagenous domains; TD: trimerization domain; HR: 

hinge region; ES: endostatin (Data from Seppinen & Pihlajaniemi 2011).  

2.6.2  Tissue distribution of collagen XVIII  

In humans, collagen XVIII is found in epithelial and vascular BMs throughout the 

body. However, the three distinct variants differ in their tissue expression 

patterns. The medium and long variants are prominently expressed in the liver, 

kidney glomeruli and to a lesser extent in many other tissues, while the short 

variant is the main form found in blood vessels and epithelial BMs (Saarela et al. 

1998a). In mouse, collagen XVIII is found in perisinusoidal spaces and BM zones 

of the liver. In the eye, nearly all the structures, including epithelial and muscle 

cells of the iris and various BMs express collagen XVIII (Aikio et al. 2013, 

Määttä et al. 2007). Collagen XVIII is also expressed in fat tissue (Errera et al. 

2008), and the medium and long isoforms, as well as the endostatin domain, have 

been detected as soluble proteins in human plasma (Musso et al. 2001).  
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2.6.3  Functions of collagen XVIII  

In humans, mutations in the COL18A1 gene, which in most of the cases are 

premature stop codons affecting the C terminal part of the molecule, lead to 

Knobloch syndrome (Suzuki et al. 2002). Knobloch syndrome is a rare autosomal 

recessive disease characterized by severe myopia, vitreoretinal degeneration 

associated with retinal detachment, macular abnormalities and occipital 

encephalocele (Passos-Bueno et al. 2006). Clinical variability occurs, but all 

patients have eye abnormalities that usually result in blindness. Other clinical 

abnormalities may also occur, such as cataracts, cardiac, renal and lung problems, 

occipital hair tuft, hyperextensibility of the joints and predisposition to epilepsy 

have been observed (Passos-Bueno et al. 1994, Suzuki et al. 2002, Williams et al. 

2008, Williams et al. 2008, Wilson et al. 1998). 

Mice lacking collagen XVIII are viable and fertile, although ocular 

abnormalities are present, such as delayed regression of hyaloid vessels and 

abnormal outgrowth of the retinal vessels (Fukai et al. 2002). Studies with 

genetically modified mouse lines showed that the lack of the short isoform is the 

reason for aberrant retinal vascularization (Aikio et al. 2013). In addition, 

abnormalities in the anterior part of the eye, atrophy of the ciliary body, fragility 

of the iris and age-dependent attenuated vision are present in mice lacking 

collagen XVIII (Marneros & Olsen 2003, Marneros et al. 2004, Ylikärppä et al. 

2003). Inactivation of collagen XVIII also enhances atherosclerosis by regulating 

vascular permeability and angiogenesis in mice (Moulton et al. 2004), while its 

deletion causes hypertriglyceridemia in mice and humans (Bishop et al. 2010). 

Moreover, mice lacking the medium and long variants of collagen XVIII exhibit 

reduced adiposity and increased deposition of fat in liver (Aikio et al. 2014). 

Studies in mice deficient in collagen XVIII also showed that this collagen is 

needed in the liver matrix microenvironment and in for hepatocyte survival 

during stress and injury (Duncan et al. 2013). In a specific C57BL background, a 

portion of mice lacking collagen XVIII developed hydrocephalus and dilation of 

brain ventricles, as well as significant BM broadening in several tissues 

(Utriainen et al. 2004). In addition, collagen XVIII is involved in Alzheimer’s 

disease, where the long variant accumulates in amyloid laden vessels and senile 

plaques (van Horssen et al. 2002). In kidney, mice lacking the short variant of 

collagen XVIII showed tubular BM broadening, while mice lacking the medium 

and long isoforms showed glomerular podocyte effacement (Kinnunen et al. 

2011). Furthermore, genetic studies in mice proved that collagen XVIII preserves 
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the integrity of the ECM and capillaries in the kidney during glomerulonephritis 

(Hamano et al. 2010). In C. elegans and zebrafish, collagen XVIII is needed for 

motor axon growth and neuromuscular junction formation (Ackley et al. 2001, 

Ackley et al. 2003, Schneider & Granato 2006). In Drosophila, endostatin is 

essential for neurotransmitter release at the neuromuscular junction (Wang et al. 

2014). 

Collagen XVIII is involved in numerous developmental processes, including 

kidney and lung epithelia (Vainio et al. 2003). In cardiac development, collagen 

XVIII is associated with the transformation of endothelial cells into mesenchymal 

cells, and is localized around the cells which form the initial connective tissue 

elements of the valve leaflets (Carvalhaes et al. 2006). Additionally, collagen 

XVIII is expressed in developing teeth (Väänänen et al. 2004), while the short 

variant is critical in the development of the posterior eye structures (Aikio et al. 

2013).  

2.6.4 Collagen XVIII in the skin  

In mouse, collagen XVIII is expressed in the skin and in developing skin of 

embryos (Sasaki et al. 1998), where it is important for vascular permeability 

(Marneros & Olsen 2005). Collagen XVIII exhibits a polarized orientation in the 

skin BMs, with the C terminal endostatin region located within the lamina densa 

and the N terminus facing the dermal side (Elamaa et al. 2005). Mice lacking 

collagen XVIII show a broadening of the BMs in skin and some other tissues 

(Utriainen et al. 2004), possibly due the impaired anchoring of the lamina densa 

to the dermis (Elamaa et al. 2005). The COL18A1 gene is associated with atopy 

(Castro-Giner et al. 2009), while increased expression of collagen XVIII has been 

described in one case of the very rare bullous variant of scleroderma skin (Santos 

et al. 2005). Additionally, the inactivation of collagen XVIII in mice led to 

accelerated cutaneous wound healing and angiogenesis (Seppinen et al. 2008).  

Interestingly, collagen XVIII is strongly expressed in various types of stem 

and progenitor cells, including HFSCs (Blanpain et al. 2004, Fujiwara et al. 

2011). Furthermore, during HF cycling collagen XVIII is upregulated in 

keratinocytes during telogen transition (Collins et al. 2011).  
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2.6.5  Collagen XVIII in cancer  

The C terminal endostatin domain of collagen XVIII provided the first evidence 

that a BM collagen contains a region with anti-angiogenic properties. The anti-

angiogenic properties are due to inhibition of endothelial cell migration and 

proliferation, and induction of apoptosis (Lin et al. 2001, O'Reilly et al. 1997). 

These actions are mediated by binding integrin receptors, such as β1, which 

regulates the actin cytoskeleton and migration (Wickström et al. 2004), or α5β1, 

which leads to focal adhesion kinase c-Raf/MEK1/2/p38/ERK1 pathway 

inhibition (Rehn et al. 2001, Wickström et al. 2004). 

Endostatin was originally found in the blood and urine of mice bearing 

tumors and since then, its roles and therapeutic possibilities, especially in tumor 

biology and tumor angiogenesis, have been extensively studied (Folkman 2006a). 

