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Myllymäki, Satu-Marja, Specific roles of epithelial integrins in chemical and
physical sensing of the extracellular matrix to regulate cell shape and polarity. 
University of Oulu Graduate School; University of Oulu, Faculty of Biochemistry and
Molecular Medicine; Biocenter Oulu; Centre of Excellence in Cell-Extracellular Matrix
Research
Acta Univ. Oul. D 1308, 2015
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Integrins are a large family of αβ-heterodimeric cell adhesion receptors of which the cell type
specific expression defines the extracellular matrix (ECM) binding properties of different adherent
cell types. In addition to various growth factors and their receptors, epithelial morphogenesis is
also executed by dynamic changes in the chemical composition and physical properties of the
ECM that controls the shape and behavior of the associated cells via integrin mediated adhesion
and signalling. Epithelial cell polarity and contractility are central mechanisms of epithelial shape
determination and are established upon spatially, mechanically and chemically sensitive integrin
signals of the microenvironment. The functional hierarchy between different integrin
heterodimers and their ECM ligands in organizing these tasks has not been systematically
addressed.

In order to study the relative roles of different integrins, we set up a loss-of-function screen of
co-expressed integrin subunits in the Madin-Darby canine kidney (MDCK) epithelial cell line. By
analyzing MDCK cystogenesis in three-dimensional (3D) ECMs, we were able to establish a
model of how epithelial polarity is organized: cell adhesion either by α2β1- or α6β4-integrins
defines the orientation of cell polarity and coordinated functions of α2β1- and α3β1-integrins
mediate the establishment of epithelial lumens via cavitation and hollowing, respectively. By
analyzing the spreading of MDCK cells, we established that epithelial cell contractility is based
on synergistic functions of β1-integrins that mediate cell adhesion and αV-integrins that facilitate
ECM rigidity sensing. We also discovered that the hemidesmosomal integrin α6 and integrin β4
did not require heterodimerization to be transported to the plasma membrane (PM) and that
integrin β4 may support laminin assembly to the basement membrane (BM) independently of
integrin α6.

Keywords: epithelial cell polarity, extracellular matrix, integrin, lumen formation,
mechanotransduction
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Tiivistelmä

Integriinit ovat suuri molekyyliperhe αβ-heterodimeerisiä adheesioreseptoreja. Integriinit ilmen-
tyvät eri tavoin eri solutyypeissä, ja tämä säätelee sitä, miten solut tarttuvat ja reagoivat erilai-
siin soluväliaineisiin. Tällä tavalla integriinit ja soluväliaine osallistuvat myös epiteelimorfoge-
neesiin lukuisten kasvutekijöiden ja niiden reseptoreiden lisäksi. Epiteelimorfogeneesissä eten-
kin solujen polarisaatio ja solujen supistuminen ovat tärkeitä tapahtumia, joiden ohjaukseen
integriinit ja soluväliaine osallistuvat. Tämän tutkimuksen tarkoituksena oli selvittää eri integrii-
nien ja niiden soluväliaineligandien toiminnallista hierarkiaa epiteelimorfogeneesissä, etenkin
solujen polarisaatiossa ja supistumisessa.

Integriinien keskinäisten roolien selvittämiseksi hiljensimme ilmentyvät integriinialayksiköt
yksitellen munuaisen epiteelisolulinjasta RNA-häirinnän avulla. Mallina epiteelimorfogeneesil-
le käytimme hyväksi munuaisepiteelisolujen kykyä muodostaa rakkularakenteita kolmiulottei-
sessa soluväliaineessa viljeltyinä. Näitä rakenteita analysoimalla pystyimme muodostamaan
mallin siitä, miten polarisoitunut epiteelirakenne organisoituu: α2β1- tai α6β4-integriinien välit-
tämä adheesio tarvitaan solujen polariteetin orientoimiseen ja α2β1- ja α3β1-integriinien yhteis-
toiminta tarvitaan epiteelisen rakkulan tyhjän sisäosan muodostumiseen, joko apoptoosin tai
polarisoituneen kalvokuljetuksen kautta. Tutkimalla solujen levittäytymistä jäykälle kaksiulottei-
selle alustalle pystyimme määrittämään, että epiteelisolun supistuminen pohjautuu β1-integriini-
en välittämän adheesion ja αV-integriinien välittämän väliaineen jäykkyyttä aistivien signaalien
yhteistoimintaan. Havaitsimme myös, että hemidesmosomaalisten integriinien α6 ja β4 sekreti-
oon ei tarvittu näiden keskinäistä heterodimerisaatiota ja integriini β4:llä saattaa olla integriini
α6:sta riippumaton rooli laminiinin kokoamisessa tyvikalvoon.

Asiasanat: epiteelisolun polarisaatio, integriini, mekaaninen signaalinvälitys,
rakkularakenteen muodostuminen, soluväliaine
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1 Introduction  

Integrins are a large family of non-covalently associated αβ-heterodimers that 

function as cell surface adhesion receptors for proteins of the extracellular matrix 

(ECM) and cell adhesion molecules at the surface of other cells (Hynes 2002). 

Integrins are an integral part of the molecular arsenal by which cells can 

physically interact with other cells and with the ECM. The ECM ligands of 

integrins are co-assembled by integrins into a complex supramolecular structure, 

which is composed of multiple ECM proteins and displays remarkable structural 

and biochemical diversity across tissues (Mouw et al. 2014).  Cells modify their 

behaviour in response to the composition and physical state of the ECM, which 

can be detected by the sophisticated and multifaceted integrin signalling 

machinery (Geiger & Yamada 2011, Legate et al. 2009). This enables cells to 

function as a collective coordinated by the ECM, which is the basis for 

multicellular architecture and function (Rozario & DeSimone 2010). 

The aim of this study was to investigate the molecular mechanisms 

underlying the formation of simple epithelial structures, specifically those 

regulated by integrins and their ECM ligands. Integrins guide the orientation of 

epithelial cell polarity by transmitting ECM-sensitive spatial cues to organize 

epithelial cells into lumen-enclosing epithelial spheres (Lee & Streuli 2014, 

Overeem et al. 2015). These cues originate from specialized ECMs called 

basement membranes (BM) that epithelial cells associate with (Yurchenco 2011). 

Another aim was to study how integrins transmit mechanical signals in response 

to ECM rigidity, thereby promoting epithelial cell contractility and cell spreading 

(Geiger et al. 2009). As epithelial cells interact with the ECM via multiple 

integrins, the emphasis in these studies was on understanding how the different 

integrin heterodimers contribute to the chemical and mechanical sensing of the 

ECM to orchestrate the above mentioned cellular behaviours. 

This thesis will begin with a review of the literature, where the first chapter 

will describe the basic molecular mechanisms by which epithelial polarity is 

established and how orientation of this polarity is regulated by spatial cues from 

the ECM.  The second chapter will describe how BMs are assembled and regulate 

epithelial development and morphogenesis and the final chapter will focus on the 

functions of integrins. The major aims of this study will be then introduced and 

the obtained results described, followed by a discussion about the significance of 

the results in relation to what has been reported in literature. 
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2 Review of the literature 

2.1 Apicobasal polarity is the fundamental design principle of 

epithelial tissues 

Epithelial tissues cover the external surfaces and internal cavities of all metazoans 

and constitute the major protective and communicative interface of the body 

towards the outside environment (Roignot et al. 2013). The epithelia can be 

comprised of a single cell layer (simple epithelium) or multiple layers (stratified 

epithelium) with distinct cell morphologies (squamous, cuboidal and columnar), 

and take the shape of sheets or lumen-enclosing tubules and cysts (termed acini in 

the mammary gland, alveoli in the lung and follicles in the thyroid) (Roignot et al. 

2013, St Johnston & Sanson 2011). The basic form and function of all epithelia is 

based on the polarization of the epithelial cell plasma membrane (PM) into two 

opposing domains with specific structure, function and spatial orientation relative 

to the biological compartments. The apical membrane domain, facing the lumens 

of tubular organs and covering the external surfaces, mediates the exchange of 

ions and biomolecules between body compartments and with the external 

environment (Roignot et al. 2013). The apical surface domain is responsible for 

organ-specific functions, such as secretion, excretion, absorption, filtration and 

transport (Roignot et al. 2013). The combined apical domains of epithelial cells 

unfold into large continuous surface areas, further elaborated in branched organs, 

where the exchange of substances meets physiological requirements. The 

basolateral membrane domain interacts with other cells and with the underlying 

tissue via a myriad of cell adhesion receptors that bind counter receptors in 

neighbouring cells or ligands of the ECM. The basolateral domain is subdivided 

into lateral and basal regions of cell-cell and cell-ECM contact that fix the 

position of the epithelial cell within the epithelium. Different types of adhesions 

are arranged into junctions that display a discrete organization along the 

apicobasal axis. The surface polarity of epithelial cells in vertebrates is 

maintained by intercellular tight junctions (TJ); molecular seals formed at the 

apical-basolateral boundary between two cells by claudins, occludins and 

junctional adhesion molecules that are homophilic cell adhesion receptors (Wang 

& Margolis 2007). TJs prevent the intermixing of the protein and lipid contents of 

the apical and basolateral domains within the outer leaflet of the PM (fence 

function) while also restricting the paracellular diffusion of solutes across the 
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epithelium (barrier function). Intercellular adhesion is mediated by cadherin, 

nectin and nectin-like transmembrane proteins at adherens junctions (AJ) directly 

beneath the TJ at the lateral domain (Wang & Margolis 2007). Together the TJs 

and AJs comprise the apical junctional complex, which is an important organizing 

center for apicobasal polarity (Wang & Margolis 2007).  

2.1.1 Molecular toolbox for generation of plasma membrane 
asymmetry 

The surface polarity of epithelial cells is complemented by asymmetric 

organization of cytoplasmic components, including organelles and cytoskeletal 

elements (Bryant & Mostov 2008). Importantly, the membrane trafficking system 

is routed to supply cargo to the apical and basolateral domains separately, which 

requires the assembly of specialized molecular machinery to the PM-cytosol 

interface (Apodaca et al. 2012). Cell polarization is established upon the dynamic 

interplay between multiple classes of membrane proteins, lipids and membrane-

proximal proteins of the cytosolic face of the PM that are engaged in reciprocal 

crosstalk with cell adhesion molecules (Rodriguez-Boulan & Macara 2014). Cell 

adhesion induces a symmetry breaking event, leading to segregation of initial 

polarity landmarks at the membrane cortex, followed by elaboration of this 

asymmetry by engagement of the cytoskeleton and the membrane trafficking 

system (McCaffrey & Macara 2012). The underlying principle is that components 

become enriched within a specified domain and depleted from beyond the 

boundaries of this domain (McCaffrey & Macara 2012). Initial membrane 

asymmetry is established in combination by positive feedback loops and mutual 

antagonism of apical and basolateral polarity determinants (Goehring 2014). This 

dynamic balance is then enforced by physical diffusion barriers set in place by 

cell junctions coupled to the cortical actin cytoskeleton and amplified by 

polarized membrane trafficking. The precise interrelationships between polarity 

determinants and their hierarchy in the molecular cascade of cell polarization 

remains incompletely understood. 

Polarity complexes 

The formation of preliminary cell-cell adhesions is thought to trigger the 

apicobasal polarization process by recruitment of a conserved group of universal 

polarity regulators called the polarity complexes (Roignot et al. 2013). The 
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polarity complexes then distribute into non-overlapping regions at the PM based 

on their mutual antagonism and drive further segregation of downstream 

components. Their localization is regulated by protein-protein interactions and 

post-translational modifications that promote membrane association and 

dissociation, respectively (McCaffrey & Macara 2009).  

The roles of polarity complexes in the establishment of epithelial apicobasal 

polarity varies between invertebrates and vertebrates mainly due to the different 

arrangement of intercellular cell-cell junctions to which polarity complexes 

become localized (St Johnston & Ahringer 2010). Three different polarity 

complexes are known, but their positions differ due to the aforementioned 

reasons. In mammals, the partitioning defective (Par) complex, composed of 

partitioning defective 3 homolog (PAR3), partitioning defective 6 homolog 

(PAR6) and atypical protein kinase C (aPKC also known as PKCI), resides at the 

TJ. The Crumbs complex, composed of crumbs homolog 3 (CRB), a protein 

associated with lin seven 1 (PALS1 also known as MPP5) and the PALS1-

associated tight junction protein (PATJ also known as INADL), demarcates the 

apical membrane. The scribble complex, formed by protein scribble homolog 

(SCRIB), lethal giant larvae protein homolog (LGL also known as LLGL) and 

discs large homolog (DLG), associates with the AJ and demarcates the basolateral 

domain together with MAP/microtubule affinity-regulating kinase 2 (PAR-1 also 

known as MARK2) (St Johnston & Ahringer 2010). The two kinases aPKC and 

PAR-1 are key players that facilitate mutual exclusion between apical and 

basolateral polarity determinants, respectively (McCaffrey & Macara 2012). 

The polarity complexes are not constitutive and there are crossovers during 

different stages of the apicobasal polarization process. Initially PAR3 is recruited 

to the early adhesions and facilitates targeting of PAR6/aPKC. However, the 

tripartite Par complex is destabilized upon phosphorylation of PAR3 by aPKC, 

which leads to redistribution of the PAR6/aPKC pair to the apical surface. 

Therein, the PAR6/aPKC complex may interact with CRB and/or the small 

GTPase cell division control protein 42 homolog (Cdc42), thereby outcompeting 

PAR3, which remains confined to the TJ (Atwood et al. 2007, Harris & Peifer 

2005, Morais-de-Sa et al. 2010, Nagai-Tamai et al. 2002). Destabilization of the 

Par complex is required for the definition of the apical/lateral border. In the early 

adhesions, LGL also competes with PAR3 for binding of PAR6/aPKC before it is 

phosphorylated by aPKC and expelled to the basolateral domain to form the 

scribble complex (Yamanaka et al. 2003, Yamanaka et al. 2006). The Par complex 

is excluded from the basolateral domain by the phosphorylation of PAR3 by PAR-
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1.Therefore, the restriction of PAR-3 to the TJ between the apical and basolateral 

domains is the combined outcome of its exclusion from the apical surface domain 

by CRB and aPKC and from the basolateral surface domain by PAR-1 (Benton & 

St Johnston 2003, Hurd et al. 2003). PAR-1 on the other hand is repelled from the 

apical surface domain by direct or indirect phosphorylation by aPKC (Hurov et 

al. 2004, Watkins et al. 2008). Removal of aPKC and PAR-1 substrates is 

mediated by recruitment of PAR-5 also known as 14-3-3 from the cytoplasm, the 

binding of which uncouples membrane interaction (Benton & St Johnston 2003, 

Hurd et al. 2003, Watkins et al. 2008).  

Precise balancing of these apical and basolateral exclusion mechanisms is 

needed as overexpression of key factors in the system leads to expansion of one 

domain over the other (Chalmers et al. 2005, Roh et al. 2003).  Aside from the 

transmembrane protein CRB, the polarity complexes associate with the membrane 

via lipids or other membrane proteins, frequently junctional cell-cell adhesion 

molecules (Nelson 2003). Polarity complexes in turn regulate the maturation of 

cell-cell adhesions into distinct junctional complexes and thereby enhance the 

molecular sorting and compartmentalization at the cell surface (Ooshio et al. 

2007). Segregation of cell-cell junctions and polarity complexes during 

apicobasal polarization is illustrated in Figure 1. Although cell adhesion 

molecules are required for initial targeting of the polarity complexes, cells have 

been shown to polarize in the complete absence of cell-cell adhesion, suggesting 

that there is remarkable plasticity in the organization of the polarity program 

(Baas et al. 2004).  

Phosphoinositides 

Phosphoinositides (PIPs), the phosphorylated products of phosphatidyl inositol, 

are a special class of signalling lipids that play fundamental roles in membrane 

recognition by promoting the assembly of membrane-associated factors that 

mediate membrane trafficking (Di Paolo & De Camilli 2006). In eukaryotes seven 

different PIP species are known that each become specifically enriched to a 

discrete membrane compartment. PIPs can be rapidly converted from one species 

to another by removal or addition of phosphate groups at positions 3, 4 and 5 of 

the inositol ring by specific phosphatases and kinases (Di Paolo & De Camilli 

2006). Specification of the membrane by PIPs is based on their selective affinities 

towards effector proteins containing different PIP-binding modules (Shewan et al. 

2011). Their relatively weak binding is potentiated by co-clustering and 
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recruitment of additional proteins and/or lipids. Spatiotemporal synthesis and 

turnover of PIPs across cell membranes is the basis for vectorial vesicle transport 

by ensuring that appropriate factors are assembled to facilitate transport, docking 

and fusion of the vesicles to the acceptor membranes and then dissipated once 

they are no longer needed (Shewan et al. 2011).  

The enrichment of specific PIPs also plays a role in specifying the apical and 

basolateral PM domains during cell polarization. The PIP species associated with 

the PM are PI(3,4,5)P3, whichsignifies basolateral identity (apical identity in 

drosophila retinal epithelium (Pinal et al. 2006),  and PI(4,5)P2, which signifies 

apical identity (Gassama-Diagne et al. 2006, Martin-Belmonte et al. 2007). When 

the balance of these PIPs is experimentally manipulated by feeding of ectopic 

PIPs to either compartment, thereby exchanging one species with the other, the 

membrane identity is reversed. This suggests that PIPs are essential to defining 

the identities of the apical and basolateral membrane domains (Gassama-Diagne 

et al. 2006, Martin-Belmonte et al. 2007). PI(3,4,5)P3 is metabolized into 

PI(4,5)P2 by the action of phosphatase and tensin homolog on chromosome 10 

(PTEN), which regulates apical membrane biogenesis (Martin-Belmonte et al. 

2007). PTEN is recruited to cell-cell junctions by PAR3 (Feng et al. 2008), where 

it starts to synthesize PI(4,5)P2 over the apical surface and helps to target the 

apical Cdc42/PAR6/aPKC complex (Figure 1) (Martin-Belmonte et al. 2007). The 

apical complex is important for the establishment of apical vesicle transport 

(Apodaca et al. 2012). The reverse process is catalysed by phosphatidylinositol-

4,5-bisphosphate 3-kinase (PI3K), which resides in the adherens junction at the 

basolateral membrane domain where it is targeted by DLG and E-cadherin and 

serves as a source of lateral PI(3,4,5)P3 (Figure 1) (Laprise et al. 2004). The role 

of PIPs may be to integrate cortical polarity with polarized membrane trafficking 

by controlling exocytosis of apical and basolateral cargo vesicles to the 

appropriate membrane domain (Figure 1) (St Johnston & Ahringer 2010).  

Rho GTPases 

A major class of PIP effectors is the Ras superfamily of small GTPases, further 

subdivided into five subfamilies (Ras, Rab, Ran, Rho and Arf), that function by 

switching between GTP-bound active and GDP-bound inactive states (Shewan et 

al. 2011). Signalling is induced by guanine nucleotide exchange factors (GEF) 

that exchange GDP for GTP and terminated by GTPase activating proteins 

(GAPs) that promote GTP hydrolysis. Many of these factors specific to a 
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particular subfamily contain PIP-binding domains by which they promote 

membrane association and activation of GTPases in a spatiotemporally controlled 

manner. Most small GTPses also contain lipid anchors that regulate their 

membrane-association (Wennerberg et al. 2005). These lipid anchors in Rho and 

Rab GTPses can be masked by binding of GDP dissociation inhibitors (GDI) that 

thereby prevent these GTPases from associating with membranes (An et al. 2003, 

Di-Poi et al. 2001). 

Of particular interest are the Rho family of GTPases, which is composed of 

22 members including the most studied members ras homolog family member A 

(RhoA), ras-related C3 botulinum toxin substrate 1 (Rac1) and Cdc42 that 

regulate cortical actin polymerization and also interface with the membrane 

trafficking system by regulating exocytosis and endocytosis in coordination with 

other GTPases (de Curtis & Meldolesi 2012). Rho GTPases are known to occupy 

several subcellular pools simultaneously in distinct signalling modules that 

regulate different cellular processes (Pertz 2010). This is achieved by more than 

70 different GEFs, a similar number of GAPs and three GDP dissociation 

inhibitors (GDI) that control their localized activation and by 70 different 

effectors including enzymes and scaffold proteins that specify the output 

signalling (Cherfils & Zeghouf 2013, Iden & Collard 2008). Classically, Rho 

GTPases induce nucleation of different types of actin filaments at cytoplasm 

membrane interfaces, either branched networks or linear bundles that can be 

contractile, thereby promoting localized deformation of the membrane into 

distinct protrusions or invaginations (Burridge & Wennerberg 2004). Rho 

GTPases are engaged in mutual antagonism of each other and display non-

overlapping patterns of activation throughout the cellular membranes, whereby 

the contractile forces generated by RhoA activity stand in contrast to the 

protrusive forces generated by Rac1 and Cdc42 (Iden & Collard 2008). In 

polarized cells, Rho GTPases are intimately linked with cell-cell junctions, where 

they act in concert with the polarity complexes to control the assembly and 

maintenance of junctions (Figure 1) (Mack & Georgiou 2014). Interaction of 

Cdc42 with the Par and Crumbs complexes is crucial for apical membrane 

biogenesis and definition of the apical-lateral border, whereas Rac1 is known to 

transmit integrin-mediated signals from the ECM to regulate maturation of the 

basal surface domain (Bryant et al. 2010, Morais-de-Sa et al. 2010, O'Brien et al. 