Interestingly, patients with Down syndrome, a trisomy of chromosome 21 and 

therefore a third copy of collagen XVIII, exhibit a reduced occurrence of solid 

tumors (Zorick et al. 2001). Remarkably, endostatin levels are increased in Down 

syndrome patients and their incidence of malignant tumors is very low (Folkman 

2006a). It is suggested that high serum levels of endostatin usually indicate a poor 

prognosis in cancer patients (Sund & Kalluri 2009). As found for a number of 

drugs, endostatin therapy follows a biphasic U-shaped dose response curve, 

although the efficacy of the treatment depends on the type of cancer (Tjin Tham 

Sjin et al. 2006). Injections of soluble recombinant endostatin have been shown to 

inhibit tumor growth; nevertheless, the efficacy has failed in clinical trials (Kulke 

et al. 2006, Moschos et al. 2007). In China, on the other hand, endostatin has been 

accepted as a treatment for non-small cell lung cancer (Folkman 2006b).  

Although much attention has been paid to the endostatin domain due to its 

anticancer effects, the biological role of the full-length collagen XVIII has not 

been fully elucidated. The inhibition of Wnt/β−catenin signaling by the frizzled 

part of collagen XVIII (FZC18) results in reduced tumor cell growth and 

increased cell death in hepatocellular carcinoma in vitro and colorectal carcinoma 

in vitro (Quelard et al. 2008) and in vivo (Lavergne et al. 2011). Tumors from 

patients with non-small cell lung cancer showed increased collagen XVIII 

expression (Iizasa et al. 2004), on the other hand, collagen XVIII is degraded 

during the break down of epithelial BMs of oral SCC (Väänänen et al. 2007). 
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2.7 Tyrosine kinases  

Protein kinases, which catalyze key phosphorylation reactions, affect cell growth, 

differentiation, adhesion, migration and apoptosis (Johnson 2009). The human 

kinome consists of at least 518 protein kinases, constituting about 1.7% of all 

human genes. Protein kinases are considered as attractive pharmaceutical targets, 

as mutations and aberrant expression of them are frequently associated with 

tumorigenesis (Graves et al. 2013, Manning et al. 2002). 

Tyrosine phosphorylation involves the transfer of a phosphate group from 

ATPs to tyrosine residues of various proteins (Alto et al. 2002). The enzymes that 

carry out this modification belong to the large family of protein tyrosine kinases 

(PTK) (Hubbard & Till 2000). PTKs regulate numerous cellular functions 

including differentiation, proliferation, motility and apoptosis. So far, over 90 

PTKs have been identified in the human kinome (Kaneko et al. 2012). Roughly, 

half of the PTKs are cell membrane associated receptor tyrosine kinases, such as 

the members of the epidermal growth factor receptor (EGFR) or VEGFR families, 

which are activated by binding external ligands (Morabito et al. 2006). The other 

class of PTKs, the non-receptor tyrosine kinases, are cytoplasmic proteins with 

considerable structural variability, which have the kinase domain and often also 

several additional signaling or protein interacting domains. This class of PTKs 

includes the proto-oncogene sarcoma (Src) and focal adhesion kinase (FAK) that is 

involved in cellular adhesion and spreading processes. The activation of cytoplasmic 

PTKs is more complex and involves heterologous protein-protein interactions (Hunter 

2009, Westhoff et al. 2004). 

2.7.1  Tec kinases 

The non-receptor tyrosine kinases are grouped into 10 subfamilies of which the 

Tec family represents the second largest family (Manning et al. 2002). The 

members of the Tec family are Tec (transient erythroblastopenia of childhood), 

Txk (tyrosine X-linked agammaglobulinemia kinase), Btk (Bruton’s tyrosine 

kinase), Itk (inducible tyrosine kinase) and Bmx (bone marrow tyrosine kinase) 

(Hussain et al. 2011). The domain structure is similar for all the members of the 

Tec family, which includes the following domains: PH (pleckstrin homology), TH 

(Tec homology), SH3 (Src homology 3), SH2 (Src homology 2) and a C terminal 

KD (kinase domain) (Schwartzberg et al. 2005). 
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Genetically modified mice for each of the Tec kinases have been generated, 

Btk being the most extensively studied family member so far, as it is associated 

with X-linked agammaglobulinemia, a primary immunodeficiency disease (Zhu et 

al. 1994). Mice deficient in Bmx, Tec or Txk do not show any obvious defects 

(Ellmeier et al. 2000, Rajantie et al. 2001, Schaeffer et al. 1999). However, Itk 

seems to be required for proper T cell development and activation (Nayar et al. 

2012), as well as for thymic expansion and terminal NKT maturation (Yin et al. 

2013). Although the Tec deficient mice do not show any major phenotype, the 

Tec/Btk double deficient mice show defects in B cell development and 

osteoclastogenesis (Qi et al. 2011, Shinohara et al. 2008). 

2.8 Bmx  

The BMX gene, located in chromosome X, was originally isolated while screening 

bone marrow, therefore it was called bone marrow tyrosine kinase gene in 

chromosome X. Bmx has also been called Etk (epithelial and endothelial tyrosine 

kinase) (Tamagnone et al. 1994).  

2.8.1  Bmx structure  

The domain structure of Bmx is similar to the other members of the Tec family, 

including a PH domain, TH, SH3, SH2 and a C terminal KD domain (Fig. 8). The 

N terminal PH domain is about 100 residues long; it is important for protein 

binding and membrane anchoring, which is crucial for proper Bmx kinase activity 

(Cote et al. 2005, Gottar-Guillier et al. 2011). The PH domain within Bmx is 

followed by the TH domain, which consists of about 80 residues and is rich in 

proline residues. The catalytic activity of Bmx is regulated by the interaction 

between this proline rich domain and the following SH domains (Joseph et al. 

2007). The SH2 domain is approximately 100 residues long and its function is to 

maintain the folded structure of the protein. This function is achieved by keeping 

the N and C terminal regions of the domain in close proximity (Filippakopoulos 

et al. 2009). The approximately 60 residue long SH3 domain mainly regulates 

protein-protein interactions via autophosphorylation (Kaneko et al. 2008). The C 

terminal KD is a catalytic domain important in regulating protein binding. The 

KD contains a caveolin binding motif controlling Bmx phosphorylation (Vargas et 

al. 2002).  
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Fig. 8. Bmx domain structure. Bmx consists of PH, TH, SH3, SH2 and a C terminal KD 

domain. PH: pleckstrin homology domain; TH: Tec homology domain; SH: Src 

homology domain; KD: kinase domain. 

2.8.2  Functions of Bmx  

Bmx is predominantly expressed in heart, skeletal muscle, lung, liver, intestine 

and hematopoietic cells. During development, Bmx expression is high in the 

endocardium and in arterial endothelia (Rajantie et al. 2001). Bmx interacts with 

PI3K G-proteins, integrins/non-receptor tyrosine kinases, tumor necrosis factor 

receptors, various protein tyrosine phosphatases and lipid phosphatases (Tu et al. 

2008). 

Mice lacking Bmx are viable, fertile, have a normal life span and do not show 

any obvious phenotype (Rajantie et al. 2001). Studies in adult rats showed that 

Bmx is activated after neural injury, and that blocking Bmx protects against 

neurodegeneration in ischemic brain (Chen et al. 2012). Moreover, genetic 

deficiency of Bmx conferred protection from arthritis in a mouse model known to 

be dependent on macrophages and IL-1β, showing that Bmx is an essential 

mediator of inflammation in vivo (Gottar-Guillier et al. 2011). Mice lacking Bmx 

preserved cardiac ejection fraction and decreased mortality following transverse 

aortic constriction. These results demonstrate that Bmx is involved in the 

response of the myocardium to pressure overload (Mitchell-Jordan et al. 2008). 

Conversely, in response to ischemia, mice lacking Bmx showed marked defects in 

capillary formation and vessel maturation (He et al. 2006). 

2.8.3 Bmx in the skin  

In the skin, Bmx is expressed mainly in the arterial endothelium (Rajantie et al. 

2001). Epithelial cells in the skin are induced to proliferate by VEGF, whose 
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expression is regulated by Bmx. VEGF in turn regulates Bmx expression, which 

suggests an autoregulatory loop between these proteins (Chau et al. 2002).  

While mice lacking Bmx did not present major phenotypic changes (Rajantie 

et al. 2001), overexpression of Bmx in the basal keratinocytes induced a severe 

phenotype, which suggests that high expression of Bmx might be unfavorable 

(Paavonen et al. 2004). These mice show poor hair coverage, a thickened 

epidermis, increased dermal cellularity and accelerated wound healing (Paavonen 

et al. 2004). The thickened epidermis is a result of epidermal hyperproliferation 

with no changes in the rate of cellular apoptosis. Additionally, Bmx was shown to 

mediate integrin signaling and migration in vitro through the binding of the Bmx 

PH domain to the FERM domain of FAK (Chen et al. 2001), thus the accelerated 

wound healing may be related to increased keratinocyte proliferation and 

migration. Interestingly, keloids, which are an aberration of cutaneous wound 

healing characterized by an excessive accumulation of ECM, showed an elevated 

basal level of Bmx in human biopsied tissues (Chau et al. 2005).   

2.8.4  Bmx in cancer  

Studies in human renal cell carcinoma tissue samples have shown that Bmx 

expression is highly increased in these patients, while in vitro studies showed that 

the downregulation of Bmx significantly inhibits renal cell carcinoma growth and 

promotes apoptosis, by regulating STAT3, which induces apoptosis (Zhuang et al. 

2014). A similar antiapoptotic effect was observed in colorectal cancer cell lines, 

where Bmx seems to regulate PI3K signaling, which can promote cell survival 

(Potter et al. 2014). In small cell lung cancer cells upregulation of Bmx also 

seems to be involved in the protection against apoptosis, via apoptosis correlated 

proteins such as Bcl-2 and Bcl-XL (Guo et al. 2010). In nasopharyngeal 

carcinoma cells the antiapoptotic mechanism seems to be related to p53 and Bcl-2 

(Zhang et al. 2011). Additionally, in vitro studies showed that Bmx induces 

proliferation in prostate cancer cells, while human prostate tumor samples exhibit 

an upregulation for Bmx (Dai et al. 2010). Mice overexpressing Bmx in the 

prostate epithelium developed a pathologic condition resembling human prostatic 

intraepithelial neoplasia, which may be caused by Bmx regulation of multiple 

pathways such as STAT3, Akt and p53 (Dai et al. 2006). Finally, in glioblastoma 

multiforme, Bmx can regulate self-renewal, growth and maintenance of the 

vascular niche, by attenuating multiple CSC key signals such as Sox2, Olig2, 

NanoG and Oct4 (Guryanova et al. 2011). 
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3 Outlines of the present study 

Collagen XVIII is known to be essential for eyes structure and function in human 

and mouse, but its roles in other tissues and various disease processes are less 

well known. In view of the high expression of collagen XVIII in various types of 

skin stem cells, as well as the anti-angiogenic and anti-tumorigenic properties of 

its endostatin domain, and the Wnt/b-catenin signaling inhibiting activity of its 

frizzled domain, we have investigated its effects in HF morphogenesis and 

cycling and in skin cancer development. These questions were studied using 

several previously generated gene-targeted mouse lines, and a new transgenic line 

produced as part of this project, in which the N-terminal part of the long variant 

of collagen XVIII is overexpressed.  

Bmx has been reported to be involved in tumorigenesis and in tumor 

angiogenesis, but little is known about the modes of action of Bmx and the 

pathways that it regulates in tumors. For this reason we studied the role of Bmx in 

cancer development and progression. A broad set of experimental tumor models 

and histopathological immunohistochemical and cellular methods were used to 

examine the different parameters involved in tumor development and progression. 

 

The specific objectives of this study were: 

 

1. To study the roles of different collagen XVIII isoforms in HFSCs and HF 

cycling. 

2. To study the role of collagen XVIII in mouse skin carcinogenesis. 

3. To study the role of Bmx in tumor growth and tumor angiogenesis, especially 

in skin cancer. 
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4 Materials and methods 

The material and methods used in this thesis are summarized in Table 1. Detailed 

descriptions of all the experimental procedures are presented in the original 

articles I and II. 

  

 Experimental procedures used in the original articles. 

Method  Original article 

Genetically modified mouse lines  

Breeding, genotyping and collection of tissue samples  

Generation of the transgenic mice overexpressing the long variant  

of collagen XVIII (K14-N-long x Col18a1-/-) 

Western blotting 

Histological examination of skin and tumors 

I & II 

 

 

 

 

I & II 

Immunofluorescent stainings  

Immunohistochemical stainings  

In situ hybridization of hair placodes 

Identification of hair cycling phases  

Electron microscopy of the skin 

Chemical two-stage skin carcinogenesis model 

DMBA-induced DNA damage Microarrays from tumor cells 

Fluorescence activated cell sorting  

Gene expression profiles 

I 

I 

I 

I & II 

I 

 

Tumor cell lines and cell culture 

RIP1-Tag2 pancreatic tumor model 

ApcMin/+ tumor model 

Statistical analysis 

II 

II 

II 

I & II 
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5 Results 

5.1 Localization of collagen XVIII in the mouse skin (I) 

Collagen XVIII is expressed in basal keratinocytes, endothelial cells, epithelial 

cells and HFs, epidermal-dermal BM and around HFs, capillaries, SGs, nerve 

fibers and smooth muscle cells in the human skin (Saarela et al. 1998b). We 

studied the localization of collagen XVIII in the adult mouse skin, focusing on 

HFs, as RNA expression profiles indicate that collagen XVIII is highly expressed 

in skin stem cells (Blanpain et al. 2004, Fujiwara et al. 2011, Morris et al. 2004). 