2001, Yu et al. 2005, Yu et al. 2008). Globally, the coordinated functions of 

different Rho GTPases recruited to distinct PM domains and junctions organize 
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the cortical cytoskeleton according to the underlying membrane asymmetry 

thereby constructing the overall shape of the cell (Figure 1).  
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Fig. 1. Molecular and structural organization of apicobasal polarity in simple epithelial 

cells in vertebrates. A) The polarization process is initiated by recruitment of the Par 

and Scribble complexes to early cell-cel adhesions (boxed area, molecules and 

interactions elaborated in the insert on the left). The two complexes transiently 

overlap as LGL and PAR3 compete over binding of PAR6. PAR and Scribble 

complexes interact with lipid metabolizing enzymes that begin to segregate PM 

species of PIPs to generate membrane asymmetry. aPKC is activated by Rho GTPases 

and phosphorylates PAR3 and LGL, which inhibits their association with PAR6, 

thereby promoting the interaction of PAR6-aPKC with the Crumbs complex. This 

enables PAR6-aPKC to position apically while PAR3 is positioned to the maturing TJ 

and the Scribble complex to the AJ. Structural features of the pre-polarized state are 

illustrated in the cell on the right. B) Upon destabilization of the PAR complex, PAR3 

associates with TJs via JAM and helps to define the apical-lateral border. PAR3 

interacts with PTEN that synthesizes PIP2 over the apical membrane domain, thereby 

promoting apical membrane association of Cdc42. Active Cdc42 interacts with PAR6-

aPKC to regulate apical membrane transport, thus promoting apical membrane 

identity. aPKC also phosphorylates CRB, thereby enhancing its association with 

PALS1-PATJ that are anchored to the TJ via claudin. The apical complexes are 

excluded from the basolateral domain by PAR-1-mediated phosphorylation. aPKC on 

the other hand excludes the Scribble complex and PAR-1 from the apical domain. 

Polarity proteins and junctional molecules contribute to the asymmetric organization 

of the cortical cytoskeleton and polarized membrane trafficking illustrated in the 

polarized cell on the right. Solid dash may represent either direct or indirect 

interactions. Assembled from McCaffrey & Macara (2012), Rodriguez-Boulan & Macara 

(2014) and Roignot et al. (2013). Abbreviations: MT = microtubule, MTOC = 

microtubule organizing center, TV = transport vesicle, TGN = trans-golgi-network, E-

cad = E-cadherin, ITG = integrin, JAM = junctional cell adhesion molecule. 

2.1.2 Cell adhesion dictates orientation of apicobasal polarity 

Apicobasal polarity is part of the inherent cell-autonomous genetic programming 

of epithelial cells but requires instructions from the microenvironment to be 

correctly implemented during development (O'Brien et al. 2002). Individual cells 

must co-orient their intrinsic polarity with other cells and do so relative to the 

ECM for higher order multicellular organization. It is generally believed that cell-

cell and cell-ECM adhesion receptors transmit guidance cues that inform the cell 

of the relative position of the neighbouring cells and the ECM, thereby defining 

the axis of apicobasal polarity (Roignot et al. 2013). Most adhesion receptors are 

known to possess signalling functions and are activated in a localized fashion in 

response to different cell surface or ECM ligands so that each signal carries 
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within a specific chemical and spatial signature (Yeaman et al. 1999). This input 

is deciphered by the cell in a concept of surface detection, which is used as a 

reference for orientation of the intrinsic polarity program. A model has emerged 

in which individual epithelial cells are subject to a constant geometric constraint 

to possess three surfaces and if not satisfied, to engage in compensatory 

behaviour up until coalescence into epithelial type architecture (O'Brien et al. 

2002, Zegers et al. 2003). Cell-cell and cell-ECM interactions are said to impart 

lateral and basal identity for the membrane at which they are positioned. Lack of 

adhesions on the other hand in so-called free surfaces is thought to signify apical 

identity (O'Brien et al. 2002). The basic rules that define orientation of cell 

polarity are largely based on studies conducted in cultured Madin-Darby canine 

kidney (MDCK) cells (Yeaman et al. 1999). 

Polarity from anisotropy 

Both cell-cell and cell-ECM interactions in combination are required for complete 

expression of apicobasal polarity. However, a level of asymmetry between surface 

molecules is observed in single cells adhering to an ECM so that molecules 

distribute differently to adherent and non-adherent surfaces (Figure 2A) (Meder et 

al. 2005). A cell doublet in suspension similarly displays molecular asymmetry 

between cell-cell contacting and non-contacting surfaces (Figure 2A) (Wang et al. 

1990a). Cell adhesion thus represents a symmetry breaking event that triggers cell 

polarization (Yeaman et al. 1999). The dichotomy between adherent and non-

adherent surfaces dictates the axis of polarity as seen in standard two-dimensional 

(2D) monolayer cultures of epithelial cells where the apical domain forms 

invariably to the adhesion-free surface exposed to the culture media and the 

basolateral domain towards the solid support where the cells sit upon (Zegers et 

al. 2003).  Similarly, epithelial cells cultured as a liquid suspension form spherical 

cysts with apical domains facing the culture medium and basolateral domains 

towards the center, where an internal ECM-filled cavity is formed (Chambard et 

al. 1984, Wang et al. 1990a, Wang et al. 1990b). If free surfaces are blocked by 

either embedding of cysts or overlaying of monolayers with exogenous ECM, 

such as type I collagen (Col-I), the polarity is reversed in both conditions 

(Chambard et al. 1984, Wang et al. 1990b, Zuk & Matlin 1996). Cysts relocate 

apical proteins to an apical lumen and monolayers undergo extensive remodelling 

into two layers with a lumen in between. These experiments indicate that 

orientation of polarity is defined differently depending on whether or not free 
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surfaces are available. Importantly, a lack of free surfaces triggers mechanisms of 

lumen formation that converge with mechanisms of surface detection and 

epithelial remodelling for correct positioning.  

Polarity from isotropy 

In vivo free surfaces are not always available, and cells must generate space in the 

form of lumens de novo to accommodate the apical domain and to acquire the 

polarized phenotype. Referred to as mesenchymal to epithelial transition (MET), 

this phenomenon is observed throughout development whereby non-polarized 

precursors give rise to polarized lumen-forming cells (Bryant & Mostov 2008). 

Developmental MET involves cell fate decisions, but other aspects can be 

recapitulated by organotypic culture of epithelial cells within three-dimensional 

(3D) ECM gels (Bissell et al. 2003, O'Brien et al. 2002). Initially without 

apparent polarity, cells are required to resolve the axis of polarity based on cues 

from the ECM and cell neighbours to determine where the apical lumen should 

form (Figure 2A). 2D-cultured cells with fixed apical domains may bypass the 

requirement for these cues. For example β1-integrins (integrin heterodimers 

containing the integrin β1 subunit) that comprise a major family of ECM-binding 

receptors are not required for polarization of cells in monolayer cultures (Matlin 

et al. 2003). However, in the absence of free surfaces, β1-integrins regulate 

orientation of polarity and apical lumen formation in MDCK cells (Ojakian & 

Schwimmer 1994, Yu et al. 2005, Zuk & Matlin 1996). Similarly, Cdc42 is 

dispensable for apicobasal polarization in monolayer cultures but is essential for 

apical lumen formation (Martin-Belmonte et al. 2007, Mertens et al. 2005, 

Mertens et al. 2006). Based on these observations, the molecular machinery that 

regulates orientation of polarity is called upon in conditions that require de novo 

lumen formation but may be ignored when the axis of polarity has been pre-

established. The 3D ECM culture model is therefore more informative for the 

study of how polarity is guided by spatial cues of the ECM. Different mechanisms 

for lumen formation exist in vivo, but a common denominator is that the lumen 

will be positioned away from the ECM. ECM interactions are therefore 

particularly important for apical guidance.  
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2.1.3 Reciprocal cell-extracellular matrix interactions regulate 
orientation of cell polarity 

In 3D ECM cultured epithelial cells the ECM-derived cue by which apical 

domains are guided to a central lumen is most likely mediated by the β1-integrin 

subfamily (Akhtar & Streuli 2013, Yu et al. 2005, Zovein et al. 2010). During 

cystogenesis of kidney epithelial cells apical markers initially appear at the 

membrane opposite the ECM but are quickly transcytosed and accumulate to a 

site at the cell-cell boundary (Figure 2B) (Bryant et al. 2010, Ferrari et al. 2008). 

Inhibition of β1-integrins in 3D ECM culture leads to the formation of cysts with 

the apical domain facing outward at the ECM in a similar orientation as with cysts 

cultured in liquid suspension, indicating a failure in ECM detection and 

orientation of polarity (Yu et al. 2005). A series of experiments have uncovered a 

pathway in which the β1-integrin mediated cue is transmitted via activation of the 

small GTPase Rac1 and controls deposition of laminin, a major scaffold of the 

epithelial BM, to the ECM interface, triggering an autocrine signal back to the 

cell to orient polarity (Figure 2B) (O'Brien et al. 2001, Yu et al. 2005). The 

function of Rac1 has been suggested to inhibit actomyosin contractility at the 

basal cell cortex by antagonism of RhoA and its effectors rho-associated protein 

kinase 1 (ROCK1) and myosin II (Yu et al. 2008). Inhibition of RhoA by integrin-

mediated focal adhesion kinase (FAK) signalling is required for destabilization 

and subsequent endocytosis of the apical proteins from the ECM-facing surface 

(Figure 2B) (Bryant et al. 2014). An alternative mechanism, whereby active 

ROCK1 signalling is required for basal localization of PAR-1b, which guides BM 

positioning and subsequent β1-integrin mediated orientation of polarity has been 

described in ex vivo cultured submandibular salivary glands (Daley et al. 2012). 

Assembly of the LN-rich BM is also essential for polarized organization of the 

mammary acini (Muschler et al. 1999, Weir et al. 2006). In mammary epithelial 

cells β1-integrins control organization of the microtubular network via the 

effector integrin-linked kinase (ILK) to orient polarity during acinogenesis, 

whereas Rac1 seems to be dispensable (Akhtar & Streuli 2013). β1-integrin and 

α-dystroglycan (DAG) mediated signals from the laminin-rich BM also mediate 

epiblast polarization and formation of the proamniotic cavity, which can be 

recapitulated by culture of embryonic stem cells in suspension into embryoid 

bodies (EB) (Li et al. 2002, Smyth et al. 1998). The BM downstream signalling in 

EBs probably involves integrins and focal adhesion (FA) components including 

ILK, LIM and senescent cell antigen-like-containing domain protein 1 (PINCH-1) 
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and kindlin-2 as well as Rho GTPases (He et al. 2010, Li et al. 2005a, Montanez 

et al. 2008, Sakai et al. 2003b, Wu et al. 2007). These studies point towards a 

common principle whereby assembly of the BM structure adjacent to the cell 

membrane and β1-integrin-mediated ECM signals at the basal cell cortex 

facilitate acquisition of basal identity most likely via Rho GTPase induced 

remodelling of the actin cytoskeleton and anchorage of microtubules to reposition 

the apical domain (Figure 2B).  
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Fig. 2. Orientation of apicobasal polarity. A) The juxtaposition of adherent surfaces 

(either cell-cell or cell-ECM) and free surfaces defines the orientation of the polarity 

axis (marked by an arrow) in cells cultured in standard 2D tissue culture conditions or 

in suspension. In the absence of free surfaces, when cells are embedded into a 3D 

ECM, apical surfaces are oriented away from the ECM and into a lumen that forms at 

the cell-cell contacting surface. B) Sequential reciprocal cell-ECM interactions are 

required for apical lumen formation. In the absence of BM components cells deposit 

laminin (LN) to the ECM in a polarized manner which requires integrin-mediated Rac1 

activation via PI3K signalling. PAR-1 restricts laminin-receptors to the basal surface to 

promote laminin assembly. Laminin-derived Integrin signalling via ILK guides 

anchorage of microtubules. In addition, FAK mediated inhibition of basal RhoA activity 

enables apical proteins, such as podocalyxin (Podxl) and CRB, to be transcytosed 

from the basal surface along microtubules towards the apical membrane initiation site 

(AMIS). Assembled from Li & Streuli (2014) and Overeem et al. (2015).  

2.1.4 De novo lumen formation  

Two mechanisms are utilized by epithelial cells to generate lumens de novo. 

These include hollowing, which is established upon polarized membrane 

trafficking, and cavitation, which relies upon apoptosis (Figure 3) (Lubarsky & 

Krasnow 2003). The two are not mutually exclusive, but are utilized in a context 

dependent manner depending on the balance of cell proliferation and cell 

polarization (Martin-Belmonte et al. 2008). Both mechanisms rely upon cell 

polarization induced by a cue from the laminin-rich BM as a prerequisite 

(Andrew & Ewald 2010). Physical dimensions and mechanical properties of the 

ECM are also important factors in regulating lumen formation. Increased cell 

confinement that restricts cell contractility and thereby inhibits cell spreading is 

permissive for lumen formation (Rodriguez-Fraticelli et al. 2012).  

In hollowing, the coalescence of exocytic vesicles carrying anti-adhesive 

proteins to the apical membrane initiation site at the cell-cell apposing surface 

promotes membrane repulsion and initiates lumen formation (Figure 3A). 

Coupling of the vesicular transport system to the apical cortex by polarity 

landmarks underlines de novo lumen formation (Bryant et al. 2010, Martin-

Belmonte et al. 2007). Enrichment of PIP2 at the apical surface domain by the 

function of PTEN serves to recruit Cdc42 via the PIP2-binding protein annexin-2. 

Active Cdc42 couples the PAR6-aPKC complex to the apical surface domain, 

which is required for apical targeting of vesicles transporting apical proteins such 

as podocalyxin (Podxl) and CRB (Bryant et al. 2010, Martin-Belmonte et al. 

2007). The docking of these vesicles is regulated by the exocyst in collaboration 
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with the PAR3/aPKC complex (Bryant et al. 2010). MDCK cells cultured in 

conditions that favour rapid cell polarization over cell proliferation, such as in the 

presence of BM laminins, form lumens preferentially via hollowing (Martin-

Belmonte et al. 2008). The process can be observed in vivo for example in the 

zebrafish gut tube (Bagnat et al. 2007). 

Cavitation involves polarization of peripheral cells in a larger cell cluster, 

which leads to selective apoptosis of the entrapped central cells and results in 

clearance of the lumen. Formation of the proamniotic cavity in the epiblast during 

mammalian embryogenesis occurs by programmed cell death of the inner cell 

mass (ICM) as exemplified in studies conducted in EBs (Li et al. 2001, Murray & 

Edgar 2000). Mammary epithelial MCF10 cells also utilize cavitation as a means 

for generating lumens during acinogenesis (Mailleux et al. 2008). In the 

mammary acini, the apoptosis regulator Bcl-2 family of factors plays a role in 

regulating luminal cell apoptosis, but additional mechanisms such as autophagy 

are also involved (Debnath et al. 2002, Mailleux et al. 2007). The selective 

apoptosis of luminal cells is thought to be triggered by loss of ECM contact, 

which may involve loss of integrin-mediated survival signals (Mailleux et al. 

2008). Cavitation is triggered in conditions where cells proliferate to a large 

enough cluster prior to acquisition of polarity so that there are distinct central and 

peripheral cell populations (Figure 3B). MDCK cells can be conditioned to 

undergo cavitation instead of hollowing by compromising the polarity status of 

the cells either by culture in an unfavorable ECM, in which cells must first 

deposit an endogenous BM, or by inhibition of certain polarity determinants 

(Martin-Belmonte et al. 2008).  
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Fig. 3. de novo lumen formation. A) When conditions favour rapid polarization of cells, 

such as in the presence of BMs, polarized membrane trafficking is utilized to form a 

lumen via Hollowing. B) When conditions favour cell proliferation into a large cluster 

prior to acquisition of polarity, central cells without ECM contact will undergo 

apoptosis and lumen is formed by cavitation. These mechanisms are utilized 

selectively by different cell types. 

2.1.5 Maintenance of lumens during oriented cell division 

Lumen integrity requires spatial control of the cell division axis so that dividing 

cells stay confined to the epithelial layer and do not intrude the lumen. This is 

maintained in so-called symmetric cell division as opposed to asymmetric cell 

division in which one of the daughter cells escapes the epithelium to undergo 

differentiation (Siller & Doe 2009). Cell division must be coordinated with the 

cell’s intrinsic polarity program to be correctly oriented. Therefore, the same 

molecular machinery that controls apicobasal polarity also guides oriented cell 

division. Cell division is not only controlled in the apicobasal dimension, but also 

in the planar dimension by the planar cell polarity program, which is essential for 

epithelial morphogenesis. Symmetric cell division of epithelial tissues is 

established upon rotation of the mitotic spindle perpendicular to the apicobasal 

axis during metaphase, so that the cleavage plane is aligned with the epithelial 

plane (Reinsch & Karsenti 1994). Spindle rotation involves linkage of the astral 

microtubules of the mitotic spindle to the cell cortex by cortical cues and coupling 

of the dynein-dynactin motor complex to generatepulling forces along 
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microtubuli. A complex composed of G-protein signalling modulator 2 (LGN), 

nuclear mitotic apparatus protein 1 (NuMA) and the membrane anchor guanine 

nucleotide-binding protein G(i) subunit alpha 1 (GαI) regulates spindle 

orientation in various model organisms by anchoring astral microtubules (Morin 

& Bellaiche 2011). Restriction of the microtubule-capturing complex to the lateral 

cell cortex is necessary for correct spindle orientation (Peyre et al. 2011, Zheng et 

al. 2010). The lateral targeting of the LGN complex may be regulated by DLG of 

the scribble complex (Saadaoui et al. 2014). Members of the apical polarity 

apparatus are also involved in the spatial partitioning of the complex. LGN is a 

substrate of aPKC, which facilitates its PAR5-mediated apical exclusion, thereby 

preventing apical microtubule capture (Hao et al. 2010, Zheng et al. 2010). 

Apical targeting of aPKC via interplay of PAR3, PAR6 and Cdc42 is essential for 

symmetric cell division and single lumen maintenance (Durgan et al. 2011, Hao et 

al. 2010, Jaffe et al. 2008).  Inhibition of Cdc42 or Cdc42-specific GEFs leads to 

defects in lumen integrity due to loss of cell division control (Jaffe et al. 2008, 

Qin et al. 2010, Rodriguez-Fraticelli et al. 2010). Cdc42 helps regulate epithelial 

morphogenesis firstly, by generating the apical surface domain, and secondly, by 

maintaining it via oriented cell division.  

2.2 Basement membranes provide instructions for epithelial 

morphogenesis  

Epithelial cells sit upon BMs, which are specialized ECMs composed of different 

ECM proteins that together form a supramolecular cell-associated sheet-like 

structure (Li et al. 2003b). The BM is both a structural and a signalling entity 

perceived by the cells via specialized cell adhesion receptors that send signals for 

cells to carry out behaviour such as cell adhesion, migration, differentiation, 

polarization, survival and proliferation. Globally the BMs serve as cell scaffolds 

that organize epithelial sheets and tubes and delimit cell populations by serving as 

semipermeable barriers between epithelial cells and the underlying stromal cells 

or in some cases other epithelial cells (e.g. glomerular and alveolar BMs). Cells at 

both sides of the BM contribute to the deposition of its ECM protein components 

(Spenle et al. 2013). BMs promote MET and are thought to stabilize the polarized 

epithelial phenotype, whereas cancer cells turn off BM assembly by blocking cell 

anchoring of laminins (Akhavan et al. 2012). In some cases BMs constitute 

barriers that divert or bring to a halt migrating cells or require disassembling to 

allow cell migration to proceed (Rozario & DeSimone 2010). Remodelling of the 
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BM by ECM deposition and degradation is important for cell rearrangements in 

complex developmental processes such as branching morphogenesis during which 

cells must alternate between motile and stationary behaviour by transitioning 

between differentiated states (Nistico et al. 2012). The chemical composition of 

the BM and the repertoire of ECM receptors expressed by the cell are not the only 

factors defining cell behaviour, but also local concentration gradients, mechanical 

properties and embedded growth factors (GFs) greatly influence cellular 

responses to a particular ECM (Rozario & DeSimone 2010).  

2.2.1 Structure and assembly of the basement membrane 

All BMs display the same core structure in which polymerized laminins and type 

IV collagen (Col-IV) trimers form a molecular scaffold incorporating other 

stabilizing components such as nidogens and heparin sulfate proteoglycans (HSP) 

(Figure 4). Tissue specific expression of different isoforms of the core molecules 

and of different supplementary components accounts for diversity of the final 

structure, signalling capacity and stability of the BMs (Yurchenco 2011). The 

glomerular BM, composed of altogether 35 distinct ECM proteins contributed by 

secretions of both podocytes and endothelial cells at each side, exemplifies the 

complexity of specialized BMs (Byron et al. 2014). The BM is organized 

asymmetrically, so that each side has distinct cell-binding properties. The 

epithelial side is laminin-rich and the stromal side rich in fibrillar collagen and 

fibronectin (FN) (Halfter et al. 2013). In between is a transitional matrix rich in 

collagens XVII, XV and VI that integrates the two faces of the BM (Yurchenco 

2011).  

Laminins, bound by specific integrins and non-integrin receptors, are 

essential for BMs, and BM assembly is initiated by formation of the cell-anchored 

laminin polymer in a process of cell-assisted self-assembly (Hohenester & 

Yurchenco 2013). Other BM components contribute to the integrity of the BM but 

are not essential for BM assembly (Bader et al. 2005, Costell et al. 1999, Gautam 

et al. 1996, Poschl et al. 2004). Type IV network forming collagen is a ubiquitous 

component of all BMs and bound by collagen-binding integrins α2β1 and α1β1 

and discoidin domain receptors (DDRs) (Hudson et al. 1993, Leitinger & 

Hohenester 2007). In addition to their structural role, HSPs are involved in ECM 

sequestering of many GFs, serve as co-receptors for receptor tyrosine kinases 

(RTK) in GF-binding, potentiate ECM-binding of integrins, and thus promote 

crosstalk between cell adhesion and RTK signalling (Sarrazin et al. 2011).  
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Laminin-assembly 

Laminin heterotrimers are formed by 16 different combinations of 5α, 4β and 3γ 

chains1. Laminins show tissue-specific patterns of expression accompanied by 

their laminin-binding receptors. BMs can only form on so-called competent cell 

surfaces that express suitable receptors for laminin because cell anchorage is 

required to reach the local threshold concentration that allows laminin 

polymerization tooccur (Li et al. 2002, Li et al. 2005b, McKee et al. 2007, 

McKee et al. 2009, Smyth et al. 1998). The laminin heterotrimer is a cross-

shaped molecule of which the three chains form a coiled coil α-helix at the long 

arm and separate to form the short arms. The N-terminal LN-domain at the ends 

of the short arms facilitates polymerization with LN-domains of adjacent 

molecules, which is essential for BM assembly (Figure 4) (McKee et al. 2007). 