Collagen XVIII was shown to localize in the BM along the HFs, including the 

bulge area and DP, as well as the BMs of IFE and capillaries.  

5.2 Normal early morphogenesis in mice lacking collagen XVIII (I) 

In the developing embryo, collagen XVIII is highly expressed in the skin (Sasaki 

et al. 1998). Therefore, we studied whether early stages of HF morphogenesis are 

affected by the lack of collagen XVIII. The primary hair placodes were visualized 

by in situ hybridization with a mixture of placode-specific Shh and Dkk4 probes 

in Col18a1-/- and Col18a1+/+ embryos collected at E14, when the basal layer of 

the epidermis starts to aggregate, forming the hair placode (Sennett & Rendl 

2012). This analysis did not reveal differences in the placode density or 

morphology between the Col18a1+/+ and Col18a1-/- mice. Dorsal skin sections 

collected at P1 showed no defects in early morphogenesis. Hematoxylin/eosin-

stained sections showed similar HF density between the Col18a1+/+ and Col18a1-

/- mice. 

5.3 Collagen XVIII regulates HF cycling (I) 

Next we examined HF cycling, to study if HFSCs show any dysregulation caused 

by collagen XVIII deficiency at a later age. Histological examination of 

hematoxylin/eosin-stained dorsal skin sections collected at one week intervals 

showed that the growth phase (anagen) of the first hair cycle is slightly delayed in 

the Col18a1-/- mice by comparison with the Col18a1+/+. The delay can be first 

seen at 3.5 weeks of age (P23), when the HFs of the control mice started to grow 

while HFs of the Col18a1-/- mice were still in the resting phase (telogen). At 4 



 

52 

weeks (P28), the HFs in the control mice continued to grow, being much longer 

than those in the Col18a1-/- mice, which had just started to grow in length. In the 

subsequent hair cycle the changes were more evident. The second anagen was 

visible in control mice between weeks 13 and 16, while in Col18a1-/- mice it 

started around week 17. These findings suggest that collagen XVIII is needed for 

proper HF cycling in adult mice. 

5.4 Wnt signaling is not affected in mice lacking collagen XVIII (I) 

To understand the HF cycling defects in the absence of collagen XVIII, we 

studied Wnt signaling, which is involved in the regulation of the HF cycle (Fuchs 

& Horsley 2008, Merrill et al. 2001, Schneider et al. 2009). Of interest is that the 

long variant of collagen XVIII contains a frizzled domain, which shows high 

homology to the Wnt ligand binding part of frizzled receptors and is capable of 

regulating Wnt/β-catenin activity in vitro (Quelard et al. 2008). Therefore, we 

studied the localization and intensity of two signaling molecules, Lef-1 and β-

catenin of the canonical Wnt pathway at P21 (week 3), when the telogen-to-

anagen transition occurs during morphogenesis and when Wnt signaling is 

activated in the WT mice (Greco et al. 2009). Neither Lef-1 nor β–catenin 

stainings highlighted any differences between genotypes. 

5.5 Collagen XVIII is needed for HFSCs adhesion (I) 

Apoptosis is an important player in the regulation of the HF cycle, as it is a 

central element during HF regression (Lindner et al. 1997). Therefore, we 

assessed the levels of cleaved caspase-3 positive apoptotic cells in the HFs at a 6 

weeks’ time point, when control and Col18a1-/- HFs are in the regression phase 

(catagen). In controls apoptotic cells in the HFs mainly resided in the bulge, 

which at this stage of the cycle locates in the middle part of the HF. The 

deficiency of collagen XVIII resulted in a markedly elevated apoptosis in the DP, 

bulge and isthmus area in the catagen HFs. Apoptosis in the HFs is initiated by a 

variety of stimuli, including loss of cell adhesion (Botchkareva et al. 2006). 

Therefore we studied the hemidesmosome complexes that anchor the bulge cells 

to the underlying BM by TEM at the 6 weeks’ time point, when a high level of 

apoptosis is detected in the knockout HFs. We found a significantly decreased 

number of hemidesmosomes in the bulge cells of Col18a1-/- mice in comparison 

with Col18a1+/+ controls. These data suggest that the lack of collagen XVIII 
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affects the formation of hemidesmosomes, leading to an impaired adhesion of 

bulge cells to the epidermal BM, which, in turn, results in their enhanced 

apoptosis. 

5.6 HF cycling and hemidesmosomes are affected in mice lacking 
the longer variants of collagen XVIII (I) 

Collagen XVIII is expressed as three different variants, called short, medium and 

long, which differ in their N-terminal NC domains. Interestingly, while the short 

variant localizes in all the BMs of the skin and HFs, the medium and long variants 

concentrate in the BM zone of the HF bulge region in close association with the 

bulge marker CD34. To explore the functional significance of the differing 

variants in HF cycling, we analyzed mutant mice lacking exclusively the 

promoter (P) 1-driven short isoform (Col18a1P1/P1 mice) or the two P2-driven 

medium and long isoforms (Col18a1P2/P2 mice) (Aikio et al. 2014). Similar to the 

Col18a1-/- mice, both the first and the second hair cycles were delayed in the 

Col18a1P2/P2 mice in comparison with the controls. HF cycling in the Col18a1P1/P1 

mice was comparable to that in the control mice. As expected, the levels of 

keratinocyte apoptosis in HFs at week 6 as well as the number of 

hemidesmosomes in Col18a1P2/P2 mice were comparable to those observed in the 

Col18a1-/- mice, while the levels in Col18a1P1/P1 mice were comparable to those 

observed in control mice.  

5.7 Overexpression of the long N-terminus of collagen XVIII 

rescues the HF defects in the Col18a1-/- mice (I) 

To further corroborate the importance of the P2-derived collagen XVIII isoforms 

in HF cycling, we generated a transgenic mouse line overexpressing a HA-tagged 

N-terminal part of the long variant of collagen XVIII under the K14 promoter (the 

K14-N-Long mice). The K14-N-long mouse line was crossed with the Col18a1-/- 

line to produce the K14-N-Long x Col18a1-/- double mutant mice lacking all three 

full-length collagen XVIII isoforms, but expressing the N-terminal 

noncollagenous portion of the long variant. The transgene expression in the K14-

N-Long x Col18a1-/- skin was studied with an antibody against the HA-tag. 

Western blotting of skin lysate demonstrated a single 130 kDa protein 

corresponding to the predicted molecular size of the transgene amino acid 

sequence. By immunofluorescence, the transgene was shown to localize to the 
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BM of the epidermis-dermis junction and throughout the BM of the HFs. HF 

cycling in the double mutant mice coincided with that of the Col18a1+/+ mice, 

indicating that the N-terminus of the long variant is able to rescue the altered HF 

phenotype of the Col18a1-/- mice. Moreover, the level of keratinocyte apoptosis in 

HFs at week 6 as well as the number of hemidesmosomes was comparable to 

those observed in the control mice. 

5.8 Impaired skin tumor formation in Col18a1-/- mice (I) 

The HF cycling defects observed in the Col18a1-/- mice and the fact that stem 

cells in the HF bulge and IFE have been described as the origin of skin cancers 

(Lapouge et al. 2011, Youssef et al. 2010) prompted us to study skin cancer 

development in mice lacking collagen XVIII expression. Col18a1+/+ and Col18a1-

/-, both in the FVB/N background, were subjected to the classical chemical two-

stage skin carcinogenesis protocol (DMBA-TPA) (Abel et al. 2009) and tumor 

development and progression were monitored. The skin tumors began to appear 

after a similar latency period in Col18a1+/+ and Col18a1-/- mice and no difference 

in tumor incidence was detected, as 100% of mice developed tumors by week 14 

in both mouse lines. However, the Col18a1-/- mice showed a significant reduction 

in the number of papillomas already at an early stage of tumorigenesis, and this 

difference remained constant and highly significant until the end of the 

monitoring period. The tumor monitoring revealed also a difference in tumor size 

between the genotypes. Compared with the Col18a1+/+ mice, the proportion of 

large papillomas (3-10 mm in diameter) was somewhat smaller in the Col18a1-/- 

mice at each time point examined. 

5.9 Collagen XVIII deficiency affects tumor cell apoptosis and 

proliferation and cellular response to DMBA treatment (I) 

To evaluate possible reasons underlying the observed differences in skin tumor 

formation and size between the Col18a1+/+ and Col18a1-/- mice, we analyzed 

angiogenesis, proliferation and apoptosis in the tumors. Quantification of CD31-

stained capillaries in papillomas showed that, despite the lack of the anti-

angiogenic collagen XVIII-derived endostatin, angiogenesis is not affected in the 

Col18a1-/- mice. However, collagen XVIII appears to regulate the fate of 

epithelial cells as its inactivation leads to a statistically significant reduction in 

proliferation and an elevated apoptosis staining of tumor keratinocytes. Based on 
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deficient anchorage of HFSCs to the bulge BM and the increased apoptosis during 

the catagen phase in the knockout mouse, we studied the initial response of 

keratinocytes to DNA damage following the carcinogen treatment. Apoptosis is a 

prominent route of cell inactivation following the induction of DNA damage 

(Roos & Kaina 2013). Immunohistochemical staining showed that Col18a1-/- 

mice had markedly more apoptotic keratinocytes in the HFs and the IFE than 

Col18a1+/+ mice at 48 h after a single DMBA treatment. We also detected 

increased basal level apoptosis in the vehicle treated Col18a1-/- skin in 

comparison to Col18a1+/+ skin confirming our results in the HF experiments. Our 

data thus suggest that collagen XVIII deficient keratinocytes display reduced 

viability upon carcinogen treatment and the cellular response leads to massive 

apoptosis and, subsequently, reduced papilloma formation in the Col18a1-/- mice. 

5.10 Genes related to stemness are lost in the absence of collagen 
XVIII (I) 

To assess the transcriptional changes occurring in tumor cells in the absence of 

collagen XVIII, we compared the whole genome RNA expression profiles of 

tumor cells isolated from Col18a1+/+ and Col18a1-/- mice by FACS. The 

microarray analysis defined a Col18a1-/- basal epithelial tumor cell signature of 

590 upregulated genes and 294 downregulated genes. More specifically, the 

collagen XVIII deficient tumor cells exhibited an altered keratinocyte 

differentiation program with a significant upregulation of terminal differentiation 

genes, and lower expression of genes related to tumor aggressiveness and 

malignancy. To confirm the increased terminal differentiation pattern in Col18a1-

/- tumors, we performed an immunofluorescence analysis of papillomas with 

loricrin, which indicated increased terminal differentiation of tumor keratinocytes 

in the knockout background. In accordance with the decreased malignancy pattern 

in the Col18a1-/- tumor cells, the rate of conversion from benign papillomas to 

malignant SCCs was lower in the absence of collagen XVIII.  

5.11 Stemness in tumors is sustained by collagen XVIII (I) 

To further understand the implications of collagen XVIII in skin tumor formation 

and progression, we compared the transcriptional signature of the cells isolated 

from Col18a1-/- tumors with the recently reported stem-like and tumor cell 

maintenance signatures for cancer stem cells (CSC) of skin SCC (Boumahdi et al. 
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2014). Interestingly, several genes related to stemness and tumor cell maintenance 

where lost in the absence of collagen XVIII.  

5.12 Impaired growth and vasculature in B16-F10, LLC and CT26.WT 
tumors in Bmx−/− mice (II) 

To assess the effect of Bmx in tumor growth, B16-F10 melanoma cells were 

implanted into female and male mice lacking Bmx. Tumor monitoring in Bmx-/- 

and Bmx+/+ mice revealed that Bmx deficiency led to a slower growth of the B16-

F10 tumors in female mice. In the other hand, tumors growth appeared to be 

similar in Bmx-/0 and Bmx+/0 male mice. To address the possible reason for the 

defects in tumor growth and as Bmx is involved in mediating pathologic 

angiogenesis (Paavonen et al. 2004), we evaluated whether the loss of Bmx 

altered the vasculature of B16-F10 tumors in female mice. As expected, the 

vascularization of the tumors was impaired in Bmx-/- mice. To evaluate the effect 

of Bmx in non-small cell lung and colon cancer growth, Lewis lung carcinoma 

(LLC) and CT26.WT colon cancer cells were implanted in control female mice 

and in female mice lacking Bmx. The inhibition of growth of LLC tumors in Bmx-

/- mice was statistically significant when compared to Bmx+/+ mice. Furthermore, 

Bmx deficiency resulted in the inhibition of CT26.WT colon carcinoma growth in 

Bmx-/- mice. As expected, vascular density in LLC and CT26.WT tumors was 

impaired in Bmx-/- mice. 

5.13 Bmx is expressed in peritumoral arteries and influences tumor 

perfusion (II) 

To study the localization of Bmx in tumor vessels, B16-F10 melanoma and 

CT26.WT colon carcinoma excised tumors were analyzed. Results from whole 

mounts and histologic sections showed that Bmx was abundantly expressed in the 

peritumoral arteries surrounding the tumor tissue. Colocalization of Bmx and 

PECAM-1 signals confirmed the expression of Bmx in tumor associated blood 

vasculature. To analyze whether Bmx effects tumor perfusion, fluorescently 

labeled lectin was administered into tumor bearing mice before the excision of 

CT26.WT colon carcinoma tumors. Comparison of lectin and PECAM-1 staining 

showed a moderate reduction of tumor perfusion in Bmx-/- mice. In addition, we 

analyzed proliferation in tumors and, interestingly, quantification revealed that 
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Bmx deficiency leads to impaired proliferation. However, no change was detected 

in the infiltration of granulocytes, B cells or macrophages. 