The laminin heterotrimers containing the α3 and α4 chains do not possess intact 

LN-domains in all of the three short arms and are incapable of polymerization and 

therefore do not support BM assembly (Aumailley et al. 2005, Hohenester & 

Yurchenco 2013). BM assembly is mediated by the prototypical laminins 

containing the α1-, α2 or α5 chains that are competent in polymerization. The C-

terminus of the α-chain at the base of the coiled coil domain contains LG-

domains 1-5 that facilitate cell binding by integrins α3β1, α6β1, α7β1, α6β4, 

DAG, heparin sulphates, sulfated glycolipids (SGL) and the Lutheran blood group 

antigen/basal cell adhesion molecule, which show distinct ligand-binding 

specificities towards different laminin isoforms (Hohenester & Yurchenco 2013). 

Cell binding via the LG-domain is thought to co-orient and align laminins in two 

dimensions such that the LN-domains of adjacent molecules are presented for 

polymerization (Figure 4) (Hohenester & Yurchenco 2013). The N-terminal LN-

domain of the α-chain at the short arm contains a second site for cell-binding via 

integrins α1β1, α2β1, known primarily as collagen receptors, α3β1, sulphatides 

and heparin, the significance of which is poorly understood (Yurchenco 2011).  

The relative roles of specific laminin-binding receptors in regulating laminin-

assembly seem to be tissue specific, and co-expressed receptors probably 

cooperate in laminin-anchorage, but a comprehensive view of their unique 

contributions is lacking. SGLs have been suggested to provide the laminin 

anchoring function in Schwann cells and when sulfatides are incorporated to the 

                                                        
1 Laminin heterotrimers are identified using three Arabic numerals, based on the α, β, and γ-chain 
numbers (e.g. laminin-511 is a heterotrimer formed by the α5, β1 and γ1 chains) (Aumailley et al. 
2005).  
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PMs of non-BM-forming fibroblasts they become competent for BM assembly 

(Li et al. 2005b). The BMs of the mammary epithelium, skeletal muscle and the 

extra-embryonic Reichert´s membrane (RM) on the other hand depend upon DAG 

for cell surface anchoring of laminins (Colognato et al. 1999, Henry & Campbell 

1998, Weir et al. 2006, Williamson et al. 1997). β1-integrins have been proposed 

to mediate BM assembly in the skin (Raghavan et al. 2000). In EBs, β1-integrins 

regulate laminin expression, but neither integrins nor DAG are uniquely required 

for laminin anchorage (Li et al. 2002). Recently the mechanophysical properties 

underlying laminin-assembly in mammary epithelial acini have been 

characterized, whereby rotational movement of epithelial cells involving polarity 

complexes and cytoskeletal dynamics is required for weaving of the laminin 

matrix (Wang et al. 2013). The process of weaving is unique for BM components 

and is lost in cancer-derived cells. These results suggest that BM assembly is not 

a passive process delimited to the extracellular interface of the outer cell 

membrane but requires linkage of the BM to the cytoskeleton and BM-derived 

signalling to the cell. 
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Fig. 4. Structure and assembly of the BM. BM assembly is initiated by polymerization 

of laminin at the cell surface. Cell surface anchorage is provided by laminin receptors, 

including integrins, DAG and SGLs that bind to laminin LG domains. Additional 

linkages may be provided via the LN-domain of the α-chain. The αLN, βLN and γLN-

domains of adjacent laminin molecules form ternary nodes that facilitate 

polymerization. A second, covalently cross-linked network is formed by self-assembly 

of type IV collagen. The laminin and collagen networks are integrated via nidogens. 

HSPs (Agrin and Perlecan) serve as collateral linkages to cell surfaces by binding to 

both ECM molecules and cell surface receptors. HSPs also tether GFs, thereby 

promoting RTK-signalling. From Peter D. Yurchenco (2011). Reprinted with permission 

from Cold Spring Harbor Laboratory Press.  
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2.2.2 Regulatory roles of basement membrane interactions in 
epithelial development inferred from loss-of-function studies 

The role of BMs in guiding epithelial morphogenesis has been long appreciated 

by the use of function blocking antibodies in organotypic systems (Klein et al. 

1988, Schuger et al. 1990, Streuli et al. 1995). Genetic studies in mouse models 

combined with ex vivo organ culture models have unravelled the highly complex 

cell-ECM interactions of the BM that orchestrate development of different 

epithelial systems. Loss of core BM components leads to severe consequences 

that manifest early during development, while loss of specific receptors leads to 

more restricted tissue-specific effects (Hynes 2002, Yurchenco et al. 2004). Some 

examples of the roles of laminins and their integrin receptors in the development 

of epithelial tissues will be highlighted in the next couple of paragraphs. The 

major epithelial specific laminin heterotrimers include laminin-111 (LN-111), 

laminin-511 (LN-511) and laminin-332 (LN-332), whose main integrin receptors 

are α3β1, α6β1 and α6β4 (Ekblom et al. 1998, Gilcrease 2007). 

Peri-implantation 

Embryonic BMs contain LN-111, LN-511, Col-IV, nidogens and perlecan (Li et 

al. 2003b). LN-111 is prevalent in embryonic BMs but becomes more restricted 

during organogenesis and is ultimately replaced by LN-511 in specific tissues 

(Ekblom et al. 1998). LN-111 is the only isoform that is uniquely required at the 

peri-implantation stage, while LN-511 becomes critical later at the onset of 

organogenesis (Miner et al. 1998, Smyth et al. 1998). LN-111 is essential for 

epiblast differentiation and polarization, whereby the outer layer of the ICM 

diffrentiates into the primitive endoderm and deposits a BM that promotes 

polarization of the adjacent ICM cells into ectodermal cells and apoptosis of the 

central ICM cells to form the proamniotic cavity. Mouse embryos lacking Lamb1 

(laminin β1) and Lamc1 (laminin γ1) genes fail to develop the embryonic BM and 

the extra-embryonic RM, arresting embryonic development at embryonic day (E) 

5.5 (Miner et al. 2004, Smyth et al. 1998). LN-511 can compensate for the loss of 

LN-111 in the assembly of the embryonic BM, whereby the embryonic ectoderm 

is able to undergo cavitation, but this replacement does not occur in the RM of 

mice deficient for the Lama1 (laminin α1) gene leading to lethality at E7 (Miner 

et al. 2004). The major cellular receptors mediating BM interactions at this time 

are β1-integrins and DAG. DAG is essential for the development of the RM 
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because null mice die at E6.5, but it is not for the embryonic BM (Williamson et 

al. 1997). Loss of β1-integrin heterodimers upon deletion of the Itgb1 (integrin 

β1) gene in mice leads to absence of the embryonic BM and deterioration of the 

ICM of the epiblast at E5.5 (Fassler & Meyer 1995, Stephens et al. 1995). In  
Itgb1 knockout (KO) EBs the endodermal cells fail to mature and do not trigger 

laminin expression (Li et al. 2002, Liu et al. 2009). Later studies argue that the 

endoderm deposits BM components, but the adjacent ICM cells fail to retain the 

ECM, leading to dissemination of the endodermal layer (Moore et al. 2014). The 

major heterodimers formed by β1 integrin at the epiblast side are the laminin-

binding α6β1 and FN-binding α5β1 with additional heterodimers expressed by 

extra embryonic tissues (Liu et al. 2009). Even though the α6β1-receptor is the 

only laminin-binding integrin heterodimer in the blastocyst at this stage, integrin 

α6 does not share the same requirement as integrin β1 for embryogenesis since 

Itga6 (integrin α6) KO mice survive until birth (Georges-Labouesse et al. 1996). 

One possible explanation is that the laminin-binding function of α6β1 is not 

needed to regulate laminin expression by β1-integrins as reported by Li et al. 

(2002). This would explain the more severe phenotype of Itgb1 KO embryos. 

Stabilization of the BMs by Col-IV becomes essential at E10.5 (Poschl et al. 

2004), but the collagen-binding integrins are not uniquely required for 

embryogenesis or organogenesis, suggesting that they may be functionally 

redundant (Chen et al. 2002, Gardner et al. 1996, Holtkotter et al. 2002). 

Organogenesis 

The specific requirement of laminins containing the α5 chain becomes critical at 

E14-17 onwards for neural tube closure, digit separation, placenta, kidney, lung, 

salivary gland, hair follicle and tooth development (Spenle et al. 2013). LN-511 is 

found in nearly all BMs during the somitogenesis stage, explaining the wide-

ranging consequences of Lama5 (laminin α5) gene deletion (Miner et al. 2004, 

Timpl & Brown 1994). Some of the Lama5 KO-specific defects can be attributed 

to the loss of scaffolding and barrier functions of the BM, especially at sites that 

experience mechanical forces such as neural folds during neural tube closure and 

limb buds during digit separation (Miner et al. 1998). However, α5-laminins also 

provide morphogenetic signals to regulate branching morphogenesis in the 

salivary gland and kidney, as well as morphogenesis of the tooth and hair follicle 

(Fukumoto et al. 2006, Li et al. 2003a, Miner & Li 2000, Rebustini et al. 2007). 

Double homozygous deletion of Itga3 (integrin α3) and Itga6 genes in mice leads 



41 

to a developmental phenotype similar to that of Lama5-deletion, which in many 

respects suggests that these integrins synergistically regulate cell interactions with 

α5-laminins in many developmental processes (time of death not specified) (De 

Arcangelis et al. 1999). Single homozygous Itga6 KO mice die at birth with 

severe skin blistering and abnormal cortical and retinal lamination, whereas Itga3 

KO mice, also neonatal lethal, show defects in the kidneys, lung, salivary gland 

and mild skin blistering (DiPersio et al. 1997, Georges-Labouesse et al. 1996, 

Georges-Labouesse et al. 1998, Kreidberg et al. 1996, Menko et al. 2001). 

Deletion of Lama5 in mice leads to perturbed branching morphogenesis and 

lumen formation of the salivary gland, a phenotype also observed in the 

Itga3/Itga6 double-deficient mice (Rebustini et al. 2007). Another example of 

possible synergy is the dual role of α6β4- and α3β1-integrins in regulating 

branching morphogenesis of the ureteric bud during kidney development as 

demonstrated in vitro by studies using function blocking antibodies (Zent et al. 

2001). In vivo however, the Itga3/Itga6 double-deficient mice develop normal 

kidneys, though the ureters are missing (De Arcangelis et al. 1999, Georges-

Labouesse et al. 1996). Itga3 KO mice show a diminished number of collecting 

ducts in the papilla region of the kidney, corroborating the in vitro evidence 

(Kreidberg et al. 1996). Conditional deletion Itgb1 in the ureteric bud in mice 

leads to a branching defect more severe than that of the Itga3 global deletion, 

suggesting that additional β1-heterodimers are required (Zhang et al. 2009). 

Global deletion of Lama5 and kidney-specific deletion of Lamg1 both abrogated 

the assembly of the collecting duct system and the underlying BM, convincingly 

demonstrating the morphogenetic role of LN-511 (Liu et al. 2009, Miner & Li 

2000, Yang et al. 2011). The loss of laminins not only discontinues integrin-

mediated adhesion, but also perturbs the integrity of the BM structure and its 

capacity to tether relevant GFs (Yang et al. 2011). Moreover, β1-integrins have 

been shown to engage in crosstalk with GF-mediated signals that stimulate the 

branching process (Zhang et al. 2009). A role for α3-laminins has also been 

described for the collecting system (Ryan et al. 1999, Yazlovitskaya et al. 2015). 

Moreover, the ureteric bud cells express a unique integrin ligand called 

nephronectin, which is bound by cells of the metanephric mesenchyme across the 

BM via integrin α8β1 and constitutes a type of intercellular crosstalk necessary 

for the branching process (Muller et al. 1997).  

Because integrin α3β1- and α6-heterodimers (α6β1 and α6β4) also bind 

laminin isoforms other than LN-511, such as LN-332, the Itga3 and Itga6 null 

phenotypes have Lama5-independent features, including blistering of the skin. 
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The skin blistering phenotype is also observed upon loss of laminin α3 and 

integrin β4, the heterodimer partner of integrin α6, which together comprise the 

cell adherent part of the epidermal-dermal junction (Dowling et al. 1996, Ryan et 

al. 1999, van der Neut et al. 1996). In epidermal-dermal junctions LN-332 is 

bound by the α6β4 integrin in specialized cell adhesions called hemidesmosomes 

(HD) and anchored to the fibrillar collagen network of the underlying dermal 

connective tissue via so-called anchoring fibrils composed of type VII collagen of 

the reticular matrix (Yurchenco 2011). In the absence of these junctional 

components, the BMs appear to be ultrastructurally normal, even though the HD 

structures are missing. Conditional ablation of Itgb1 in the skin leads to BM 

deformation, reduced epidermal proliferation and failure in hair follicle 

morphogenesis, which are related to the skin-specific defects of Lama5 deletion 

(Li et al. 2003a, Raghavan et al. 2000). The Itga3 null mice also have similar 

skin-related characteristics (Conti et al. 2003, Kreidberg et al. 1996). Therefore, 

α3β1 integrin is likely to mediate cell adhesion to and morphogenetic signalling 

from the LN-511-composed BM, whereas α6β4 integrin mediates LN-332-

dependent anchorage between the epidermal and dermal cell compartments 

through the epidermal-dermal junction. The α6β4 integrin is also expressed in 

simple epithelia such as in the kidney, mammary gland and intestine, but the 

adhesions formed are distinctly different from the specialized HDs observed in 

the skin (Fontao et al. 1999, Uematsu et al. 1994, Zent et al. 2001). The roles of 

α6β4 not related to the skin are still poorly characterized, however. 

2.2.3 Dynamic remodelling of the basement membrane during 
epithelial morphogenesis   

Dynamic deposition, assembly and degradation of ECM are required for epithelial 

morphogenesis, whereby cells must expand beyond the boundaries of the existing 

BM. Dynamically executed changes in molecular composition, concentration and 

physical properties of the ECM are all factors that define the  morphogenetic 

behaviour of cells (Lu et al. 2011). During development cells migrate long 

distances along tracks of ECM to form new tissues in distant locations of the 

embryo (Rozario & DeSimone 2010). To do so the epithelial cells undergo an 

epithelial to mesenchymal transition (EMT), whereby the polarized stationary 

epithelial phenotype is replaced by the mesenchymal motile phenotype, which is 

characterized by disassembly of cell-cell adhesion and degradation of the 

surrounding BM (Rozario & DeSimone 2010). For example, the epithelial cells of 
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the neuroectoderm in neural folds are induced by nearby tissues to undergo EMT 

into neural crest cells that travel in streams along specific ECM routes to 

redifferentiate into neurons and glial cells of the peripheral nervous system and 

different structures of the head (Christiansen et al. 2000). Different ECM 

molecules have been implicated in the control and guidance of migratory cells in 

a cell type specific manner; some of which are permissive and some non-

permissive (Rozario & DeSimone 2010). Degradation of the ECM by different 

proteases of the matrix metalloproteinase (MMP) and A disintegrin and 

metalloproteinase (ADAM) families is another important regulatory mechanism 

during cell migration (Alfandari et al. 2001, Monsonego-Ornan et al. 2012).  

During epithelial branching morphogenesis, epithelial buds and tubes invade 

the surrounding embryonic mesenchyme and bifurcate or form clefts to branch 

(Kim & Nelson 2012). Reciprocal signalling between the mesenchymal and 

epithelial cell populations via tissue-specific morphogens is essential for 

branching morphogenesis. The ECM interfacing both cell populations has an 

indirect role in regulating how these morphogens are presented to the cells but 

also possesses intrinsic signalling functions as well as mechanical and adhesive 

properties important for shape  determination. Specific ECM proteins display 

distinct patterns in their distribution over the different subcompartments of the 

branching structure, which translates into differences in the behavioural responses 

of the associated cells (Rozario & DeSimone 2010). The proliferative and 

migratory bud tips associate with a thinner ECM than the more polarized ducts 

surrounded by mature BM, which in part relates to matrix degradation by 

proteases of the MMP family (Fata et al. 2004). ECM composition and 

concentration is under tight spatiotemporal control and experimental manipulation 

of the intrinsic chemical balance by reducing or promoting ECM turnover or 

deposition can lead to perturbations in the branching system (Rozario & 

DeSimone 2010).  

FN is not considered a constitutive BM component but is important in 

conditions of epithelial remodelling. FN binding in epithelial cells is mediated by 

α5β1-integrin and integrin αV-heterodimers (Hynes 2002, Margadant & 

Sonnenberg 2010, Matlin et al. 2003, Moyano et al. 2010, Zuk et al. 2001). FN is 

specifically required for development of mesodermal tissues, but is important also 

for epithelial branching morphogenesis (George et al. 1993, Liu et al. 2010, Sakai 

et al. 2003a). FN is deposited to the cleft region in the salivary gland and induces 

partial EMT in the associated epithelial cells that take on a motile phenotype with 

reduced cell-cell and increased cell-ECM adhesion, thereby promoting cleft 
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progression (Sakai et al. 2003a). Fibrillar collagens are also associated in the 

clefts of salivary glands and support their formation, indicating a common 

requirement for stromal matrix components (Fukuda et al. 1988, Nakanishi et al. 

1986, Nakanishi et al. 1988). Progressive assembly of the FN matrix into a 

wedge-like structure may provide mechanical forces for advancement of the cleft 

(Larsen et al. 2006).  Indeed, cellular actomyosin contractility that acts upon the 

FN matrix via integrin adhesions may drive cleft propagation (Daley et al. 2009, 

Daley et al. 2011). Contractile actin cytoskeleton, coupled to the ECM via 

adhesions, creates tension within the epithelium, which is also essential for 

epithelial branching morphogenesis in bifurcating systems (Kim & Nelson 2012). 

Fibrillar matrix molecules such as FN and fibrillar collagens are particularly 

important for determining the mechanical properties of the ECM and as such, 

modulate cell contractility (Erler & Weaver 2009, Rozario & DeSimone 2010). 

Cells are known to undergo differential morphogenetic behaviour and undertake 

different cell fate decisions depending on the matrix stiffness, which is translated 

largely by integrins known as mechanoreceptors in integrin-based adhesions 

(Rodriguez-Fraticelli & Martin-Belmonte 2014).  

2.3 Integrins integrate signals from the extracellular matrix 

In the previous chapters integrins have already been introduced. This chapter is 

dedicated to describing their functions in more detail. The integrin family is 

composed of altogether 18 α and 8 β subunits that can combine into 24 different 

heterodimers (Figure 5). Adherent cells express a distinct subset of the 24 

different possible integrin αβ-combinations, largely defining the ECM-binding 

properties and therefore the extent to which the cell can sense the chemical nature 

of the ECM. Epithelial cells are specialized towards binding of BM proteins but 

can also bind proteins of the interstitial matrix since both types of matrices 

contribute to the development of epithelial systems as discussed previously. 

Different ECM proteins can be bound by multiple different integrin heterodimers 

that each possess broad and partially overlapping ligand-binding specificities 

towards different isoforms of a particular ECM protein (Humphries et al. 2006). 

An integrin can also bind completely unrelated ECM proteins. The multivalency 

of integrins is based on their binding affinity towards the same consensus 

sequence found at different frequencies in different ECM proteins (Figure 5). For 

example, the widely distributed RGD-peptide, found both in ECM proteins and 

soluble ligands, explains the broad binding specificities of αV-integrin 
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heterodimers (αVβ1, αVβ3, αVβ5, αVβ6 and αVβ8) (Humphries et al. 2006). 

The same consensus sequence is also bound by α5β1- and α8β1-heterodimers. 

The αI-domain containing β1-integrins (α2β1, α2β1, α10β1 and α11β1) 

recognize a GFOGER motif in collagens but are able to recognize a different 

undefined binding site in laminins (Humphries et al. 2006). The precise 

consensus sequence for laminin-binding non-αI-domain-containing integrins 

(α3β1, α6β1, α7β1 and α6β4) has yet to be identified (Humphries et al. 2006). 

Although the biological relevance of the reported binding interactions is 

incompletely understood, it is clear that the multivalent binding of integrins to 

ECM-proteins diversifies the intrinsic signalling capacity of the ECM.  

 

Fig. 5. Map of mammalian integrin heterodimers and ligand-binding specificities. The 

RGD consensus sequence is found in various soluble integrin ligands and ECM 

proteins. The β2- and β7-integrins are restricted to leukocytes and bind the LVD motif, 

which is prevalent in soluble integrin ligands and cell surface counter receptors. The 

αIIβ3 heterodimer is restricted to plateles. Heterodimers that bind ECM proteins such 

as fibronectin, laminins and collagens as ligands are expressed variably in multiple 

cell types. Adapted from Humphries et al. (2006) and Richard O. Hynes (2002) 
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The particular αβ-combination defines not only the ligand-binding specificity of 

the heterodimer (Hynes 2002) but also specifies what type of signalling input is 

transmitted into the cell as the cytoplasmic tails support distinct binding 

interactions with various adaptor proteins (Morse et al. 2014). Although the 

interactions of the integrin β-tails are well characterized, it is currently not known 

how the different integrin α-subunits that distinguish the different β1- and β2-

heterodimers contribute to signalling (Legate & Fassler 2009). Therefore, the 

signalling specificities of integrins are less well understood than the 

corresponding ligand-binding specificities. Moreover, many of the integrins are 

subject to alternative splicing at the C-terminus, yielding variants with different 

cytoplasmic sequences and distinct binding properties (de Melker & Sonnenberg 

1999). Some of the integrin subunits, such as αV, α6, β1, β2 and β7 are shared 

between different heterodimers that therefore support similar interactions. 