5.14 Increased chemically induced skin tumors and angiogenesis in 
K14-Bmx mice (II) 

To evaluate the effects of Bmx overexpression on skin tumor growth, we 

subjected the transgenic mouse line overexpressing Bmx under the keratin 14 

promoter (K14-Bmx) to the DMBA-TPA model. The K14-Bmx mice developed an 

increased number of skin tumors when compared to Bmx+/+ mice. Additionally, 

tumor development was accelerated and the proportion of large tumors was 

slightly higher in K14-Bmx mice. However, 100% of both mouse lines developed 

tumors by week 13. As expected, tumor angiogenesis was increased in papillomas 

and SCCs of K14-Bmx mice in comparison to Bmx+/+ mice. Consistent with the 

data obtained from CT26.WT colon carcinomas in Bmx-/- mice, inflammatory 

cells did not show differences between the K14-Bmx and Bmx+/+ mice.  

5.15 Variable effects on cutaneous tumor growth and angiogenesis 

in Bmx-deficient mice (II) 

To analyze the effects of Bmx deficiency on epidermal tumors, Bmx-deficient 

female and male mice were subjected to the DMBA-TPA treatments. The rate of 

tumor initiation was comparable between Bmx+/- and Bmx+/+ female mice, and 

slightly delayed in the Bmx-/- mice. To our surprise, Bmx+/- mice developed an 

increased number of tumors compared to Bmx+/+ mice, whereas Bmx-/- mice 

showed a decrease in tumor multiplicity. Tumor size was also reduced in Bmx-/- 

mice compared to Bmx+/- and Bmx+/+ mice. Histologic analysis revealed that 

tumor angiogenesis in SCC is attenuated in Bmx-/- mice in comparison with Bmx+/- 

and Bmx+/+ mice. Consistent with the data obtained from B16-F10 tumors in male 

mice, the analysis of Bmx-/0 and Bmx+/0 male mice did not show any significant 

changes between the genotypes in this tumor model.  

5.16 Altered tumor metastasis in Bmx modified mice (II) 

To assess if Bmx deletion impairs the dissemination of tumor cells from the 

primary tumor, the lymph nodes of tumor bearing mice were excised and 

examined for metastases. The occurrence of melanoma metastases was 
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significantly decreased in Bmx-/- mice when compared to Bmx+/+ mice. Lymph 

nodes from K14-Bmx and Bmx-deficient mice bearing macroscopically malignant 

SCCs were also analyzed. The frequency of tumor metastasis was significantly 

increased in K14-Bmx mice and Bmx+/-; conversely, tumor metastasis was 

decreased in Bmx-/- mice in comparison with Bmx+/+ mice. Consistent with other 

analyses, no differences were detected in the dissemination to lymph nodes in 

Bmx-/0 and Bmx+/0 male mice.  

5.17 Inhibition of ApcMin/+ intestinal adenomas and RIP1-Tag2 

pancreatic insulinoma growth in Bmx−/− mice (II) 

VEGF and toll-like receptor (TLR) are essential for intestinal tumorigenesis in the 

transgenic ApcMin/+ colon carcinoma model (Korsisaari et al. 2007, Lee et al. 

2010). Since the expression of VEGF and TLR expression is mediated by Bmx 

(Chau et al. 2002, Palmer et al. 2008), we analyzed the ApcMin/+ phenotype in 

Bmx-/- mice. The intestinal adenoma growth was reduced in Bmx-/- female mice; 

however, it was unaltered in Bmx-/0 mice when compared to Bmx+/0 male mice. To 

further examine the effect of Bmx deficiency on pancreatic islet carcinomas, we 

analyzed the RIP1-Tag2+/- phenotype in Bmx-/- mice. In females, a reduction of 

pancreatic tumor weight was observed in RIP1-Tag2+/--Bmx-/- mice when 

compared to RIP1-Tag2+/−-Bmx+/+. However, Bmx deficiency did not alter RIP1-

Tag2 driven oncogenic tumor growth in Bmx-/0 mice when compared to RIP1-

Tag2+/--Bmx+/0 male mice. 

5.18 Phosphorylation of signaling proteins downstream of Bmx (II) 

To elucidate the cellular mechanisms responsible for the effect of Bmx deficiency, 

we analyzed signaling mediators downstream of Bmx. For this purpose, vascular 

endothelial cells from Bmx-/- and Bmx+/+ mice were isolated from cardiac atria, 

where Bmx expression is highest (Rajantie et al. 2001). Binding of VEGF to its 

cellular receptor VEGFR2, mediates tumor angiogenesis (Goel & Mercurio 2013) 

and as Bmx interacts with VEGFR; the isolated endothelial cells were subjected 

to proteomic profiling of 46 intracellular phosphoproteins, with and without 

VEGF stimulation. Bmx deficient cells showed decreased phosphorylation of the 

extracellular signal regulated kinase ERK, compared to Bmx expressing cells 

from control mice. The reduced Erk phosphorylation was verified with western 

blot analysis. To further analyze the molecular mechanisms of the reduced tumor 
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growth in Bmx-/-, tumors and surrounding skin tissue from B16-F10 melanomas in 

Bmx-/- and Bmx+/+ mice were excised and subjected to analysis with 

phosphospecific Akt and Erk antibodies. Results indicate decreased 

phosphorylation of Akt and Erk in tumor samples from Bmx-/- mice.  
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6 Discussion 

6.1 Collagen XVIII regulates hair follicle cycling and tumor growth 

HFSCs are crucial for HF cycling and for the development of skin cancers 

(Blanpain & Fuchs 2009, Fuchs 2009). Interestingly, collagen XVIII is strongly 

expressed in skin stem cells and in cancer cells of human cutaneous SCC. Our 

results demonstrate that the lack of collagen XVIII leads to delayed HF cycling. 

To investigate the specific roles of the different collagen XVIII isoforms, we used 

genetically modified mice expressing exclusively either the short or the two 

longer isoforms of the molecule. Interestingly, delayed HF cycling was observed 

only when the medium and long variants were lacking. Notably, transgenic 

addition of the N-terminus of the long variant of collagen XVIII was sufficient to 

rescue the phenotype of Col18a1-/- mice.  