Moreover, the cytoplasmic tails of integrins encode for protein binding motifs that 

are conserved between different subunits (Morse et al. 2014). Therefore, binding 

of different ECM proteins can induce both unique and overlapping responses 

within the cell. For example, almost all integrins share the capability of 

interacting indirectly with the actin cytoskeleton in response to binding to 

different ECM molecules, which is perhaps the most central of integrin functions.  

2.3.1 Integrin heterodimerization 

The cell type-specific expression of integrin chains is not the only factor in 

determining which heterodimers form within the cell. For example, integrins αV 

and β1 are frequently co-expressed, but may not always form heterodimers with 

each other. These two promiscuous subunits are synthesized in excess over their 

multiple heterodimer partners, whose relative levels define the cellular pools of 

heterodimers (Heino et al. 1989, Sheppard et al. 1992). As integrins αV and β1 

are both abundantly expressed, they should be able to form heterodimers together 

if availability alone defined the patterns of heterodimerization. It has been 

suggested however that there is a hierarchy between the different β-subunits in 

binding of αV, whereby the other αβ-combinations are prioritized over αVβ1. 

Therefore, αVβ1 only forms when there are sufficiently high quantities of both 

subunits left after pairing with other subunits (Koistinen & Heino 2002). 

Similarly, integrins α6 and β1 do not always form heterodimers when co-

expressed. When integrin β4 is available, integrin α6 preferentially forms the 

α6β4-heterodimer (Hemler et al. 1989, Kennel et al. 1989). Unlike the 
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heterodimer partners of integrins αV and β1, integrin β4 is synthesized in excess 

over its unique heterodimer partner integrin α6 (Sonnenberg et al. 1990). It is 

clear that the matchmaking of integrin subunits is in part established by their rates 

of synthesis and also by their relative affinities. A detailed view of the binding 

hierarchy between co-expressed integrin subunits, which defines the cellular 

pools of heterodimers, has not been established. 

Integrin heterodimers form at the endoplasmic reticulum (ER) by non-

covalent association of the α- and β-subunits, which is thought to facilitate their 

correct folding and entry to the secretory pathway (Ho & Springer 1983, Huang & 

Springer 1997, Kishimoto et al. 1987, Lu et al. 1998, Sonnenberg et al. 1988, 

Tiwari et al. 2011). This theory is largely based on the observations that 

maturation coincides with heterodimer formation in pulse-chase experiments. 

Further support has come from mutational studies where heterodimeric 

association between α- and β-subunits has been disrupted. A conserved GFFKR 

motif in the membrane-proximal domain of integrin α6 was found to mediate 

heterodimerization with integrin β1 and when mutated, retained integrin α6 at the 

ER (De Melker et al. 1997). A similar requirement for the motif has been reported 

for the maturation of αLβ2 (Pardi et al. 1995). The GFFKR motif is important, 

however, for stabilization of the low affinity inactive conformation of integrins 

which they first adopt whilst in the biosynthetic pathway (O'Toole et al. 1994, 

Tiwari et al. 2011). The GFFKR motif has also been suggested to serve as an ER-

export signal for integrins and thereby facilitate integrin secretion (Martel et al. 

2000). Whether the GFFKR motif is required for correct folding of the 

heterodimer to pass the ER quality control or to serve specifically as an export 

signal is currently unclear. Specific N-glycosylation sites in the β-propeller 

domain of integrin α5 and in the I-like domain of integrin β1 facilitate 

heterodimerization of α5β1 and block surface expression when mutated (Isaji et 

al. 2006, Isaji et al. 2009). N-glycosylation was not required for surface 

expression or heterodimerization of α6β4, however (Kariya & Gu 2011). The 

interactions that mediate heterodimerization may vary between heterodimers and 

are known to change considerably during signalling, but the view that integrins 

are obligate heterodimers remains undisputed (Ulmer 2010).  

2.3.2 Conformational basis for integrin signalling 

Integrins transmit signals in a bidirectional manner across the PM: from 

extracellular ligands to induce cellular responses and from intracellular activators 
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to promote extracellular ligand-binding. Integrins possess no intrinsic enzymatic 

activity and transmit signals based on conformational changes that propagate 

throughout the length of the receptor and involve alterations in αβ-interactions. 

The structure of integrins is composed of a globular head domain standing on two 

legs inserted into the membrane and terminating at the C-terminal cytoplasmic 

tails (Luo et al. 2007).  Integrins transition between an active high affinity 

conformation, which may or may not involve a bound ligand, and an inactive low 

affinity conformation (Figure 6) (Askari et al. 2009). When inactive, the TM-

domains and cytoplasmic tails of the legs are closely associated and the head 

domain bent towards the membrane into a v-shape. Upon activation, the head 

domain becomes unbent and the legs stand separated extending the conformation 

relative to the bent inactive conformation (Kim et al. 2003, Takagi et al. 2002). 

Activation of integrins can be regulated from the inside-out by binding of the 

allosteric effectors to the cytoplasmic tails in a process referred to as “priming”, 

which enhances ligand-binding affinity of individual receptors. Cytoplasmic 

interactions that activate integrins serve to disrupt the inactive conformation by 

separating the association between the TM and cytoplasmic domains of the α- and 

β-subunits (Luo et al. 2007). Deletions or mutations that similarly disrupt the αβ-

interface lead to constitutively active integrins (Hughes et al. 1996, Lu & 

Springer 1997, O'Toole et al. 1991, O'Toole et al. 1994). Integrins can also be 

activated from the outside-in as extracellular ligand binding, dependent on co-

binding of divalent cations, stabilizes the active conformation (Luo & Springer 

2006). The relationship between conformation and the ligand-bound or primed 

states is not absolute, and intermediate “semi-active” conformations exist that are 

functionally relevant (Askari et al. 2009). Most likely, the different occupied 

states of integrins affect the dynamic balance between different possible 

conformers in a heterodimer-specific manner (Luo & Springer 2006). Some 

studies even suggest that integrins can be ligand-occupied while in the bent 

conformation (Adair et al. 2005, Xiong et al. 2002, Ye et al. 2008).  
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Fig. 6. Conformational changes associated with integrin activation. Integrins can be 

activated either by binding of intracellular activating proteins to the integrin β-tail 

(inside-out activation) or by extracellular ligand binding (outside-in activation). Both 

induce the bent inactive conformation (1.) to become extended (2-3.). Inside-out 

activation leads to enhanced affinity for extracellular ligands (2.). Outside-in 

activation, induced by extracellular ligand binding (3.), leads to a second 

conformational change: the β-I domain is switched from a closed into an open 

conformation accompanied by a swing out of the hybrid domain (4.). This enables 

integrin outside-in signalling via binding of multimolecular complexes to the integrin 

cytoplasmic tails (4.). Adapted from Bouvard et al. (2013). Abbreviations: ACTN = α-

actinin, IPP = ILK-PINCH-1-parvin complex, VCL = vinculin. 

Integrin inside-out and outside-in signalling are often discussed separately, 

because in leukocytes and platelets, used widely as a model to study integrin 
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activation, inside-out signalling precedes ligand-dependent outside-in signalling. 

In adherent cells these signalling modes are more integrated. Priming refers 

exclusively to inside-out activation by allosteric regulators rather than activation 

of integrins by extracellular binding. The extent to which priming regulates 

ligand-binding affinity of integrins depends upon the level of control imposed by 

the cell-type on integrin activation (Hynes 2002). Moreover, different 

heterodimers display structural differences that affect their relative responses to 

activation via agonists and allosteric effectors (Anthis et al. 2010, Askari et al. 

2009, Bazzoni et al. 1998). Integrins in non-adherent cells such as leukocytes and 

platelets are constitutively inactive and require priming, triggered by a signalling 

cascade downstream of other cell surface receptors, to bind ligands during platelet 

aggregation and leukocyte extravasation (Evans et al. 2009). Activation of 

integrins in adherent cells is not as stringently regulated since they display a 

constitutive ability to bind the ECM, likely because allosteric regulators are not 

restricted. Moreover, integrins in adherent cells may not require priming at all for 

initial ligand-binding. In fact, many of the events associated with priming occur 

as a response to outside-in activation (Margadant et al. 2011).  

Integrins can be activated or inactivated by specific C-terminal interacting 

proteins (Morse et al. 2014). Competitive binding of these proteins to two 

conserved motifs in the tails of all integrin β-subunits, except for integrin β4 and 

β8, constitutes a major mode of integrin activity regulation. The membrane-

proximal NPxY motif is more conserved and promotes similar interactions in 

different heterodimers whereas the membrane-distal NxxY motif is divergent and 

discriminates between heterodimers in regulating adaptor-binding (Calderwood et 

al. 2003). Tyrosine phosphorylation of these sites promotes additional interactions 

with PTB domain-containing proteins and protects β-tails from calpain-cleavage 

(Calderwood et al. 2003, Xi et al. 2006). In addition, the intermediary 

serine/threonine motif between the NPxY and NxxY sites coordinates binding of 

some adaptors (Takala et al. 2008). β4- and β8-integrin subunits do not share the 

NPxY and NxxY motifs in their cytoplasmic tails and are as a result regulated by 

distinctly different mechanisms. The integrin α-tails possess a common 

membrane-proximal GFFKR-motif that supports binding of integrin inactivators 

that either stabilize the αβ-chain interaction of the inactive conformation or 

prevent the binding of activators to the β-tails (Morse et al. 2014). Mutation of 

this motif locks some integrins in the active conformation (Hughes et al. 1996, 

Imai et al. 2008, Lu & Springer 1997, Peter & Bode 1996) but has also been 

implicated in the maturation of integrins as earlier discussed. The α-tails distal to 
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the GFFKR-motif are divergent and support integrin-specific binding interactions. 

The instructions for the recycling of integrins are also encrypted in the 

cytoplasmic tails of the integrins, which is important for the turnover of integrin-

based cell adhesions during cell motility, shape changes and cell rearrangements 

(Margadant et al. 2011). 

Binding of talin to the membrane-proximal NPxY motif in all β-tails aside 

from integrins β4 and β8 dissociates the inhibitory αβ-association of the integrin 

legs and triggers integrin activation (Kim et al. 2012). Cells can utilize different 

mechanisms to control talin-mediated integrin activation, including regulation of 

talin membrane-recruitment, proteolysis, phosphorylation, conformation and 

competitive binding of other factors such as filamin and docking protein 1 

(DOK1) to the β-tail binding site, which results in integrin inactivation (Morse et 

al. 2014). Inactivating factors that compete with talin for β-tail binding are in 

competing with other integrin activating proteins, constituting a complex multi-

layered regulatory system. However, talin binding is considered to be the final 

step in integrin activation (Tadokoro et al. 2003). Integrins in non-adherent cells 

are kept inactive by restriction of talin-availability. In adherent cells talin-

mediated integrin activation is not a prerequisite for ligand binding or adhesion 

but is required for efficient outside-in signalling in integrin adhesions (Giannone 

et al. 2003, Zhang et al. 2008). Another important class of integrin activating 

proteins that bind the membrane-distal NPxY motif of β-tails are kindlins that co-

operate with talin in integrin activation (Calderwood et al. 2013).  

2.3.3 Clustering of active integrins into cell adhesions 

The complete signalling response of integrins cannot be fully realized by 

conformational changes and requires clustering of activated receptors in the 

lateral dimension, which greatly increases the valency of ligand-binding. 

Individual weak ligand-coupled integrin links are clustered into focused cell 

adhesions that may contain perhaps thousands of integrins. This mode of 

regulation is central to affinity modulation in adherent cells, whereas priming is 

mainly utilized by circulating blood cells that require an on/off -system (Shattil et 

al. 2010). Integrin activation and clustering together trigger outside-in signalling 

via assembly of macromolecular protein complexes to the cytoplasmic tails of 

integrins that anchor the cytoskeleton. These adhesion complexes include 

signalling and scaffold molecules capable of inducing a vast number of structural 

and signalling changes both locally and globally (Margadant et al. 2011). 
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Clustering is independent of TM-domain interactions between heterodimers 

(Wang et al. 2011) and is driven instead from both sides of the cell membrane via 

interactions of the ectodomains and cytoplasmic tails with multivalent ligands and 

protein complexes, respectively. Clustering is initiated by the binding of integrins 

to multivalent ligands such as the ECM (Buensuceso et al. 2003, Cluzel et al. 

2005, Kim et al. 2004). The β-tails of the integrins possess intrinsic targeting 

information to be recruited to pre-existing cell adhesions due to the conserved 

motifs that regulate protein-protein interactions (Akiyama et al. 1994, LaFlamme 

et al. 1992). These sequences are masked by the α-subunit in inactive integrins 

and require activation to be exposed (Briesewitz et al. 1993, Ylanne et al. 1993). 

Integrin β-tail-binding proteins such as talin form multivalent links with actin 

filaments that upon cross-linking and bundling drive clustering of integrins from 

within the cell (Cluzel et al. 2005). Local enrichment of signalling lipids such as 

PIPs that coordinate the binding of talin may further support clustering (Wehrle-

Haller 2012). 

The molecular composition, structure and dynamics of integrin-mediated cell 

adhesions have been characterized in cultured cells adhering to a specified ECM 

molecule coated onto a stiff 2D surface (Geiger & Zaidel-Bar 2012, 

Kanchanawong et al. 2010, Worth & Parsons 2010). The properties of cell 

adhesions depend upon the chemical and physical features of the adhesive surface 

as well as the type of molecular connection mediated by the integrins (Geiger et 

al. 2009). The ECM-molecule defines which integrins are engaged leading to 

formation of characteristic adhesions. However, as ECMs in vivo are co-

assembled from multiple ECM-molecules into a supramolecular structure, cells 

are likely to display many types of adhesions and adhesions with integrated ECM-

binding properties (Geiger & Yamada 2011). The composition of adhesions, 

including different integrins within, undergoes changes over time as cells modify 

their ECM (Pankov et al. 2000, Rossier et al. 2012, Zamir et al. 2000). The 

cellular cytoskeleton and cell adhesions are intimately interdependent structures 

where alterations in one affect the composure of the other (Geiger et al. 2009). 

Coordinated co-assembly of distinct cell adhesions with different ECM-binding 

and cytoskeletal anchoring elements are essential for the structural organization of 

the cellular phenotype in the natural environment. 
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Focal adhesions 

FAs are integrin-mediated adhesive structures in which the integrins form 

connections with the actin cytoskeleton. These types of adhesions have been 

observed in many different types of cells with a different subset of integrins but 

are mainly associated with the functions of β1- and β3-integrins in binding 

fibrillar matrix molecules such as Col-I and FN in fibroblasts (Geiger & Yamada 

2011). Integrins that possess the conserved motifs of the β-tails can support 

binding of FA-components, but the adhesions formed would display distinct 

differences in both composition and structure. For example, FN engages both 

integrins αVβ3 and α5β1, but they each contribute differently to the assembly 

and signalling capacity of FAs (Danen et al. 2002, Danen et al. 2005, Katz et al. 

2000, Schiller et al. 2013). Different ECM-ligands can support FA-type 

interactions, but FAs on laminins that form networks rather than fibres would be 

arranged differently from FAs on FN or collagen (Geiger & Yamada 2011). The 

unique cytoarchitecture of the cell type as well as the characteristic expression 

pattern of adhesion related molecules would also influence the constitution of 

FAs. As it stands the contributions of different ECM-molecules and integrins to 

the formation of FAs have not been systematically addressed. 

FA assembly is triggered by outside-in signalling from ECM-bound integrins. 

Up to ~180 protein constituents have been associated with the formation and 

regulation of FAs, referred to collectively as the “adhesome” (Zaidel-Bar et al. 

2007, Zaidel-Bar & Geiger 2010). Not all the adhesome components are present 

at the same time nor do they contribute to every adhesion. The adhesome consists 

of scaffolding molecules and signalling/regulatory proteins that together form the 

integrin signalling platform as well as the structural basis for the actin 

cytoskeletal linkage. Many interactions in the adhesome network are switchable 

as they can be regulated by signalling events such as phosphorylation and 

signalling lipids (Geiger et al. 2009). A subset of ~30 proteins are involved in 

mediating the connection with actin, of which some bind directly to integrins, 

others directly to actin and the remaining bind to both with additional stability 

provided by adaptors that bridge these factors together (Wolfenson et al. 2013). 

The assembly of proteins to the developing adhesions follows a hierarchical 

model in which the presence of certain proteins is required for the addition of 

others based on which different transient and more stable stages of assembly can 

be distinguished (Zaidel-Bar et al. 2004). These different stages can co-exist 

within a single cell and are in a constant state of turnover, each with a 
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characteristic lifespan. FAs are associated with actin filaments and their life-cycle 

is intimately connected to the turnover of actin filaments and the forces they 

generate. The hierarchical assembly of FAs is depicted in Figure 7. 

 

Fig. 7. Maturation of FAs. Nascent adhesions form beneath the lamellipodia and are 

dependent on actin polymerization. FAK, PXN and talin are recruited early to nascent 

adhesions. Recruitment of VCL and ACTN facilitates maturation of nascent adhesions, 

whereas Zyxin and VASP demarcate mature FAs exclusively. Maturation of FAs 

requires myosin-II generated traction forces along F-actin cables. FAs are situated at 

the lamellipodia-lamella border. FAs can further develop into fibrillar adhesions, 

located at the central region of the cell and associate with fibronectin fibrils. Fibrillar 

adhesions are characterized by replacement of talin with tensin as the actin-linkage 

and a switch in integrin-engagement. Assembled from Bouvard et al. (2013), Geiger & 

Yamada (2011) and Zaidel-bar et al. (2004). Abbreviations: PXN = paxillin, VCL = 

vinculin, NM-II = non-muscle myosin-II, VASP = vasodilator-stimulated 

phosphoprotein, ACTN = α-actinin, VCL = vinculin, IPP = ILK-PINCH-1-parvin complex. 

The earliest type of adhesions, called nascent adhesions or focal complexes, have 

been proposed to consist of unstable links between actin and ligand-bound 

integrins mediated by talin and are dependent on actin polymerization (Geiger et 

al. 2009). Recruitment of FAK and the adaptor protein paxillin, which do not 
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directly interact with actin, to nascent adhesions has been suggested to precede 

that of talin (Lawson et al. 2012). A subset of adhesions can evolve into FAs 

depending on their association with the contractile actomyosin machinery of actin 

stress fibres, which leads to an increase in their molecular complexity (Choi et al. 

2008, Riveline et al. 2001). Recruitment of vinculin, which interacts with both 

integrin and talin, stabilizes the actin-linkage and promotes clustering of activated 

integrins (Galbraith et al. 2002, Gallant et al. 2005, Humphries et al. 2007). An 

actin crosslinking protein α-actinin, which interacts with both talin and vinculin, 

is essential for force-dependent strengthening of the integrin-cytoskeleton 

linkages (Choi et al. 2008, Roca-Cusachs et al. 2013). FAs can further develop 

into fibrillar adhesions, elongated structures closely associated with FN fibrils. 

This involves a switch from integrin αVβ3 to integrin α5β1 engagement and the 

replacement of talin with tensin (Pankov et al. 2000, Zaidel-Bar et al. 2003, 

Zamir et al. 2000).  

The nascent adhesions have a high turnover rate, whereas FAs and firbillar 

adhesions are stabilized by the cytoskeleton and are therefore more persistent, 

although the protein constituents within are constantly recycled (Wolfenson et al. 

2009). Rho GTPases regulate the formation of the different species of actin 

filaments at adhesions and spatiotemporal activities of different Rho GTPases are 

important for the transition of one type of adhesion into another (Wolfenson et al. 

2013). Disassembly of FAs is less well understood but may involve endocytosis, 

calpain-cleavage of talin, loss of contractility and ECM degradation (Wehrle-

Haller 2012). Microtubules are known to be essential for FA-disassembly and 

facilitate the turnover of FAs during cell migration (Ezratty et al. 2005, Wu et al. 

2008). 

Hemidesmosomes 

HDs are specialized cell adhesions entirely dependent on the functions of the 

integrin α6β4 and the specialized binding properties of the unusually large 

cytoplasmic tail of integrin β4, which is unique among integrins. Unlike FAs, 

HDs are restricted to the epithelia. The cytoplasmic tail of integrin β4 supports 

binding of intermediate filaments (IFs) indirectly via the plakin family of proteins 

that contribute to HDs in a cell-type specific manner. Type I HDs found in the 

skin and other complex epithelia are composed of the integrin α6β4 that binds 

LN-332 of the ECM, the plakins plectin and bullous pemphigoid antigen 1 

(BPAG1e), also called dystonin isoform 1e, that connect the tail of integrin β4 to 
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keratin IFs 5 and 14 and the transmembrane components bullous pemphigoid 

antigen 2 (BPAG2), also known as collagen XVII and CD151 (Figure 8) (Zhang 

& Labouesse 2010). Integrin α6β4 is also expressed in simple epithelial cells 

where it makes similar but less elaborate connections with IFs termed type II HDs 

that have been characterized in the intestine. These connections consist of a 

plectin-mediated linkage between α6β4 and keratins 8 and 18 (Orian-Rousseau et 

al. 1996, Uematsu et al. 1994). The interaction between integrin α6b4 and plectin 

represents an essential first step in the assembly of HDs (Koster et al. 2004). HDs 

are the central components of the dermal-epithelial junction that maintains the 

cohesion between the dermis and epidermis, the loss of which can be caused by 

mutations in the HD-genes and is manifested in several skin blistering disorders 

in human patients (Margadant et al. 2008). Dynamic breakdown of the HDs is 

required for cell migration during epithelial regeneration and carconima cell 

invasion (Litjens et al. 2006). 

 

Fig. 8. Structure of the type I HD. Integrin α6β4 and BPAG2 interact with laminins of 

the BM. The extracellular domain of integrin α6 binds the transmembrane proteins 

CD151 and BPAG2. The cytoplasmic tail of integrin β4 interacts with BPAG1e, BPAG2 

and plectin, the latter two of which provide anchorage to IFs. Adapted from dePereda 

et al. (2009). 

Unlike other integrins, the clustering of α6β4 and subsequent HD-assembly does 

not require ligand-binding and can be mediated solely by its interaction with 

plectin (Homan et al. 1998, Nievers et al. 1998, Nievers et al. 2000). However, 

both plectin-mediated cytoskeletal anchoring and ligand-coupling contribute to 

the stability and turnover of HDs (Geuijen & Sonnenberg 2002). The binding 

hierarchy of different HD-components is built upon the primary interaction of the 

integrin β4 tail with plectin (Koster et al. 2003, Koster et al. 2004). The signalling 
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of the α6β4 may not be regulated based on the same conformational principle as 

other integrins as the ability of the integrin β4 tail to support protein-protein 

interactions seems to be uncoupled from ligand-binding. A tail-less mutant of 

integrin β4 can mediate ligand-binding, suggesting that ligand-binding may also 

be uncoupled from cytoplasmic interactions (Spinardi et al. 1995). Whether α6β4 

is engaged in bidirectional signalling is unknown despite significant advances in 

understanding the conformational basis for the integrin β4 tail interactions (de 

Pereda et al. 2009). The  integrin β4 tail protein-protein interactions can be 

mediated allosterically by phosphorylation, which imparts conformational 

changes to the β-tail. Serine and tyrosine phosphorylation by different kinases, 

activated downstream of GF signalling, promotes dissociation of the plectin-

interaction, thereby promoting HD-disassembly (Rabinovitz et al. 2004, 

Wilhelmsen et al. 2007). The phosphorylation sites uncovered in these studies do 

not directly overlap with the known binding sites for plectin and instead serve to 

disrupt an intramolecular bond between the C-terminus and the connecting 

segment of the integrin β4 tail that provides a binding platform for plectin and 

other HD-interactions (Margadant et al. 2008). HDs may in turn be stabilized by 

phosphatases that dephosphorylate the β4-tail (Litjens et al. 2006).  

2.3.4 Integrin-integrin crosstalk 

Different integrins can function in a synergistic or an antagonistic manner, which 

contributes to their complex signalling scheme. The concept of transdominant 

regulation, also called crosstalk, whereby integrins modulate the activities of each 

other, has been introduced based on loss-of-function studies. Inhibition of one 

integrin heterodimer by function blocking antibodies or by silencing may 

indirectly inhibit or promote the ligand-binding activities of a second heterodimer 

(Gonzalez et al. 2010). Crosstalk not only exists between integrins that bind 

different ligands but also concerns integrins that bind the same ligand. This type 

of regulation contributes to the normal physiological responses of cells. For 

example, transdominant inhibition of the collagen-binding α2β1 integrin by 

ligand binding of αIIβ3 is required for platelet aggregation in response plasma 

proteins while preventing adherence to vessel walls (Riederer et al. 2002). The 

underlying mechanisms are diverse, ranging from integrin activation, recycling, 

expression and signal transduction (Blystone et al. 1999, Calderwood et al. 2004, 

Gonzalez et al. 2008, Kim et al. 2000, Retta et al. 2001, White et al. 2007). 

Crosstalk may be explained by the sequence similarity of the integrin tails in 
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promoting protein-protein interactions via similar motifs that bind regulatory 

factors. Ligand-binding of an integrin may affect how these factors are received 

by other integrins or induce signals that modify binding properties of other 

integrin tails. Transdominant inhibition of integrin activation results from 

competition between β-tails to recruit talin at the expense of others (Calderwood 

et al. 2004). β-integrins defective in talin-binding do not mediate transdominant 

inhibition. Moreover, the transdominant effect can be bypassed by over-

expression of the integrin-binding and activating fragments of talin, suggesting 

that talin is limited and its sequestration by one integrin prevents others from 

being activated. Integrin inactivating proteins compete with talin for the β-tail 

binding site and may participate in talin-dependent integrin-integrin crosstalk 

(Gonzalez et al. 2010). Competitive binding of talin however, does not explain all 

cases of crosstalk. An alternative mechanism involves the coordinated functions 

of protein kinases together with counteracting phosphatases that impart selectivity 

of adaptor binding to phosphorylated versus non-phosphorylated integrin tails 

(Gonzalez et al. 2010). Transdominant mechanisms are likely to be highly diverse 

and cell-type specific due to the differential expression of integrins and their 

context-dependent regulatory mechanisms. 

2.3.5 Environmental sensing by integrins 

Adhesion-mediated signalling involves incorporation of various signalling 

molecules and their diverse substrates to the large cytoplasmic protein scaffold at 

integrin-based adhesions (Geiger & Yamada 2011). This signalling utility serves 

to regulate the immediate scaffolding activity of the adhesion itself as well as 

long term physiological responses downstream of transcriptional activities. The 

adhesions are sensitive to alterations in both chemical and physical properties of 

the ECM, which affects their composition and signalling capacity. This can be 

understood as the basis for the so-called environmental sensing, whereby 

integrins are said to mediate biochemical and biomechanical cues from the ECM 

into the cell. Chemical sensing relates to the engagement of ECM-specific 

integrins and their unique imprint to the adhesome-network that is committed to 

outside-in signalling (Geiger & Yamada 2011). The strength and complexity of 

the adhesive connection is directly related to the rigidity of the substrate due to 

the force-dependent nature of the assembly process (Schiller & Fassler 2013). 

Moreover, as integrins are activated in a polarized and localized manner, they also 

relay spatial information of the position, geometry, ligand-spacing and anisotropy 
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of the surrounding microenvironment (Geiger et al. 2009). These types of spatial 

cues regulate polarization at the cellular level as well as patterning of a collective 

of cells during tissue morphogenesis. In the long term integrins regulate gene 

transcription by regulating GF-mediated signal transduction pathways, which is 

the basis for adhesion-dependent control of many cellular processes such as cell 

proliferation, survival and differentiation (Legate et al. 2009). These events are 

also sensitive to the mechanical cues of the ECM, as ECM stiffness has profound 

effects on both cell fate and behaviour (Wolfenson et al. 2013).  

The short term effects of integrin signalling are on cytoskeletal organization, 

whereby global morphological changes are induced in response to localized 

ECM-anchorage of actin filaments (Legate et al. 2009). This relates largely to the 

capacity of adhesion-associated signalling molecules such as FAK and ILK to 

mediate activities of Rho GTPases in a force-sensitive manner (Geiger et al. 

2009). Cells generate myosin II-mediated contractile forces along actin filaments 

in response to substrate rigidity by pulling on the ECM-coupled FAs (Schiller & 

Fassler 2013). The adhesion complex contains mechanosensitive proteins that 

undergo conformational unwinding in response to force, thereby exposing cryptic 

binding sites to recruit additional proteins to adhesions, which leads to adhesion 

strengthening and cytoskeletal rearrangements (Schiller & Fassler 2013). The 

conversion of mechanical forces into biochemical signals in cell adhesions is 

referred to as mechanotransduction and allows cells to dynamically adapt to ECM 

stiffness. The mechanisms by which ECM rigidity is converted into myosin II-

generated contractility all impinge on the phosphorylation of the myosin light 

chain, which is required for myosin II activity (Vicente-Manzanares et al. 2007). 

This depends on the activities of RhoA in promoting polymerization of bundled 

actin and inducing myosin II-activity. RhoA can be modulated by various 

signalling molecules stationed at FAs, the activities of which seem to require 

coordination of αV- and β1-class of integrins (Schiller et al. 2013). 
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3 Aims of the study 

The purpose of this study was to elucidate the functional hierarchy between co-

expressed integrin heterodimers in the regulation of epithelial cell polarity and 

contractility in response to different ECM-environments by means of systematic 

loss-of-function screening of individual integrin subunits in the MDCK cell 

model. 

Epithelial cells express several αV-integrin heterodimers that bind the RGD 

consensus sequence in various ligands. αV- and β1-integrin-mediated cell 

adhesions transmit mechanical signals from the ECM, allowing cells to adapt 

their shape by contracting in response to ECMs of different rigidities. In addition 

to mediating cell adhesion to its ligand fibronectin, we discovered that αV-

integrins also regulated cell adhesion and cell contractility on ligands bound 

primarily by β1-integrins. Our first aim therefore was to study the roles of αV-

integrins in the maturation of FAs on collagen-I. 

Epithelial cells also express specific β1-integrins and α6β4 integrins that 

together mediate adhesion to BMs. β1-integrin heterodimers transmit BM-derived 

signals to regulate the organization of epithelial cell polarity, but the contributions 

of the specific heterodimers have not been analyzed in detail. Our second aim was 

to study how BM-interacting integrin heterodimers regulate the establishment of 

epithelial cell polarity during cystogenesis in 3D ECM culture. 

Integrin α6β4 is a lamin-binding integrin heterodimer that mediates stable 

adhesion of epithelial cells to the BM via HDs. The integrin β4 subunit only 

forms a single heterodimer with the integrin α6 subunit. However, we discovered 

a role for the integrin β4 in regulating the orientation of cell polarity during 

MDCK cystogenesis, which was not shared by integrin α6. Our third aim 

therefore was to study whether the integrin β4 subunit can localize to laminin 

adhesions and regulate laminin assembly to the BM without integrin α6. 
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4 Materials and methods 

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

descriptions of the experimental procedures are included in the original articles I-

III. 

Table 1. Materials and methods used in original articles I-III 

Method Original article 

Retrovirus-mediated RNAi I, II, III 

Lentivirus-mediated CRISPR/Cas9 KO methodology 

Expression of recombinant proteins 

III 

I, II 

Quantitative PCR I, II, III 

Native polyacrylamide gel electrophoresis  III 

3D cell culture and treatments II, III 

2D cell culture and treatments I, II, III 

Adhesion & spreading assays I, II, III 

Immunofluorescence staining I, II, III 

Western immunoblotting I, II, III 

Metabolic labelling & autoradiography II, III 

Immunoprecipitation II, III 

Cell surface biotinylation II, III 

Live-cell imaging I, II 

Atomic force microscopy measurements II 

Cdc42-activation assay I 

Confocal microscopy I, II, III 

Co-localization analysis III 

TIRF-microscopy III 

Isolation of ECM-proteins 

Phenotyping of cysts 

III 

I 

Measurements of cells and structures 

Cell spreading 

Focal adhesions 

Cell division angles 

Stress fibers and lamellipodia 

Statistics 

 

I, II, III 

II 

I 

III 

I, III 
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5 Results 

5.1 Loss-of-Function RNAi screen to study the functional hierarchy 

of integrins in MDCK cells (I, II & III) 

Functional studies in KO (KO) mice have demonstrated the significance of 

individual integrins and their ligands in diverse developmental processes part of 

various organ systems (Bouvard et al. 2001). Multiple integrins with varied 

ligand-binding specificities are co-expressed within a single mammalian cell. We 

set out to interrogate how their combined functions would orchestrate the 

behaviour of an epithelial cell. The MDCK cell line is a well-established 

epithelial cell model that displays apico-basal polarity and partially recapitulates 

epithelial morphogenesis in vitro when cultured in 3D ECM gels (Mostov et al. 

2000, Zegers et al. 2003). To study integrin function we set up an RNAi-based 

loss-of-function screen, where we systematically silenced every integrin subunit 

expressed in the MDCK cell line. We utilized a previously established retrovirus-

mediated short hairpin RNA (shRNA) expression system to produce stable 

integrin knockdown (Itg-KD) cell lines (Manninen et al. 2005, Schuck et al. 

2004). Specificity of our loss-of-function phenotypes was confirmed with two 

independent shRNA-constructs against each subunit and in some cases by rescue-

experiments using cDNA-complementation as discussed by Cullen (2006). 

5.1.1 Characterization of the MDCK cell type-specific integrin 
expression profile (I) 

In order to identify the subset of integrins expressed in MDCK cells, we measured 

the relative mRNA levels of all canine integrin α- and β-subunits by quantitative 

PCR (qPCR) (Figure S1 in I). The results indicated abundant expression of 

integrins β1, β3, β4, β5, β6, β8, α2, α3, α6 and αV that together form 

heterodimers summarized in Figure 9. These include laminin-binding and 

collagen-binding receptors (studied in I and III) as well as receptors binding 

RGD-peptides in various ligands (studied in II).  
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Fig. 9. Confirmed MDCK cell type-specific integrins based on qPCR-analysis. MDCK 

can form up to 9 of the 24 known heterodimers in the mammalian integrin family. 

Ligand specificities towards laminin isoforms and collagen types are indicated 

according to Peter D. Yurchenco (2011) and Jyrki Heino (2000), respectively. Possible 

RGD-peptide containing ligands for αV-integrins are listed according to Humphries et 
al. (2006).  

5.1.2 Determination of integrin-specific knockdown efficiencies (I & II) 

To confirm successful silencing of expressed integrin subunits, the mRNA-

content was measured from the KD and control cells relative to a reference gene 

by qPCR and the KD-efficiencies (% reduction) were calculated (Tables S1 in I 

and II) using the ΔΔCT-method (Livak & Schmittgen 2001). The corresponding 

protein levels were determined by western immunoblotting, immunofluorescence 

or metabolic labelling and immunoprecipitation using integrin-specific antibodies 

(Figures S1 in I and II).  
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5.1.3 Validation of integrin knockdowns (I & II) 

To validate our integrin KD cell lines and to assess their ligand-binding properties 

we tested their adherence to various ECM-ligands by a standard adhesion assay as 

described by Matlin et al. (2003). Results are shown in Figure 1 in I and Figure 

S2 in II. Tested ligands included Col-I and Col-IV, LN-511, FN and BM extract 

(BME), all of which promote adhesion of normal MDCK cells. The KD of 

integrins α2 and β1 efficiently inhibited adhesion of cells to both types of 

collagens and the BME rich in both collagen and laminins. Cell adhesion to the 

BME was also reduced by KD of integrins α6 and β4, but to a lesser degree. 

These results confirm that integrin α2β1 mediates cell adhesion to collagens and 

that cells may adhere to the BME both via α2β1-mediated collagen interactions 

and α6β4-mediated laminin interactions. Adhesion to LN-511 was partially 

abrogated in Itgβ1-KD, Itgα3-KD or Itgβ4-KD cells, but no significant adhesion 

defect was observed in Itgα6-KD or Itgα2-KD cells. Therefore, adhesion to LN-

511 may be mediated by both α3β1 and α6β4 integrins. FN adhesion was 

dramatically reduced by KD of integrin αV and partially affected by KD of the 

heterodimer partner β6. KD of the other integrin αV heterodimer partners did not 

affect FN adhesion, suggesting that they are either redundant or dispensable. 

Adhesion to FN was unaffected by silencing of integrin β1 or α5, which is 

consistent with the absence of integrin α5 expression in MDCK cells. 

Unexpectedly, KD of integrin αV significantly reduced cell adhesion to both Col-

I and LN-511, known to be ligands for other integrins. 

5.2 Mechanotransduction at β1-integrin-based cell adhesions is 

regulated by αV-integrins (II) 

αV- and β1-integrins cooperate in fibroblasts to regulate assembly and 

mechanotransduction of FAs formed on a fibronectin substrate. The role of αV-

integrins in regulating adhesion of MDCK cells to other β1-integrin ligands raised 

the possibility that this cooperation also takes place in epithelial cells adhering to 

collagens and laminins that are not directly bound by αV-integrins. Here we have 

investigated the possible explanations as to how αV-integrins might contribute to 

cell adhesion on ligands of β1-integrins. 
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5.2.1 αV-integrins do not influence availability or avidity of β1-
integrins at the plasma membrane 

To investigate the expression of β1-integrin heterodimers in ItgαV-KD cells, β1-

integrins were immunoprecipitated from metabolically labelled control and KD 

cell lysates. The results show that KD of αV had no effect on the steady state 

levels β1-heterodimers (Figure S1G in II). To further address the surface 

availability of β1-integrins, we isolated surface biotinylated proteins from control 

and ItgαV-KD cells and determined the amounts of integrin α2 and β1 relative to 

the whole cell lysates by western immunoblotting (Figure 1E-F in II). The levels 

of integrins α2 and β1 were unchanged, indicating that their availability at the 

PM is not regulated by αV-heterodimers.  

Avidity of integrins for ligand-binding is mediated by affinity- or valency-

based mechanisms, both of which contribute to adhesive strength (Carman & 

Springer 2003). αV-integrins may regulate avidity of β1-integrins or, in theory, 

directly contribute to ligand-binding via cryptic RGD-sites in collagens and 

laminins (Aumailley et al. 1990, Davis 1992, Montgomery et al. 1994, Sasaki & 

Timpl 2001). To precisely quantify adhesive forces at the single-cell level, single 

cell force spectroscopy with an atomic force microscope was performed 

(Friedrichs et al. 2010, Helenius et al. 2008). Short term adhesive forces of 

control and ItgαV-KD cells towards a Col-I substrate were measured with Itgα2-

KD cells as a negative control (Figure 1A-B in II). Loss of the α2β1-receptor in 

Itgα2-KD cells correlated with reduced Col-I binding capacity, confirming that it 

is the principal collagen-binding receptor in MDCK cells. Forces generated by 

control and ItgαV-KD cells were similar, suggesting that αV-integrins play no 

role either directly or indirectly in mediating collagen-binding. Furthermore, the 

ItgαV-RFP fusion protein accumulates at FN-cell-matrix adhesions, but not at 

Col-I-cell-matrix adhesions, suggesting that Col-I does not visibly trigger 

clustering of αV-integrins, which remain diffusely distributed (Figure S1H in II). 

In conclusion, αV-integrins do not directly or indirectly contribute to the initial 

adhesive strength to Col-I. 

5.2.2 αV-integrins are required for cell spreading on fibronectin, 
collagen and laminin-511 

Cell adhesion is a complex bidirectional process as part of which inside-out and 

outside-in signals cooperatively promote ligand binding and the strengthening of 
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adhesions, respectively. Adhesion strengthening or maturation involves formation 

of elaborate connections between the cytoplasmic tails of ligand-bound integrins 

and the intracellular actin cytoskeleton via complex interactions (Zaidel-Bar et al. 

2007). Turnover of cell adhesions, where nascent peripheral adhesions become 

anchored to the cytoskeletal network while old central ones are deployed, 

facilitates cell spreading (Webb et al. 2002). As cell spreading depends upon 

maturation of cell adhesions, we analyzed spreading of ItgαV-KD and different 

Itgβ-KDs on various ECM-ligands to determine their contribution to FA assembly 

(Figure 2A-C in II). Spreading on FN was strongly inhibited in ItgαV-KD cells 

and partially inhibited in Itgβ3- and Itgβ6-KD cells.  The spreading of ItgαV-KD 

cells, similar to Itgβ1-KD cells, was impaired on Col-I and LN-511, but none of 

the Itg-KDs for heterodimer partners of αV replicated the spreading defect of 

ItgαV-KD on these ligands. As cell spreading most likely improves the adhesion 

of cells by distribution of more adhesions to a larger surface area, a spreading 

defect would explain the previously observed poor adhesion of ItgαV-KD cells in 

the standard adhesion assay. These results suggest that αV-integrins may regulate 

maturation of FAs on Col-I and LN-511. To confirm the specificity of the ItgαV-

KD spreading phenotype, we transduced the human ItgαV-RFP-expressing cell 

line with both ItgαV-targeting shRNA-constructs. The human construct was 

resistant to one of the canine ItgαV-targeting shRNAs and was able to rescue the 

related spreading defect, confirming the specificity of the loss-of-function 

phenotype (Figure 2D-E in II).  

5.2.3 Silencing of αV-integrin abrogates assembly of β1-integrin-
based focal adhesions 

Maturation of cell adhesions is characterized by increasing molecular complexity 

as the nascent adhesions evolve into FAs and, eventually, fibrillar adhesions 

(Zaidel-Bar et al. 2004). As individual components are recruited in a hierarchical 

manner, the different stages of maturation can be distinguished (Zaidel-Bar et al. 

2003). Talin mediates the initial link between integrins with actin and recruitment 

of vinculin further reinforces this link upon transition to FAs (Tadokoro et al. 

2003, Humphries et al. 2007, Ginsberg et al. 2005, Galbraith et al. 2002). 

Reporter cell lines expressing vinculin-GFP and talin-GFP were employed and 

fluorescent foci at the edges of spreading cells, demarcating adhesion sites, were 

monitored by live cell imaging (Figure 3A in II). KD of β1- and αV-heterodimers 

both reduced the lifetime of talin-GFP and vinculin-GFP -positive adhesions that 
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persisted for >60min on average in control cells. β1-integrin positive foci, absent 

in Itgβ1-KD cells, were less numerous in ItgαV-KD cells than in control cells as 

determined by immunofluorescence staining, indicating reduced clustering of β1-

integrins (Figure 3B-C and Figure 4 in II). Consequently, reduced numbers of 

fluorescent foci were also measured for specific proximal interacting molecules 

(talin and paxillin), associated molecules (vinculin and zyxin) and signalling 

molecules (FAK and ILK). Subtle differences were observed in how different FA 

components accumulated to FAs in ItgαV-KD and Itgβ1-KD cells. FAK and ILK 

accumulated in smaller foci in ItgαV-KD cells and the talin-foci were smaller in 

Itgβ1-KD cells.  However, as ItgαV-KD and Itgβ1-KD cells both formed very 

few adhesions in general, assembly of adhesion complexes is probably arrested at 

an elemental early stage in both cases, even though the underlying reasons are 

likely to be different. 