During HF cycling, the Wnt/β-catenin signaling pathway plays a crucial role 

(Fuchs & Horsley 2008). As the N-terminus of the long isoform of collagen 

XVIII contains a frizzled domain that has been shown to regulate Wnt signaling, 

we considered the possibility that the long variant of collagen XVIII may regulate 

the behavior of HFSCs by affecting canonical Wnt signaling. However, Lef-1 and 

β-catenin staining did not show changes, suggesting that the lack of collagen 

XVIII did not affect the Wnt pathway in HFs in vivo.  

Mice lacking collagen XVIII have defects in BMs, including the skin 

(Utriainen et al. 2004). It has been suggested that these defects represent impaired 

anchorage of the lamina densa to dermis (Elamaa et al. 2005). These studies and 

our current ultrastructural analyses show that when collagen XVIII is lacking, 

there are significant defects in BMs and fewer hemidesmosomes, which could 

impair the adhesion of HFSCs to the BM. Loss of adhesion can induce apoptosis 

of HF cells (Botchkareva et al. 2006), and apoptosis is a central element in the 

regulation of HF (Magerl et al. 2001). Hence we studied catagen-induced 

apoptosis in the HFs. Our statistical analyses revealed that collagen XVIII 

deficiency results in a markedly high amount of apoptosis, especially in the bulge, 

which may at least partly explain the changes observed in HF cycling in the 

Col18a1-/- and Col18a1P2/P2 mice. We consider it possible that the reduced 

adhesion in these mutant mice may be related to defects in integrin anchoring. 

Collagen XVIII/endostatin is known to regulate adhesion (Dixelius et al. 2002) 

and migration of endothelial and neural cells via α5β1 (Rehn et al. 2001) and 



 

62 

α3β1 (Su et al. 2012) integrins, respectively. Interestingly, the deletion of the β1 

subunit in mice has been shown to affect HF morphogenesis and to reduce the 

amount of hemidesmosomes during anagen (Brakebusch et al. 2000). Altogether, 

our findings demonstrate the critical role of collagen XVIII in HF cycling.  

Proper organization and adhesion to the underlying BM is critical for stem 

cell maintenance in the HFSCs niche (Watt 2002). The reduced hemidesmosomes 

and cell viability in HFs at catagen in the absence of collagen XVIII suggests a 

possible role for the medium/long isoform in ensuring proper HFSC anchorage to 

the underlying niche ECM. We hypothesize, that when these isoforms are lacking 

from the HFSC matrix, the plasma membrane integrins cannot form a stable 

linkage to the ECM. However, whether collagen XVIII serves as an integrin 

ligand for the stem cells or whether its presence is needed for correct assembly 

and binding via other ECM components is unclear. 

Although endostatin can inhibit tumor growth (O'Reilly et al. 1997), our 

results demonstrated that the lack of the full length collagen XVIII resulted in 

decreased tumor growth. Additionally, we observed smaller and less aggressive 

tumors with increased apoptosis and decreased proliferation in Col18a1-/- mice, 

which implies that collagen XVIII’s functions in regulating the survival and fate 

of epithelial tumor cells. This hypothesis is supported by our results of reduced 

viability upon DNA damage in mice lacking collagen XVIII, which could also at 

least in part explain the reduced tumor growth. It is also possible that the reduced 

tumor formation in Col18a1-/- mice may be related to defects in cell adhesion, as 

mice lacking α3β1 integrin known to bind the C-terminal endostatin part of 

collagen XVIII, show a skin tumor phenotype similar to our findings with the 

Col18a1-/- mice (Sachs et al. 2012). On the other hand, our microarray results 

suggest that the reduced tumor formation in the Col18a1-/- mice may be related to 

a loss of stemness properties of tumor cells, which are essential for tumorigenesis 

and malignant progression. This view is supported by the observation that 

collagen XVIII is up-regulated in mammary CSCs (Gupta et al. 2009). In contrast 

with the vast number of reports on endostatin’s ability to inhibit tumor 

angiogenesis in experimental models (Folkman 2006a), our current and previous 

(Brideau et al. 2007) data indicate that skin tumor microvessel density is not 

affected in the absence of collagen XVIII or in the excess of endostatin. It is also 

convincingly demonstrated that collagen XVIII is needed for proper retinal 

angiogenesis in mice. Mice lacking collagen XVIII present ocular abnormalities, 

including regression of hyaloid vessels and abnormal outgrowth of the retinal 

vessels (Aikio et al. 2013, Fukai et al. 2002), and also some Knobloch syndrome 
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cases with a mutated COL18A1 gene show defects in the vasculature of the eye 

(Duh et al. 2004). These observations suggest that collagen XVIII/endostatin 

regulates developmental and physiological angiogenesis.  

6.2 Bmx tyrosine kinase regulates tumor angiogenesis and growth 

Angiogenesis is necessary for tumors to grow beyond a microscopic size 

(Folkman 2007). Although angiogenesis is highly induced in the skin when Bmx 

is overexpressed (Paavonen et al. 2004), and Bmx has been reported to be 

involved in the development of tumors (Cenni et al. 2012); the specific role of 

Bmx in tumor growth, especially in tumor angiogenesis, is still unclear. 

Therefore, in the present work we characterized the contribution of Bmx to tumor 

growth in different tumor models, using genetically modified mice lacking or 

overproducing Bmx.  

Our results demonstrated that the lack of Bmx resulted in decreased tumor 

growth in female mice when using colon carcinoma, melanoma and non–small 

cell lung carcinoma cells. Additionally, upon Bmx deletion, tumor growth in 

ApcMin/+ and RIP1-Tag2 female transgenic mice was significantly decreased, 

suggesting that Bmx expressed in tumor cells contributes to tumor growth as well. 

As the lack of Bmx in male mice did not show any significant changes, we 

speculate that Bmx may have haploinsufficient roles that might be compensated 

by other pathways. Interestingly, BMX induces the transcriptional activation of 

STAT5 (Saharinen et al. 1997), and STAT5 is also controlled by female steroid 

hormones (Fox et al. 2008). It is also interesting to note that Bmx mediates 

activation of Rho in response to G proteins, which can be activated by hormones 

(Sahai & Marshall 2002), and that Rho contributes to tumorigenesis (Mao et al. 

1998). On the other hand, Bmx expression in tumor cells is known to promote 

tumor growth (Dai et al. 2010). In agreement with these findings, using the 

DMBA-TPA model, we found that the overexpression of Bmx in the skin caused 

accelerated development of tumors.  

Expression of Bmx has been reported in large arteries (Ekman et al. 1997) 

and in various hemopoietic cell lineages (Kaukonen et al. 1996). We localized 

Bmx expression in the arterial vasculature and inflammatory cells associated with 

tumors, while it was absent in capillaries. Interestingly, in angiogenic signaling, 

Bmx expression depends on TNF receptor 2 (TNFR2) (He et al. 2006), and 

TNFR2 acts as a growth factor for renal cell carcinoma via Bmx-VEGFR2 cross-

talk (Al-Lamki et al. 2010). Therefore, to reveal the cellular mechanisms 
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associated with the reduced angiogenesis in mice lacking Bmx, a proteomic 

profiling of a variety of phosphokinases in vascular endothelial cells stimulated 

with VEGF was performed. In cells lacking Bmx, phosphorylation of Erk was 

reduced, especially upon VEGF treatment. This suggests that there is an 

interaction between VEGF/VEGFR2 and Bmx promoting tumor angiogenesis, 

probably via Erk signaling.  