FAK is targeted to the adhesions via the FAT domain containing binding sites 

for talin and paxillin (Chen et al. 1995, Hildebrand et al. 1993, Hildebrand et al. 

1995). Clustering of integrins induces autophosphorylation of FAK at Tyr397, 

creating docking sites for multiple signalling molecules, including cellular proto-

oncogene tyrosine-protein kinase (Src), which is activated at Tyr416 (Eide et al. 

1995). Lack of FAK or its phosphorylation inhibits turnover of adhesions and 

inhibits cell migration (Ilic et al. 1995, Webb et al. 2004). We measured the levels 

of phosphorylated FAK and Src in ItgαV-KD cells relative to Itgβ1-KD and 

control cells (Figure 5B-C in II). In ItgαV-KD cells the levels of phosphorylated 

FAK were slightly but still significantly reduced, while in Itgβ1-KD cells pFAK 

levels remained strikingly unchanged. Levels of phosphorylated Src were 

unaffected by either KD of αV- or β1-integrins. These results indicate that αV-

integrins may stimulate phosphorylation of FAK independently of β1-integrins. 

To identify which of the key FA-components would replicate the loss-of-function 

phenotype of αV-integrins, the spreading of talin-1-, FAK- and ILK-KD cell lines 

on LN-511 and Col-I was measured. Efficient silencing was confirmed by qPCR 

and western immunoblotting (Table S1A and Figure 6D-E in II). Silencing of the 

above mentioned FA-components all perturbed cell spreading on Col-I and LN-

511, suggesting that loss of these components is analogous to the loss of αV-

integrins. 
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5.2.4 Cell-adaptation to extracellular matrix rigidity is controlled by 
αV-dependent traction forces generated at β1-integrin-based 
focal adhesions upon mechanical stimuli 

Biomechanical forces stimulate formation of initial adhesions as well as 

maturation of FAs (Geiger et al. 2009). Myosin II-mediated contraction of actin 

stress fibers in response to resistant ECMs induces traction forces at FAs, 

promoting their maturation (Even-Ram et al. 2007, Vicente-Manzanares et al. 

2007). Traction at FAs can be experimentally measured with the atomic force 

microscope by coupling an ECM-coated bead to a cantilever which is adhered by 

a cell and then oscillated to mechanically stress the adhesion. We measured the 

traction forces of control and ItgαV-KD cells in response to a Col-I-coated bead 

oscillated at a frequency of 0.25Hz and amplitude of 200ns for 20 minutes (Figure 

6C in II). Traction forces generated by control cells during the procedure 

increased, indicative of adhesion strengthening, while the corresponding response 

in ItgαV-KD cells decreased, suggesting a defect in transduction of mechanical 

signals. 

Mechanotransduction at FAs leads to global responses at the cellular level, 

based on which the cell is thought to sense the physical properties of the ECM. 

One aspect of this is the morphological adaptation of cells to matrix rigidity seen 

in cell spreading and which is maximised on stiff flat surfaces. To better elucidate 

the process, we studied the adaptation of control and ItgαV-KD cells to 

polyacrylamide gels of different rigidity coated with the same concentration of 

Col-I (Figure 6A in II). Control cells adapted a spread morphology on stiff gels 

and a round morphology on soft polyacrylamide gels, whereas ItgαV-KD cells 

were insensitive to changes in rigidity. Morphological changes are facilitated by 

reorganization of the cytoskeleton which alters the elastic properties of cells 

(Solon et al. 2007). When the elasticities of control and ItgαV-KD cells on stiff 

surfaces were measured, ItgαV-KD cells were found to be significantly softer 

than control cells, suggesting that they were incapable of responding to 

mechanical cues (Figure 6B in II). A similar mechanosensory defect was also 

verified for talin-1-KD cells, but not for FAK- or ILK-KD cells (Figure 6F in II). 

Therefore, reduced signalling via FAK or ILK by itself would not explain the 

defects observed in ItgaV-KD cells. However, as talin was essential for 

transduction of mechanical signals, it might contribute to the loss-of-function 

phenotype of αV-integrins. 
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5.3 Laminin- and collagen-binding integrins regulate distinct 

complementary processes that control apical lumen-formation 

in MDCK cells (I) 

Integrins and their ECM-ligands of the BM guide apicobasal polarization during 

epithelial morphogenesis. β1-integrins and laminins regulate the orientation of 

cell polarity and apical lumen formation during cystogenesis of MDCK cells. The 

aim of this study was to utilize the MDCK cyst model to systematically dissect 

the roles of specific integrin chains that form laminin- and collagen-binding 

interins in these processes.  

5.3.1 Integrins are differentially utilized to ensure lumen formation in 
type I collagen- and basement membrane-composed 
extracellular matrices 

We utilized the Itg-KD cell lines of laminin- and collagen-binding integrins α3β1, 

α6β4 and α2β1 that are likely to regulate BM-interactions in MDCK cells. 

Control and Itg-KD cells were embedded in 3D Col-I gels and cultured for 10 

days, during which the parental MDCK cells formed polarized lumen-enclosing 

cysts. Cyst phenotypes were characterized based on criteria that normal cysts 

contain a dilated circular lumen positive for apical membrane marker Podxl and 

delineated by a single layer of epithelial cells as visualized by actin- and nuclei-

staining (Figure 2A in I). Control cells as well as Itgα3-KD and Itgα6-KD cells 

formed normal cysts at a ~80% frequency (Figure 2B in I). Conversely, a majority 

of Itgα2-KD, Itgβ1-KD and Itgβ4-KD cysts lacked organized epithelial 

architecture and formed misshapen lumenless cell aggregates with apical markers 

mislocalized to the basal ECM-contacting membrane surface.  These results 

suggest that collagen-binding α2β1-integrin is essential for the orientation of cell 

polarity in 3D Col-I. As cell adhesion and spreading on 2D Col-I is α2β1-

dependent (Figure 1 and S2 in I), integrin α2β1 is likely to trigger orientation of 

cell polarity by mediating the initial contact between the cells and the 

extracellular matrix. Surprisingly, although integrin α6 and β4 form a single 

heterodimer in MDCK cells, their silencing resulted in different phenotypes, 

suggesting that the β4 subunit but not the α6 subunit is required for orientation of 

cell polarity. Similarly, silencing of integrin β4 but not integrin α6 reduced the 

spreading of single cells on 2D Col-I (Figure 1 and S2 in I). These non-

overlapping phenotypes indicate a complex non-linear relationship between the 
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functions of the α6- and β4-integrin subunits that cannot be explained by their 

role as heterodimers. 

Supplementation of exogenous laminin can partially rescue the inverted 

polarity of cysts in which the function of β1-integrins is blocked (Yu et al. 2005). 

We cultured different Itg-KD cells in 3D BME gels rich in laminin to test whether 

exogenous laminin supplementation would similarly reverse the inversion of 

polarity observed in specific Itg-KD cell lines. The Itgα2-KD and Itgβ4-KD 

phenotypes were fully rescued in the 3D BME gels. Conversely, Itgβ1-KD cells 

formed cysts where lumen formation was severely abrogated and many small 

rudimentary lumens were observed (Figure 2A in I). However, apical markers 

were effectively cleared away from the basal ECM-contacting membrane, thereby 

restoring basal identity. To verify whether integrin α6β4 migth compensate for 

the ECM-derived cue in Itgβ1-KD cells to facilitate basal clearance of apical 

membrane proteins, we introduced β1-integrin function blocking antibodies into 

control and Itgβ4-KD cells cultured in 3D BME (Figure 2C in I). The addition of 

β1-function-blocking antibodies to the control cells led to a phenotype 

comparable to Itgβ1-KD cells in 3D BME gels. In Itgβ4-KD cells addition of β1-

integrin function-blocking antibodies led to the formation of cysts with inverted 

polarity with ECM-facing apical surfaces, suggesting that either β1- or β4-

integrins may facilitate clearance of apical proteins from the basal surface domain 

in 3D BME gels. Curiously, Itgα3-KD cells that had formed normal cysts in 3D 

Col-I gel now formed cysts with multiple rudimentary lumens similar those 

observed in Itgβ1-KD cysts in 3D BME gels (Figure 2 A in I). However, Itgα3-

KD cells had a more polarized cuboidal appearance and formed larger lumen 

compartments compared to Itgβ1-KD cells. Taken together, these results suggest 

that while both α2β1 and β4-integrins promote acquisition of basal membrane 

identity in 3D Col-I, either β1- or β4-integrins alone may do so in 3D BME. 

5.3.2 Integrin-mediated basal cue for the establishment of basal-
identity proceeds via Rac1-induced antagonism of RhoA 

β1-integrins activate the small GTPase Rac1 to direct basal laminin assembly, 

which is required for the orientation of cell polarity in 3D Col-I (Yu et al. 2005, 

Yu et al. 2008). Orientation of polarity downsream of laminin assembly has been 

suggested to be independent of Rac1-activation (O'Brien et al. 2001). To confirm 

this we induced expression of  a dominant negative (DN) mutant form of Rac1 

(Rac1T17N-Tet-Off) in both 3D Col-I and BME cell cultures by withdrawal of 
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doxycycline. Rac1-DN perturbed orientation of polarity also in 3D BME (Figure 

S3 in I), pointing towards a more general Rac1-dependency for the integrin-

mediated basal cue. When Rac1 activation is artificially enforced by expression of 

the dominant active (DA) form, the requirement of β1-integrins in 3D Col-I is 

overcome (Yu et al. 2005). We expressed Rac1-DA (GFP-Rac1G12V) in Itgα2-KD 

and Itgβ1-KD cells cultured in 3D Col-I gels to verify whether this would rescue 

the inversion of polarity. Although Rac1-DA expression severely disturbed lumen 

morphogenesis of the control cells, the identity of the basal surface domain was 

rescued in Itgα2-KD and Itgβ1-KD cells as visible by absence of apical markers 

and consistent deposition of laminin to the matrix-exposed periphery of the cyst 

(Figure 4A-B in I). These results suggest that localized activation of Rac1 by 

integrins is likely to confer basal identity, but systemic activation by 

overexpression of Rac1-DA leads to the perturbation of lumen morphology. 

Rac1 activity is required for alleviation of the RhoA/ROCK-kinase/myosin II 

induced contractility at the basal-associated actin-cytoskeleton. Inhibition of the 

RhoA/ROCK/myosin II pathway counteracts effects of both β1-integrin function 

blocking and Rac1-DN to cystogenesis (Yu et al. 2008).  To confirm whether this 

involves the α2β1-heterodimer, we treated the Itgα2-KD and Itgβ1-KD cells with 

a ROCK-inhibitor (Y27632). We observed that ROCK-inhibition of Itgα2-KD 

and Itgβ1-KD cells indeed rescued the polarity and led to the formation of dilated 

lumens similar to the control cells (Figure 4C-D in I). These results suggest that 

in 3D Col-I gels, the collagen-binding α2β1-integrin is likely to induce Rac1-

dependent repression of the RhoA/ROCK/myosin II pathway, which relates to the 

acquisition of basal identity and the establishment of apical lumens. 

5.3.3 Integrin α3β1 directs orientation of the cell-division axis during 
apical lumen formation via hollowing 

Culture of MDCK cells in 3D BME gels promotes rapid polarization of cells that 

rely solely upon polarized vesicle transport to form lumens (Martin-Belmonte et 

al. 2008). We observed that Itgα3-KD cysts cultured in 3D BME frequently 

contained apoptotic cells in their lumens that were positive for cleaved caspase-3 

(Figure 3B in I). These apoptotic cells were significantly enriched in the lumens 

of both Itgα3-KD and Itgβ1-KD cysts compared to the control cells, which were 

mostly apoptosis-free (Figure 3C in I).  Upon prolonged culture we observed that 

Itgα3-KD cells were able to form larger lumens supposedly by eliminating 

luminal cells via apoptosis (Figure 3A). Indeed, when Itgα3-KD cells were 
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treated with an apoptosis-inhibitor (QVD-OPh) to block apoptosis, massive 

accumulation of cells to the lumens was observed (Figure 3D). These results 

suggest that in the absence of α3β1-integrins, lumens can form via cavitation. 

When the acquisition of cell polarity is delayed by silencing of the small 

GTPase Cdc42, a multiple lumen phenotype is observed (Martin-Belmonte et al. 

2007, Martin-Belmonte et al. 2008). Cdc42 has been linked directly to apical 

surface biogenesis and indirectly to the maintenance of apical lumens via control 

of the cell division axis, both of which contribute to the observed multiple lumen 

phenotype (Jaffe et al. 2008, Martin-Belmonte et al. 2007). Because the Itgα3-

KD phenotype closely resembled that of Cdc42, we analyzed angles of cell 

division in cysts by measuring the positions of post-metaphase nuclei from 3D 

confocal stacks (Figure 5A in I). Indeed, silencing of integrin α3 and β1 led to 

randomization of cell division angles (Figure 5B in I). These results indicate that 

misdirected cell divisions in Itgα3-KD and Itgβ1-KD cysts likely lead to an 

accumulation of cells into the lumen, thereby obstructing lumen-integrity. To 

establish whether there is a functional link between integrin α3β1 and Cdc42 

which would explain the observed phenotype, we examined whether silencing of 

α3- or β1-integrins affects the activity of Cdc42. To this end, we measured GTP-

loading of Cdc42 in Itgα3-KD and Itgβ1-KD cells (Figure 6B in I). Surprisingly, 

we observed a higher GTP-loading of Cdc42 in Itga3-KD cells. This suggests that 

α3β1 may instead repress the activity of Cdc42. In agreement, the expression of 

Cdc42-DA (GFP-Cdc42Q61L) in Itgα3-KD cells did not rescue the observed 

defects in lumen-formation and in fact also compromised the lumen integrity of 

the control cells (Figure 6A in I). However, the localization of Cdc42-DA in 

Itgα3-KD cells was altered to such a degree that it could be observed at the basal 

surface domain, while in the control cells it was restricted to the lateral and apical 

surface domains.  This correlated with an abnormally strong actin-staining at the 

basal cortex of Itgα3-KD cells, while in control cells a strong actin-staining is 

observed sub-apically, which may be related to the increased Cdc42 activity. 

These results suggest a putative role for integrin α3β1 in regulating localized 

inhibition of Cdc42 at the basal surface domain. 
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5.4 Integrin β4 is targeted to putative hemidesmosomes in the 

absence of integrin α6 and contributes to basement membrane 

laminin assembly (III) 

The discrepant loss-of-function phenotypes of integrin α6 and integrin β4 in 

cystogenesis led us to speculate that β4-integrin may have intrinsic α6-

independent functions. Here we further investigated the possibilities for the 

integrin α6-independent functions of integrin β4, including its biosynthetic 

trafficking to the PM and capacity to promote HD assembly and laminin 

organization to the BM. 

5.4.1 Integrin β4 supports basal laminin assembly in an integrin α6-
independent manner, but is not necessary for laminin secretion 

Because assembly of laminins to the ECM is essential for BM formation and has 

been shown to guide the orientation of cell polarity (O'Brien et al. 2001, Yu et al. 

2005), it is possible that the role of integrin β4 in regulating cystogenesis is 

inherent to its capacity to regulate laminin assembly. To characterize laminin 

adhesions formed by α6β4 and to distinguish between laminin-associated integrin 

β1-positive and α6β4-positive adhesions, we analyzed co-localization of integrins 

with laminins by immunofluorescence staining and confocal microscopy in 

confluent MDCK cells (Figure 1 in III). Integrin β4 co-localized with integrin α6 

at the basal cell membrane in parallel array-like structures (Figure 1A & B in III). 

The α6β4-positive areas and actin stress fibers appeared to be mutually exclusive, 

which is consistent with the known association of α6β4 with keratin filaments in 

HDs (Figure 1G in III). Distinct from integrin β4, integrins α6 and β1 could be 

visualized at the lateral cell membrane and co-localized with the cortical actin 

cytoskeleton (Figure 1G & H in III). Of the laminin isoforms expressed in MDCK 

cells, LN-332 had a more diffuse staining pattern compared to LN-511, which 

more clearly correlated with α6β4-positive array structures (Figure 1C & E in 

III). However, both laminins co-localized with α6β4-integrins in these putative 

HDs. Conversely, very little basal labelling was observed for β1-integrins. 

To study the relative roles of integrin α6 and integrin β4 in regulating laminin 

assembly at the basal cell surface we utilized the Itg-KD cell lines introduced in I. 

The efficiency of Itgα6-KD and Itgβ4-KD was confirmed by western 

immunoblotting and qPCR. We measured a better KD efficiency for integrin β4 

based on mRNA levels (75-80%) compared to the corresponding protein levels 
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(50-60%), while efficiency of Itgα6-KD was equally efficient at both mRNA and 

protein levels (75%) (Figure 2A & B in III). It is now generally understood that 

mRNA transcripts do not fatefully predict corresponding protein levels, which can 

be partially explained by translational and post-translational factors (Vogel & 

Marcotte 2012). It is possible that Itgβ4-KD is either exceptionally stable as a 

protein or is efficiently translated from a relatively small pool of mRNA 

transcripts. To study the contribution of α6- and β4-integrins in regulating the 

assembly of laminins to the mature BM, we labelled laminins in Itgα6-KD and 

Itgβ4-KD cells and visualized their basal organization (Figure 2C & D). Both 

laminin isoforms were deposited into parallel arrays in control and Itgα6-KD 

cells, coinciding with Itgα6-staining in control cells, whereas punctate laminin 

deposits that lacked organization were visible in Itgβ4-KD cells (Figure 2B & C 

in III). To verify how much of the observed defects can be explained by 

differences in laminin secretion we isolated secreted proteins from the medium 

and ECM of control and Itgβ4-KD cells and probed for laminins by western 

immunoblotting. No difference in the abundance of ECM laminins between 

Itgβ4-KD cells and control cells could be observed (Figure 3 A & B in III). The 

same conclusion was made based on immunofluorescence staining of ECM-

laminins in non-permeabilized control and Itgβ4-KD cells (Figure 3C & D in III). 

These results suggest that integrin β4 may be competent in supporting laminin 

assembly to the BM without affecting laminin secretion. 

5.4.2 Integrin β4 contributes to cell spreading on Col-I independently 
of integrin α6, while both subunits contribute to cell spreading 
on laminin-511 

To analyze the contributions of α6- and β4-integrins to laminin adhesion, we 

analyzed spreading of KD and control cells on exogenous laminins by live cell 

imaging. To assess whether α6β4-integrins contribute to cell spreading on non-

laminin-containing ECMs possibly by regulating matrix assembly, we also 

studied spreading of control and KD cells on Col-I substrate. MDCK cells 

responded poorly to recombinant LN-332 (data not shown), which was therefore 

omitted from the analysis. The onset of cell spreading of Itgα6-KD and Itgβ4-KD 

cells was slightly delayed compared to the control cells, which may be due to a 

lowered laminin-binding capacity (Figure 4A in III).  Itgα6-KD and Itgβ4-KD 

cells also spread more slowly on LN-511 relative to the control cells (Figure 4C 

in III). Contrary to Itgα6-KD cells, Itgβ4-KD cells also displayed reduced 
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spreading kinetics on Col-I, although both Itgα6-KD and Itgβ4-KD cell lines 

initiated spreading without delay (Figure 4A & B in III). These results suggest 

that integrin β4 is required for sustained MDCK cell spreading on Col-I substrate 

independently of integrin α6.  

Cell spreading is mediated by localized remodeling of the actin cytoskeleton 

via cell-ECM adhesions. Turnover of lamellipodial protrusions and contractile 

actin stress fibers is required for advancement of the cell edge during both cell 

spreading and cell migration. We analyzed the distribution of these actin-rich 

structures in Itgα6-KD and Itgβ4-KD cells relative to control cells by staining of 

filamentous actin. The percentage of cells with well-resolved actin stress fibers 

and lamellipodia was reduced in Itgβ4-KD cells relative to control and Itgα6-KD 

cells spreading on Col-I substrate (Figure 4D in III). Contrary to control and 

Itgα6-KD cells, Itgβ4-KD cells lacked lamellipodia and stress fibers appeared to 

be condensed into a single bundle directly adjacent to the cell edge (Figure 4F & 

G in III). However, when plated on LN-511 substrate, Itgβ4-KD cells displayed 

normal subcellular distribution of these structures (Figure 4E-F & H in III). 

According to these observations the role of integrin β4 in cell spreading is 

reflected in the organization of the actin cytoskeleton specifically on Col-I 

substrate. 

5.4.3 Integrin β4 exists as heterodimeric and integrin α6-independent 
full-length and truncated C-terminal forms 

Integrins α6 and β4 form a single heterodimer with each other in MDCK cells 

(Schoenenberger et al. 1994). To exclude the possibility of other heterodimers 

being formed and to investigate the heterodimeric ratios of integrin α6 and β4, we 

immunoprecipitated integrins α6 and β4 from steady state metabolically labelled 

cells and visualized the SDS-PAGE resolved immunoprecipitated proteins by 

autoradiography (Schoenenberger et al. 1994). In integrin α6-

immunoprecipitations we detected two bands corresponding to the expected 

molecular weights for integrin α6 (120kDa) and β4 (200kDa) (Figure 5A in III). 

In addition to these two bands, an additional ~150kD band was visualized in 

integrin β4-immunoprecipitations (Figure 5A in III). To confirm the identity and 

specificity of the observed bands, we performed the same immunoprecipitations 

from Itgα6-KD and Itgβ4-KD cell lysates. The KDs reduced the intensity of the 

bands expected to represent the corresponding integrin (Figure 5B & C in III). 