In addition to arterial vasculature, inflammatory cells associated with tumors 

showed Bmx expression. Because of this, and because myeloid cells 

endogenously express Bmx (Tamagnone et al. 1994), bone marrow derived cells 

were investigated in the tumors. However, no change was detected in the 

infiltration of leukocytes and macrophages in the tumors, suggesting that the 

tumor phenotype was not due to inflammatory signals. We also observed that 

mice lacking Bmx presented decreased dissemination of subcutaneously 

transplanted B16-F10 melanoma cells and chemically induced SCC into lymph 

nodes. Conversely, mice overexpressing Bmx showed an increase of lymph node 

metastasis in the skin carcinogenesis model. Although this decreased 

dissemination may be a consequence of the reduced tumor growth or 

angiogenesis, Bmx has been implicated in cell migration and it is highly 

expressed in cells with high migratory properties, including metastatic carcinoma 

cell lines (Cohen et al. 2010, Zhuang et al. 2014). Indeed, Bmx is involved in 

promoting integrin-mediated cell motility via binding to the focal adhesion kinase 

(FAK, Chen et al. 2001). In conclusion, we showed for the first time that Bmx 

regulates tumor growth in vivo, possibly by regulating angiogenesis via Erk 

signaling. Thus Bmx may represent a novel therapeutic target. 
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7 Conclusions and future perspectives 

Collagen XVIII is highly expressed in skin stem cells and in carcinoma cells, but 

the consequences of this high expression are not known. Our study has led to 

novel data on factors in the HFSC niche that regulate HF cycling and skin tumor 

formation. Furthermore, we could identify that specific isoforms of this collagen 

are responsible for the observed alterations in the hair cycle and that their less 

studied N-terminal noncollagenous portion plays a crucial role in HF cycling. 

Regarding the HF cycle, in future work it would be interesting to confirm that 

the highly apoptotic cells are HFSCs, for example, by quantifying α6high CD34high 

caspase-3high cells by FACS. Moreover, BrdU positive cells in HFs should be 

analyzed at different time points, as a well-balanced interplay between cell 

proliferation and apoptosis is crucial for proper HF cycling (Hsu et al. 2011). As 

for the skin tumors, we should also assess the transcriptional changes occurring in 

HFSCs in the absence of collagen XVIII by comparing the whole genome 

expression profiles of HFSCs isolated from Col18a1-/- and Col18a1+/+ mice. 

Microarray data obtained from isolated HFSCs as well as the current data on skin 

tumor cells should be verified by assessing the expression levels of genes of 

interest by using quantitative PCR and immunostaining of tissue samples. 

To explore the functional significance of various domains of collagen XVIII, 

it would be interesting to study in detail the variable N-terminal or the C-terminal 

endostatin domain in HF cycling. The transgenic mouse lines overexpressing 

these sequences under the keratin 14 promoter (K14-N-Short, K14-N-Medium 

and K14-endostatin) are currently available in our laboratory. As a few cases of 

occipital hair tuft in Knobloch syndrome patients have been reported (Passos-

Bueno et al. 1994, Suzuki et al. 2002, Williams et al. 2008, Williams et al. 2008, 

Wilson et al. 1998), HF studies in human skin biopsies from these patients should 

be carried out. Finally, HFSCs have the ability to contribute to epidermal wound 

repair (Ito et al. 2005); therefore, the role of collagen XVIII in the regulation of 

stem cells during wound healing should be studied. 

The specific roles of the different variants of collagen XVIII in skin tumor 

formation should be also evaluated. We have already shown that overexpression 

of C-terminal endostatin has a minor role in tumor growth in the chemical skin 

cancer model (Brideau et al. 2007). By subjecting the Col18a1P1/P1 and the 

Col18a1P2/P2 as well as mice overexpressing the variable N-termini to the DMBA-

TPA protocol we should be able to identify the critical domains of collagen XVIII 

that regulate skin tumor growth and the pathways controlled by these domains. To 
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assess whether stemness is reduced in Col18a1-/- tumors, purified tumor cells 

should be implanted into immunodeficient mice and evaluate for their ability to 

form secondary tumors. Finally, HFSCs from different mouse lines and tumor 

cells should be isolated to study the role of different isoforms and domains in cell 

survival, adhesion, proliferation and differentiation in vitro in three dimensional 

and co-culture models. 

Bmx is thought to regulate several processes such as angiogenesis, and cell 

proliferation and migration that are all crucial in the development of cancer. 

However, little is known about the modes of action of Bmx and the pathways that 

it regulates in tumors. Our results have shown that Bmx promotes tumor growth 

and angiogenesis in skin and other cancers possibly by contributing to the 

transduction of VEGF signals.  

In future work would be interesting to reveal the reason for the failure to 

reproduce the results obtained in Bmx−/− female mice in the Bmx−/0 male mice. As 

Bmx seems to affect the activation of different factors that are highly controlled 

by hormones, experiments using hypophysectomized mice to modulate hormonal 

changes are worth considering. Also genetic pathways which may compensate the 

haploinsufficient function in male mice could be studied.  

Bmx protein levels have been reported to be elevated in carcinoma cells 

prone to metastasis, therefore human samples at different stages of malignancy 

should be analyzed for Bmx expression. Bmx has been reported to control 

multiple signals such as Sox2 (Guryanova et al. 2011), which is an important 

factor regulating stemness (Boumahdi et al. 2014). Moreover, Bmx expression is 

upregulated in epidermal keratinocytes during wound healing and in K14-Bmx 

mice keratinocyte proliferation and wound re-epithelialization are accelerated 

(Paavonen et al. 2004). This may be due to increased angiogenesis but the role of 

Bmx in epidermal SCs should also be evaluated, in particular due to hair defects 

observed in the K14-Bmx. Isolation of tumor cells from Bmx−/− and K14-Bmx 

mice and transplantation should be done to evaluate their ability to form 

secondary tumors. 

Related to the angiogenesis-promoting VEGFR2 and Bmx interaction, 

phosphorylation of VEGFR2 has shown to contribute to the improvement of 

cardiac functions following myocardial infarction in mice by enhancing 

angiogenesis (Besnier et al. 2014). As Bmx is able to induce angiogenesis and it 

is highly expressed in the heart (Rajantie et al. 2001), the possibility that Bmx 

may protect after myocardial infarction should also be studied.  
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