Notably, no additional bands appeared upon KD of either integrin subunit, 
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suggesting the specificities of heterodimer formation are not altered in these 

conditions. Integrin β4 co-precipitated with integrin α6 at the expected 

heterodimeric ratio of 1:1 whereas integrin α6 co-precipitated with integrin β4 at 

a much lower ratio, suggesting that only a fraction of total integrin β4  forms a 

heterodimer with integrin α6 (Figure 5A in III). These results suggest that a large 

integrin α6-free pool of integrin β4 exists at steady state in MDCK cells. To 

examine how much of this integrin β4 occupies the ER, we treated 

immunoprecipitations with endoglycosidase-H, which specifically cleaves N-

linked sugars of ER-bound proteins, thereby changing their mobility in SDS-

PAGE. Upon endoglycosidase-H treatment, a faster migrating band of integrin β4 

was observed confirming the existence of and ER resident pool of integrin β4 

(Figure 5G in III). Although the quantity of the ER form was seemingly 

unaffected by Itgα6-KD, the mature form appeared to be reduced. 

To identify the unknown protein that migrated at ~150kD along with other 

components in integrin β4 -immunoprecipitations, we analyzed the excised 

coomassie-stained bands by mass spectrometry (Figure 5D & E in III). The band 

corresponded to sequences mapping to the C-terminal portion of integrin β4 and 

as it was immunoprecipitated with an antibody against the C-terminus of integrin 

β4, it is likely a truncated form that lacks parts of the ectodomain. A C-terminal 

product of the observed size could result from extracellular proteolysis catalysed 

by MMPs, as has been previously reported (Pal-Ghosh et al. 2011, von Bredow et 

al. 1997).  To test whether MMPs are involved in the processing of integrin β4 in 

MDCK cells, we treated cells in culture with increasing concentrations of a 

general MMP-inhibitor (GM6001) and studied its effects upon the C-terminal 

form by SDS-PAGE and western immunoblotting (Figure 5F in III). The C-

terminal form was sensitive to the treatment, suggesting that it is likely to be 

produced by MMP-cleavage. These results suggest that integrin α6 forms a single 

heterodimer with integrin β4, but integrin β4 is also found as full-length and 

truncated C-terminal forms that do not associate with integrin α6, hereafter 

referred to as integrin β4-FL and integrin β4-C, respectively. 

5.4.4 Integrin α6 and integrin β4 can be targeted to the plasma 
membrane independently of each other and β4 can contribute 
to basal laminin assembly without α6  

To accommodate the integrin α6-independent function of integrin β4, it is 

reasonable to expect that integrin β4 should be able to mature and be transported 
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to the PM in the absence of integrin α6. To study the surface expression of α6- 

and β4-integrins we immunoprecipitated them from surface biotinylated control 

and KD cells then separated the immunoprecipitations by SDS-PAGE followed 

by detection of biotinylated proteins from western blots as previously described 

(Davis et al. 2001). To confirm the specificity of surface labelling, biotinylated 

proteins were captured by streptavidin precipitation and separated in SDS-PAGE 

followed by western immunoblotting of both cytosolic (β-tubulin) and PM 

proteins (E-cadherin) relative to whole cell lysates (Figure 6A in III). E-cadherin 

was detected in both avidin-precipitations and whole cell lysates while β-tubulin 

was only labelled from the whole cell lysate, confirming that membrane proteins 

are specifically biotinylated. Relative to the control cells, approximately half the 

integrin β4-FL and close to normal levels of integrin β4-C were detected at the 

surface of Itgα6-KD cells, suggesting that integrin β4 may indeed enter the 

secretory pathway to the PM in the absence of integrin α6 (Figure 6C in III). 

Surprisingly, the surface levels of integrin α6 and integrin β4-FL in Itgβ4-KD 

cells, where expression of total integrin β4 is reduced more than 50% by both KD 

constructs, were retained at control levels (Figure 6B & C in III). However, 

integrin β4-C was significantly reduced, suggesting that while Itgβ4-KD cells 

retain cell surface expression of the heterodimer, the truncated form is lost. 

Interestingly, Itgα6-KD and Itgβ4-KD cells displayed opposite cell surface 

expression profiles to the different forms of integrin β4, which may underlie the 

observed loss-of-function phenotypes. 

To more conclusively address whether heterodimerization is a prerequisite for 

the cell surface expression of  integrin α6 and integrin β4, we generated total KOs 

of both integrins by utilizing the clustered regularly interspaced short palindromic 

repeats/CRISPR-associated protein 9 (CRISPR/Cas9) technology incorporated 

into a lentivirus vector as previously described (Shalem et al. 2014). Two 

independent gRNA target sequences were chosen from exons 2 and 4 of ITGA6 

and ITGB4, respectively. KO cells were generated by lentivirus infection, 

followed by puromycin selection and screening of clonal cell lines for loss of 

protein expression and presence of gene editing (Figure S2 in III). We assessed 

the surface expression of integrin α6 and integrin β4 in control and KO cells by 

surface biotinylation and immunoprecipitation as described above. Itgα6-KO 

cells expressed 20-30% of β4-FL and 80% of β4-C at the cell surface relative to 

control cells, but of the two different gRNA-expressing KO cell lines, Itgα6-KO1 

expressed relatively more of β4-FL (Figure 6E in III). Strikingly, Itgβ4-KO cells 

expressed equal to control levels of integrin α6 at the cell surface (Figure 6D in 
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III).  No additional bands were visible, suggesting that both integrins may be 

transported to the cell surface as single subunits. 

To analyze whether the putative single subunit integrins could be targeted to 

cell-ECM adhesions, integrins α6 and β4 were visualized by total internal 

reflection fluorescence (TIRF) microscopy in control and KO cells (Figure 6 F & 

G in III). Although integrin α6 was expressed at the surface of Itgβ4-KO cells, 

their targeting to the basal membrane was integrin β4-dependent as only faint 

background labelling was visible in TIRF-images (Figure 6F in III). Based on 

confocal microscopy, the surface expression of integrin α6 in these cells was 

restricted to the lateral cell-cell contacting membrane domain.  Conversely, 

surface expression of integrin β4 in Itgα6-KO cells could be visualized at the 

basal surface domain at putative HDs that correlated with the LN-511 staining in 

TIRF-images (Figure 6G in III). However, only the Itgα6-KO1 cell line, which 

expressed relatively more of integrin β4-FL at the cell surface, displayed 

localization of integrin β4 to putative HDs (Figure 6G in III). Both Itgα6-KO cell 

lines however, displayed normal organization of LN-511 to the BM relative to 

Itgβ4-KO cells where LN-511 organization was abolished (Figure 6F & G in III). 

These results suggest that integrin β4 may possess an intrinsic capability to 

promote laminin assembly. However, further studies are required to establish 

whether the putative HDs visualized in Itgα6-KO cells are competent in 

mediating laminin anchorage. 
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6 Discussion 

6.1 MDCK cell contractility in response to mechanosensing 

requires cooperation between β1- and αV-integrins (II) 

We discovered that αV-integrins contribute to mechanotransduction at α2β1-

integrin based FAs formed on Col-I since ItgαV-KD cells failed to reinforce and 

facilitate cytoskeletal coupling to FAs, leading to defective adaptation of MDCK 

cells in response to ECM rigidity. None of the heterodimer partners of integrin 

αV replicated the loss-of-function phenotype of integrin αV, suggesting that 

different αV-heterodimers may perform this task redundantly. αV- and β1-

integrins are known to cooperate in FN adhesion and rigidity sensing, but both 

αV- and β1-heterodimers are assumed to co-localize to FAs and serve their 

relative functions via ligand-binding activities. In such conditions, α5β1 provides 

the bulk adhesive strength, whereas αVβ3 integrin facilitates 

mechanotransduction (Roca-Cusachs et al. 2009). Based on further 

characterization of the tasks of these integrin in fibroblasts, α5β1 generates force 

by stimulating myosin II activity, while αVβ3 promotes structural adaptation to 

force by mediating nucleation of actin stress fibers, both of which contribute to 

mechanotransduction (Schiller et al. 2013). In MDCK cells αV-integrins are 

uniquely required for adhesion to FN whereas the role of integrin α5β1 is 

negligible, since KD of the α5 or β1 chain did not affect FN adhesion and based 

on our qPCR analysis very little α5 integrin is expressed. 

In our model system αV-integrins cooperate with β1-integrins to mediate 

mechanotransduction on ligands other than FN, but it is unclear how or whether 

αV can be recruited to FAs in the absence of its ligand, because αV-integrins did 

not contribute to binding of Col-I in our experiments. Moreover, recombinant 

integrin αV-mRFP was not visibly recruited to FAs formed on Col-I. However, 

we cannot rule out that even in the short time-scale of our analysis, endogenous 

deposition of FN and incorporation to the underlying Col-I substrate facilitates 

recruitment of αV-integrins to the FAs, thereby supporting their activities. αV-

integrins also bind multiple ligands other than FN that might engage αV-integrins 

(Figure 9). In the absence of any significant contribution to cell adhesive strength, 

αV-integrin-mediated mechanical signals may still be necessary for FAs to sense 

force. Indeed, even small numbers of ligand-bonds by αVβ3 may be sufficient to 

support mechanical signal transduction while α5β1-integrins provide the adhesive 
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function (Roca-Cusachs et al. 2009). αV− and β1-integrins are likely to have 

different bond dynamics, allowing cells to generate internal traction forces at 

different ECM rigidities (Elosegui-Artola et al. 2014). Sufficient force must be 

applied by the individual integrin-ligand bonds to trigger the 

mechanotransduction processes on a rigid surface. Concomitantly a counter force 

needs to be provided by the cell-intrinsic actomyosin machinery, which might be 

differentially stimulated by αV- and β1-integrins (Schiller et al. 2013). αV and 

β1-integrins may also show differences in how actin binding proteins that regulate 

the reinforcement of the cytoskeletal linkage between integrins and actin 

filaments bind (Roca-Cusachs et al. 2013). The combined external and internal 

forces lead to the conformational unwinding of mechanosensitive proteins in the 

FA, triggering signals and recruiting more proteins (Schiller & Fassler 2013). Any 

obstruction in this force transmission chain might lead to loss of traction and cell 

contractility. Rescue experiments with ligand-binding deficient mutant forms of 

αV-integrin would allow us to determine whether ligand-binding by αV-integrins 

is required for its role in mechanotransduction. Furthermore, blocking the binding 

of αV-integrins to insoluble ECM-ligands such as FN with an RGD-peptide 

might indicate whether αV-integrins serve as mechanoreceptors in our 

experimental setup. 

We found that recruitment of multiple signalling and adaptor proteins to FAs 

in ItgαV-KD cells similar to Itgβ1-KD cells was abrogated, but we could not 

establish a clear hierarchy. ILK, FAK and talin1 were required for the spreading 

of MDCK cells, but based on these findings a direct causal link to the integrin 

αV-related loss-of-function defect cannot be established. Our studies support 

previous findings that cytoskeletal linkage of integrins and mechanotransduction 

at FAs is mediated by talin (Roca-Cusachs et al. 2009, Zhang et al. 2008). Talin 

regulates inside-out integrin activation (Calderwood et al. 1999) but is more 

likely to support integrin clustering and FA-assembly in adherent cells (Ellis et al. 

2014). As recruitment of talin is an early step in FA-assembly and is required for 

clustering of integrins, ItgαV-KD cells may fail to support talin recruitment, 

which would explain the low number of FAs observed.  Similar to what we 

determined for αV-integrins in our experimental setup, talin is also not required 

for initial cell adhesion in fibroblasts (Zhang et al. 2008), which is consistent with 

this hypothesis. As β1-integrins are capable of interacting with talin (Calderwood 

et al. 1999), KD of αV might affect the capacity of β1 integrins to support talin-

binding. Such a mechanism might involve αV-mediated signalling that modifies 

the binding properties of the integrin β1 tail itself, which is mediated by 
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phosphorylation (Legate & Fässler 2009). Analysis of the phosphorylation status 

of the β1-integrin tail would allow us to determine whether β1-integrins are 

differently regulated in ItgαV-KD cells. αV-integrins might also induce 

signalling via protein kinases that regulate other FA components by 

phosphorylation (Zaidel-Bar & Geiger 2010). An example of this is the function 

of syndecan-4 as a co-receptor that stimulates activation of protein kinase C 

(PKC) by binding to the heparin-binding domain of FN, which is required for the 

formation of α5β1-mediated FAs on FN (Mostafavi-Pour et al. 2003). The PKC 

in turn regulates maturation and mechanotransduction at FAs via Rho GTPases 

(Bass et al. 2008, Pasapera et al. 2015). The integrin β tails also support binding 

of trafficking factors, which may provide an alternative mechanism for integrin 

regulation. Indeed, ligand-binding and rapid recycling of αVβ3 indirectly affects 

trafficking and surface exposure of α5β1 (White et al. 2007). We were unable to 

detect differences in the steady state surface exposure of α2β1-integrin upon KD 

of αV, but this does not exclude the possibility that turnover of α2β1 may be 

altered. Additional experiments to study the trafficking of αV- and β1-integrins 

might shed some light on how they interact.  

6.2 Integrins α2β1 and β4 transmit ECM-derived cues to guide 

orientation of apicobasal cell polarity (I) 

Orientation of apicobasal polarity is directed by reciprocal signalling between 

epithelial cells and the ECM, which guides the establishment of apical lumens. 

Studies in MDCK cells have suggested that β1-integrins contact the ECM and 

induce an Rac1-mediated basal cue to direct polarized deposition of laminin to the 

ECM and to initiate laminin assembly via laminin receptors (O'Brien et al. 2001, 

Yu et al. 2005). Laminin-derived signals are then required for the correct 

orientation of apicobasal polarity and establishment of apical lumens. The identity 

of the β1-integrin heterodimers and ECM molecules that control the orientation of 

cell polarity has not been precisely defined. Our studies specify that the basal cue 

that guides orientation of polarity in MDCK cells is mediated by α2β1 and β4 

integrins when cells are cultured in a 3D Col-I gels. The role of integrin α2β1 is 

likely to contact the underlining ECM and to activate Rac1, while the role of 

integrin β4 might be to regulate the assembly of laminin to the ECM. The role of 

integrin β4 in this process seemed to be independent of integrin α6, which is 

controversial as α6 integrin is the only heterodimer partner of β4. Based on this 
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evidence we can only conclude that integrin β4 has an intrinsic function unrelated 

to its role as the α6β4 heterodimer.      

Exogenous laminin supplementation partially reverses the inversion of 

polarity in Itgβ1-KD cysts by clearing the apical proteins from the ECM-facing 

exterior of the cyst. Only when both α6β4 and β1-integrins were simultaneously 

inhibited, a total inversion of polarity was observed. It is therefore possible that in 

Itgβ1-KD cells α6β4 may regulate recognition of the BME by its laminin 

components, leading to the observed partial rescue of the Itgβ1-KD phenotype. 

However, as the Itgβ1-KD cysts are still grossly abnormal with disrupted lumen 

morphology and organization of apicobasal polarity, the fact that basal surfaces 

are cleared from apical proteins does not suggest that polarity is properly 

oriented. Indeed, apical cargo containing vesicles need to be targeted to the 

correct membrane domain, which requires β1-integrin mediated ILK signalling to 

establish apicobasal orientation of non-centrosomal microtubules as described in 

mammary epithelial cells (Akhtar & Streuli 2013). It is likely that different 

integrin-mediated signals regulate the recognition of the underlying ECM first, 

leading to endocytosis of apical proteins from the exterior of the cysts and their 

transport to the apical surface second, but it is unclear whether both of these 

events are strictly β1-integrin dependent. Indeed, we show that the first step can 

be mediated solely by α6β4. 

Rac1 activation is not required when MDCK cells are already in contact with 

a BM rich in laminin (O'Brien et al. 2001). Contrary to previous evidence we find 

that Rac1 activation is also essential for orientation of polarity in an ECM 

composed of BM components. The role of Rac1, however, is cell-type specific as 

orientation of polarity in mammary epithelial cells is independent of Rac1-

activation (Akhtar & Streuli 2013). In MDCK cells it is possible though that Rac1 

serves as a more general adhesion-dependent cue that confers basal identity, 

whereby cells adhering to different types of ECMs may orient polarity. Forced 

activation of Rac1 rescued the inversion of polarity in Itgβ1-KD and Itgα2-KD 

cysts in 3D Col-I to the same extent as observed in Itgβ1-KD cells cultured in 3D 

BME. It is possible that a similar rescue would also occur in cysts cultured in 3D 

BME upon inhibition of both β1- and α6β4 integrins as orientation of polarity in 

these conditions was also Rac1-dependent. Integrin α6β4 can interact with Rac1 

and contribute to its activation and might therefore also contribute to orientation 

of polarity by a Rac1-dependent mechanism (Hamill et al. 2009, Hamill et al. 

2011, Sehgal et al. 2006). It is likely that the loss of cell adhesion upon KD of 

α2β1 integrins in 3D Col-I  and both α2β1 and α6β4 integrins in 3D BME might 
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effectively convert the basal surface domain into a free surface where apical 

proteins are stabilized leading to the observed inverted polarity phenotype (Wang 

et al. 1990a, Wang et al. 1990b). This stabilization is dependent on high 

signalling activity of RhoA and ROCK1 that activates ezrin at the basal domain 

allowing it to bind Podxl and Na(+)/H(+) exchange regulatory cofactor NHE-RF1 

(NHERF1) (Bryant et al. 2014, Yu et al. 2008). Integrin-mediated destabilization 

of this complex is dependent on FAK signalling to recruit Rho-GAPs basally to 

inhibit RhoA activaty (Bryant et al. 2014). Our studies link the function of α2β1-

integrin with this mechanism as the inversion of polarity in Itgβ1-KD and Itgα2-

KD cells could be fully rescued by inhibition of ROCK1. However, in 

submandibular salivary glands RhoA/ROCK1-signalling is required for 

specification of the basal surface domain and BM-positioning, suggesting that the 

role of RhoA is also cell type specific (Daley et al. 2012, Yu et al. 2008). 

Contrary to our findings Bryant and co-workers (2014) propose that both 

α2β1- and α3β1-integrins are uniquely required for switching the orientation of 

cell polarity from an inverted and front-to-rear type (partially inverted) into an 

apicobasal type during cystogenesis in 3D BME culture. The authors however 

noted the absence of cysts with fully inverted polarity, such as observed when β1-

integrins are blocked in 3D Col-I culture, and instead described the prevalence of 

the so-called front-to-rear polarized, partially inverted phenotype. As our analysis 

focused on mature cysts at day 7 in 3D BME, we cannot rule out the presence of 

such intermediate phenotypes earlier during cystogenesis, but can conclude that 

these phenotypes do not persist. The roles of integrins in mediating different 

cellular processes during orientation of cell polarity are still somewhat unlclear. 

To more precisely define the dependencies, independencies and redundancies of 

different integrin heterodimers, double KD cell lines where different integrin 

subunits are simultaneously inhibited could be utilized. The absolute requirement 

for laminin in regulating orientation of polarity in the MDCK cell model is based 

solely on the fact that it rescues the inversion of polarity caused by Rac1-DN and 

β1-integrin function blocking (O'Brien et al. 2001, Yu et al. 2005). Loss-of-

function studies targeting specific laminin isoforms would also be beneficial in 

understanding how cells regulate endogenous BM assembly and which of these 

components are central to the establishment of apicobasal polarity.  
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6.3 Integrin α3β1 guides symmetric cell divisions to regulate 

maintenance of apical lumens (I) 

Lumens in MDCK cells can be formed by two different mechanisms: either by 

hollowing or by cavitation (Figure 3), depending on the rate of cell polarization to 

cell proliferation (Martin-Belmonte et al. 2008). These mechanisms can be 

differentially utilized depending on ECM conditions. Interestingly, although 

Itgα3-KD cells formed cysts with normal lumens in 3D Col-I culture, they failed 

to do so in 3D BME culture. Instead, Itgα3-KD cells formed multiple small 

lumens similar to Itgβ1-KD cells in these conditions. Cells in collagenous ECM 

first deposit and organize an endogenous BM that then serves as a cue for the 

outer layer of cells in a cluster to orient apicobasal polarity, upon which lumens 

are formed by cavitation. In the presence of BMs, cells aquire apicobasal polarity 

more rapidly and lumens are formed by a hollowing mechanism. This process 

may be selectively regulated by α3β1 integrins. In the absence of α3-integrins we 

observed that lumen formation was compensated by cavitation as evident by the 

presence of apoptotic cells in the lumens of Itgα3-KD cysts. Upon prolonged 

culture apoptosis contributed to the formation of more dilated lumens in Itgα3-

KD cells.  

Simple epithelial cells divide symmetrically in order to maintain a central 

positioning of the lumen during hollowing (Overeem et al. 2015). This is 

established by orientation of the mitotic spindle perpendicular to the apicobasal 

axis via anchorage of astral microtubules to the lateral cell cortex (Hao et al. 

2010, Zheng et al. 2010). Moreover, apical positioning of the midbody during 

cytokinesis serves as the site where the apical surface domain is established upon 

abscission (Jaffe et al. 2008). We observed that misoriented cell divisions 

significantly contributed to the multilple lumen phenotype of Itgα3-KD and 

Itgβ1-KD cells in 3D BME. A similar phenotype has been previously described 

upon loss of Cdc42-signalling and involves defective lumen biogenesis and loss 

of symmetric cell divisions (Jaffe et al. 2008, Martin-Belmonte et al. 2007). 

Precise control of Cdc42 cortical activity is required for symmetric cell divisions 

(Jaffe et al. 2008, Qin et al. 2010, Rodriguez-Fraticelli et al. 2010). Our results 

indicate that α3β1-integrins may serve to antagonize activation of Cdc42, thereby 

providing a basal exclusion mechanism as Cdc42 is normally activated at the 

apical surface domain (Martin-Belmonte et al. 2007). This might involve 

recruitment of factors such as Cdc42-specific GAPs to α3β1-mediated adhesions. 

In conclusion, our results describe a specific role for the laminin-binding α3β1-
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integrin: it guides symmetric cell divisions, which is essential for single lumen 

formation. This defect can be compensated by integrin α2β1 and β4 mediated 

signals that trigger apicobasal polarization during cavitation. These results 

suggest that different sets of integrins can regulate lumen formation via two 

distinct mechanisms depending on ECM conditions (Figure 10). 

 

Fig. 10. Role of integrins in orientation and maintenance of apical lumens. Collagen-

binding α2β1 is required for cell adhesion to the 3D Col-I ECM to induce Rac1-

mediated basal laminin assembly together with β4-integrins.  In the absence of these 

integrins apical proteins are not cleared from the ECM-facing surface, laminin (LN) 

assembly is defective and the lumen does not form. In 3D BME, α3β1 is required to 

maintain the apical lumens by guiding the symmetric cell divisions. Lack of α3β1 

leads to the formation of multiple lumens. Adapted from Aki Manninen (2015). 
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6.4 Integrin β4 is targeted to putative hemidesmosomes and 

supports basememt membrane laminin assembly 

independently of integrin α6 (III) 

Our previous studies (I) indicated that integrin β4 may regulate orientation of 

polarity during MDCK cystogenesis independently of the integrin α6 subunit. As 

orientation of cell polarity depends upon deposition and assembly of laminin to 

the cell-ECM interface (O'Brien et al. 2001, Yu et al. 2005), an obvious 

assumption is that integrin β4 contributes to these processes during cystogenesis. 

Indeed, the integrin β4 loss-of-function phenotypes in both cystogenesis (I) and 

cell spreading (III) seemed to be alleviated in the presence of exogenous laminins. 

Previous studies show that β1-integrins do not contribute to the secretion of 

laminin chains in MDCK cells (Yu et al. 2005). Our data indicates that α6β4 

integrin subunits are also dispensable for laminin secretion. However, integrins 

are more likely to regulate laminin assembly by promoting polymerization of 

laminins at the cell surface (Colognato et al. 1999, Li et al. 2005b, McKee et al. 

2007, McKee et al. 2009). Previous evidence supports that β1-integrins are 

required for assembly of laminin to the cell-ECM interface during MDCK 

cystogenesis in 3D Col-I culture (Yu et al. 2005). It remains unclear whether β1-

integrins both specify the site at which laminin should be deposited and actively 

participate in its assembly. Contribution of other laminin-binding receptors, such 

as integrin α6β4, cannot be ruled out. Indeed, we observed that integrin α6β4 

more strongly colocalized with both laminin isoforms LN-332 and LN-511 in 

polarized MDCK cells. However, as the expression of these isoforms does not 

temporally overlap during cell polarization, they may differentially contribute to 

BM assembly and be differentially engaged by β1 and α6β4 integrins (Greciano 

et al. 2012, Mak et al. 2006, Moyano et al. 2010). 

We observed that the integrin β4 subunit was synthesized in excess over the 

α6 subunit and exhibits distinct heterodimeric and α6-free pools, including a 

truncated C-terminal proteolysis product. Previous studies suggest that integrins 

α6 and β4 may also be expressed in non-stoichiometric quantities at the PM 

(Sonnenberg et al. 1990). Indeed, our data suggests that integrin β4 can occupy 

the PM in the absence of integrin α6, suggesting that integrin β4 may enter the 

secretory pathway and be targeted to the PM as a monomer. However, we 

observed that of the two KO cell lines, Itgα6-KO2 cells expressed less of the full 

length form of β4 relative to the Itgα6-KO1 cells at the cell surface. Early studies 

suggest that the maturation of integrin β4 is dependent on its association with α6, 
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but these results are based on pulse-chase experiments with an antibody directed 

against integrin α6 (Sonnenberg et al. 1988). Our results show that integrin α6 

was also targeted to the PM in the total absence of integrin β4. However, it is 

possible that integrin α6 forms a heterodimer with integrin β1 in these conditions 

which facilitates its maturation. Formation of α6β1 could not be observed either 

in Itgβ4-KD or KO cells, but this needs to be further confirmed. A double KO cell 

line where both β4 and β1 integrins are depleted would allow us to determine 

whether the β4-independent surface expression of α6 is dependent on its 

heterodimerization with integrin β1. Itgβ4-KD cells that show 40-50% residual 

expression of the protein retain normal levels of the heterodimeric form of 

integrin β4 at the cell surface, which might contribute to the observed loss-of-

function phenotypes. Further characterization of the Itgβ4-KO cells is required to 

verify the results obtained with the KD system. 

Our studies indicated that integrin β4 by itself may be sufficient in regulating 

the assembly of laminins to the mature BM. Integrin β4 was essential for the 

arrangement of laminins into parallel array structures adjacent to the basal cell 

surface. These structures may represent type II HDs as described in other simple 

epithelial cells (Uematsu et al. 1994), but their composition needs to be further 

characterized by demonstrating the presence of other HD components such as 

plectin. These putative HDs formed normally in Itgα6-KO cells, suggesting that 

integrin α6 is not required for their formation. In contrast, formation of classical 

type I HDs in the epidermis is known to be dependent on both integrin subunits 

(Dowling et al. 1996, Georges-Labouesse et al. 1996, van der Neut et al. 1996). 

We observed localization of integrin β4 to these HD-like structures only in the 

Itgα6-KO1 cell line that displayed relatively more surface expression of the full 

length form of integrin β4 than the Itgα6-KO2 cell line. As only the full-length 

form is likely to contain an intact ligand-binding domain, it is possible that 

association of integrin β4 with laminins is mediated by this domain also in 

absence of integrin α6. Rescue experiments with ligand-binding deficient mutant 

forms of integrin β4 in the Itgα6-KO background would clarify whether the basal 

organization of laminins is dependent on direct ligand-binding interactions 

between integrin β4 and laminins. Alternatively, integrin β4 may associate with a 

laminin-binding co-receptor or induce signals that regulate laminin-binding via 

other receptors (Figure 11). Indeed, integrin β4 is capable of regulating cell 

spreading and migration independently of ligand-binding (Nikolopoulos et al. 

2005, Russell et al. 2003).  
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The functional relevance for the integrin β4 to support laminin assembly by 

itself is unclear as in normal conditions integrin α6 is available and both integrins 

equally colocalized with laminins. Deposition of laminins to the ECM is also 

required for cell migration and cell spreading (Greciano et al. 2012, Hamelers et 

al. 2005, Sehgal et al. 2006). Previous studies have implicated integrin α6β4 in 

the assembly of LN-332 to the ECM to promote cell migration (Sehgal et al. 

2006). We speculate that the integrin α6-free pool of integrin β4 may be relevant 

under these conditions, as Itgβ4-KD cells that specifically lacked this pool were 

deficient in cell spreading in a matrix composed of Col-I. It is possible that 

incorporation of laminins to the Col-I-composed matrix facilitates normal cell 

spreading. In keratinocytes HDs are not fully disassembled but are more 

dynamically turned over during cell migration (Geuijen & Sonnenberg 2002, 

Goldfinger et al. 1999). These HDs may be structurally and functionally distinct 

from classical HDs and it is plausible that the α6-free pool may contribute to the 

formation of such less stabile HDs. Turnover of HDs may in turn reflect upon 

turnover of FAs as it is likely that HDs and FAs and their associated filament 

systems need to be coordinately remodelled during cell migration and spreading. 

We observed that the abnormal spreading of Itgβ4-KD cells was accompanied by 

lack of actin stress fibers and lamellipodial protrusions, both of which are 

essential for turnover of FAs (Wolfenson et al. 2013). Moreover, we observed 

abnormal advancement of the IF system and ER that are normally restricted to the 

lamellipodia-lamella border (Lynch et al. 2013). Experiments with Förster 

resonance energy transfer (FRET) microscopy could be performed with 

recombinant α6 and β4-integrins to investigate whether they display non-

overlapping distributions during cell spreading and migration. 

In conclusion, our studies suggest that integrin β4 may regulate laminin 

assembly, but it remains to be established whether laminin assembly is the 

underlying cause for the observed loss-of-function phenotypes in cystogenesis 

and cell spreading. Moreover, the composition of the integrin β4-positive laminin 

structures should be better characterized and compared with those formed by 

α6β4 to determine whether they represent HDs. 
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Fig. 11. Different forms of integrin β4 and their role in laminin assembly. Integrin β4 

exists at the cell surface as heterodimeric and integrin α6-independent full-length and 

truncated forms. Integrin β4 regulates laminin assembly in the absence of integrin α6, 

suggesting that the integrin α6-independent pools of integrin β4 posses intrinsic 

capacity to regulate laminin anchorage. The possible mechanisms may include direct 

ligand-binding or binding assisted by a laminin-binding co-receptor such as BPAG2. 

The cytoplasmic tail may also induce signals that promote laminin-binding via other 

receptors. 
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7 Summary 

We have elucidated the principles of the functional hierarchy between integrins in 

mediating ECM-derived signals to organize of epithelial cell polarity and to 

promote epithelial cell contractility. These studies speak for the importance of 

understanding integrins as a collective with compensatory, complementary and 

synergistic functions. 

In some cases the functions of integrins did not directly relate to cell adhesive 

duties, indicating that integrins mediate signals in conditions where cell adhesion 

is mediated by other receptors. This is exemplified by the αV-integrins that 

regulated mechanotransduction at the β1-integrin-based FAs, which enabled cells 

to spread by contracting their cytoskeleton in response to ECM rigidity. Our 

studies also indicated that α2β1 and β4-integrins which bind different ECM-

molecules can compensate each other in mediating the basal cue for orientation of 

cell polarity. These integrins also mediated adhesion to the tested ECMs, 

suggesting that cell adhesion triggers the process. As a result, epithelial cells can 

orient their polarity in a robust and ECM-sensitive manner. Moreover, we 

observed that integrins which compensate each other can do so by regulating 

mechanistically distinct, but complementary cellular processes. Integrin α3β1 

contributed to epithelial hollowing by directing symmetric cell divisions, while 

α2β1 and β4-integrins contributed to epithelial cavitation by directing the 

orientation of the apicobasal polarity axis. Therefore, integrins contribute to the 

overall plasticity by which the apical lumens can be established in response to 

various ECM-configurations. Integrin signals that regulate activities of Rho 

GTPases in a spatially restricted manner seem to be central to the establishment 

of properly oriented polarized membrane domains. We also describe a novel case 

in which integrin β4 could be transported to the cell surface in the absence of its 

sole heterodimeric partner integrin α6. In these conditions integrin β4 was 

capable of localizing to laminin adhesions and promoted laminin assembly to the 

ECM, which might explain its α6-independent role in regulating the orientation 

of cell polarity. 
  



96 

 



97 

List of references 

Adair BD, Xiong JP, Maddock C, Goodman SL, Arnaout MA & Yeager M (2005) Three-
dimensional EM structure of the ectodomain of integrin {alpha}V{beta}3 in a 
complex with fibronectin. J Cell Biol 168(7): 1109–1118. 

Akhavan A, Griffith OL, Soroceanu L, Leonoudakis D, Luciani-Torres MG, Daemen A, 
Gray JW & Muschler JL (2012) Loss of cell-surface laminin anchoring promotes 
tumor growth and is associated with poor clinical outcomes. Cancer Res 72(10): 
2578–2588. 

Akhtar N & Streuli CH (2013) An integrin-ILK-microtubule network orients cell polarity 
and lumen formation in glandular epithelium. Nat Cell Biol 15(1): 17–27. 

Akiyama SK, Yamada SS, Yamada KM & LaFlamme SE (1994) Transmembrane signal 
transduction by integrin cytoplasmic domains expressed in single-subunit chimeras. J 
Biol Chem 269(23): 15961–15964. 

Alfandari D, Cousin H, Gaultier A, Smith K, White JM, Darribere T & DeSimone DW 
(2001) Xenopus ADAM 13 is a metalloprotease required for cranial neural crest-cell 
migration. Curr Biol 11(12): 918–930. 

An Y, Shao Y, Alory C, Matteson J, Sakisaka T, Chen W, Gibbs RA, Wilson IA & Balch 
WE (2003) Geranylgeranyl switching regulates GDI-Rab GTPase recycling. Structure 
11(3): 347–357. 

Andrew DJ & Ewald AJ (2010) Morphogenesis of epithelial tubes: Insights into tube 
formation, elongation, and elaboration. Dev Biol 341(1): 34–55. 

Anthis NJ, Wegener KL, Critchley DR & Campbell ID (2010) Structural diversity in 
integrin/talin interactions. Structure 18(12): 1654–1666. 

Apodaca G, Gallo LI & Bryant DM (2012) Role of membrane traffic in the generation of 
epithelial cell asymmetry. Nat Cell Biol 14(12): 1235–1243. 

Askari JA, Buckley PA, Mould AP & Humphries MJ (2009) Linking integrin 
conformation to function. J Cell Sci 122(Pt 2): 165–170. 

Atwood SX, Chabu C, Penkert RR, Doe CQ & Prehoda KE (2007) Cdc42 acts downstream 
of Bazooka to regulate neuroblast polarity through Par-6 aPKC. J Cell Sci 120(Pt 18): 
3200–3206. 

Aumailley M, Bruckner-Tuderman L, Carter WG, Deutzmann R, Edgar D, Ekblom P, 
Engel J, Engvall E, Hohenester E, Jones JC, Kleinman HK, Marinkovich MP, Martin 
GR, Mayer U, Meneguzzi G, Miner JH, Miyazaki K, Patarroyo M, Paulsson M, 
Quaranta V, Sanes JR, Sasaki T, Sekiguchi K, Sorokin LM, Talts JF, Tryggvason K, 
Uitto J, Virtanen I, von der Mark K, Wewer UM, Yamada Y & Yurchenco PD (2005) 
A simplified laminin nomenclature. Matrix Biol 24(5): 326–332. 

Aumailley M, Gerl M, Sonnenberg A, Deutzmann R & Timpl R (1990) Identification of 
the Arg-Gly-Asp sequence in laminin A chain as a latent cell-binding site being 
exposed in fragment P1. FEBS Lett 262(1): 82–86. 

Baas AF, Kuipers J, van der Wel NN, Batlle E, Koerten HK, Peters PJ & Clevers HC 
(2004) Complete polarization of single intestinal epithelial cells upon activation of 
LKB1 by STRAD. Cell 116(3): 457–466. 



98 

Bader BL, Smyth N, Nedbal S, Miosge N, Baranowsky A, Mokkapati S, Murshed M & 
Nischt R (2005) Compound genetic ablation of nidogen 1 and 2 causes basement 
membrane defects and perinatal lethality in mice. Mol Cell Biol 25(15): 6846–6856. 

Bagnat M, Cheung ID, Mostov KE & Stainier DY (2007) Genetic control of single lumen 
formation in the zebrafish gut. Nat Cell Biol 9(8): 954–960. 

Bass MD, Morgan MR, Roach KA, Settleman J, Goryachev AB & Humphries MJ (2008) 
p190RhoGAP is the convergence point of adhesion signals from alpha 5 beta 1 
integrin and syndecan-4. J Cell Biol 181(6): 1013-1026. 

Bazzoni G, Ma L, Blue ML & Hemler ME (1998) Divalent cations and ligands induce 
conformational changes that are highly divergent among beta1 integrins. J Biol Chem 
273(12): 6670–6678. 

Benton R & St Johnston D (2003) Drosophila PAR-1 and 14-3-3 inhibit Bazooka/PAR-3 
to establish complementary cortical domains in polarized cells. Cell 115(6): 691–704. 

Bissell MJ, Rizki A & Mian IS (2003) Tissue architecture: the ultimate regulator of breast 
epithelial function. Curr Opin Cell Biol 15(6): 753–762. 

Blystone SD, Slater SE, Williams MP, Crow MT & Brown EJ (1999) A molecular 
mechanism of integrin crosstalk: alphavbeta3 suppression of calcium/calmodulin-
dependent protein kinase II regulates alpha5beta1 function. J Cell Biol 145(4): 889–
897. 

Bouvard D, Brakebusch C, Gustafsson E, Aszodi A, Bengtsson T, Berna A & Fassler R 
(2001) Functional consequences of integrin gene mutations in mice. Circ Res 89(3): 
211–223. 

Bouvard D, Pouwels J, De Franceschi N & Ivaska J (2013) Integrin inactivators: balancing 
cellular functions in vitro and in vivo. Nat Rev Mol Cell Biol 14(7): 430–442. 

Briesewitz R, Kern A & Marcantonio EE (1993) Ligand-dependent and -independent 
integrin focal contact localization: the role of the alpha chain cytoplasmic domain. 
Mol Biol Cell 4(6): 593–604. 

Bryant DM, Datta A, Rodriguez-Fraticelli AE, Peranen J, Martin-Belmonte F & Mostov 
KE (2010) A molecular network for de novo generation of the apical surface and 
lumen. Nat Cell Biol 12(11): 1035–1045. 

Bryant DM & Mostov KE (2008) From cells to organs: building polarized tissue. Nat Rev 
Mol Cell Biol 9(11): 887–901. 

Bryant DM, Roignot J, Datta A, Overeem AW, Kim M, Yu W, Peng X, Eastburn DJ, 
Ewald AJ, Werb Z & Mostov KE (2014) A molecular switch for the orientation of 
epithelial cell polarization. Dev Cell 31(2): 171–187. 

Buensuceso C, de Virgilio M & Shattil SJ (2003) Detection of integrin alpha IIbbeta 3 
clustering in living cells. J Biol Chem 278(17): 15217–15224. 

Burridge K & Wennerberg K (2004) Rho and Rac take center stage. Cell 116(2): 167–179. 
Byron A, Randles MJ, Humphries JD, Mironov A, Hamidi H, Harris S, Mathieson PW, 

Saleem MA, Satchell SC, Zent R, Humphries MJ & Lennon R (2014) Glomerular cell 
cross-talk influences composition and assembly of extracellular matrix. J Am Soc 
Nephrol 25(5): 953–966. 



99 

Calderwood DA, Campbell ID & Critchley DR (2013) Talins and kindlins: partners in 
integrin-mediated adhesion. Nat Rev Mol Cell Biol 14(8): 503–517. 

Calderwood DA, Fujioka Y, de Pereda JM, Garcia-Alvarez B, Nakamoto T, Margolis B, 
McGlade CJ, Liddington RC & Ginsberg MH (2003) Integrin beta cytoplasmic 
domain interactions with phosphotyrosine-binding domains: a structural prototype for 
diversity in integrin signaling. Proc Natl Acad Sci U S A 100(5): 2272–2277. 

Calderwood DA, Tai V, Di Paolo G, De Camilli P & Ginsberg MH (2004) Competition for 
talin results in trans-dominant inhibition of integrin activation. J Biol Chem 279(28): 
28889–28895. 

Calderwood DA, Zent R, Grant R, Rees DJ, Hynes RO & Ginsberg MH (1999) The Talin 
head domain binds to integrin beta subunit cytoplasmic tails and regulates integrin 
activation. J Biol Chem 274(40): 28071–28074. 

Carman CV & Springer TA (2003) Integrin avidity regulation: are changes in affinity and 
conformation underemphasized? Curr Opin Cell Biol 15(5): 547–556. 

Chalmers AD, Pambos M, Mason J, Lang S, Wylie C & Papalopulu N (2005) aPKC, 
Crumbs3 and Lgl2 control apicobasal polarity in early vertebrate development. 
Development 132(5): 977–986. 

Chambard M, Verrier B, Gabrion J & Mauchamp J (1984) Polarity reversal of inside-out 
thyroid follicles cultured within collagen gel: reexpression of specific functions. Biol 
Cell 51(3): 315–325. 

Chen HC, Appeddu PA, Parsons JT, Hildebrand JD, Schaller MD & Guan JL (1995) 
Interaction of focal adhesion kinase with cytoskeletal protein talin. J Biol Chem 
270(28): 16995–16999. 

Chen J, Diacovo TG, Grenache DG, Santoro SA & Zutter MM (2002) The alpha(2) 
integrin subunit-deficient mouse: a multifaceted phenotype including defects of 
branching morphogenesis and hemostasis. Am J Pathol 161(1): 337–344. 

Cherfils J & Zeghouf M (2013) Regulation of small GTPases by GEFs, GAPs, and GDIs. 
Physiol Rev 93(1): 269–309. 

Choi CK, Vicente-Manzanares M, Zareno J, Whitmore LA, Mogilner A & Horwitz AR 
(2008) Actin and alpha-actinin orchestrate the assembly and maturation of nascent 
adhesions in a myosin II motor-independent manner. Nat Cell Biol 10(9): 1039–1050. 

Christiansen JH, Coles EG & Wilkinson DG (2000) Molecular control of neural crest 
formation, migration and differentiation. Curr Opin Cell Biol 12(6): 719-724. 

Cluzel C, Saltel F, Lussi J, Paulhe F, Imhof BA & Wehrle-Haller B (2005) The 
mechanisms and dynamics of (alpha)v(beta)3 integrin clustering in living cells. J Cell 
Biol 171(2): 383–392. 

Colognato H, Winkelmann DA & Yurchenco PD (1999) Laminin polymerization induces a 
receptor-cytoskeleton network. J Cell Biol 145(3): 619–631. 

Conti FJ, Rudling RJ, Robson A & Hodivala-Dilke KM (2003) Alpha3beta1-Integrin 
Regulates Hair Follicle but Not Interfollicular Morphogenesis in Adult Epidermis. J 
Cell Sci 116(Pt 13): 2737–2747. 



100 

Costell M, Gustafsson E, Aszodi A, Morgelin M, Bloch W, Hunziker E, Addicks K, Timpl 
R & Fassler R (1999) Perlecan maintains the integrity of cartilage and some basement 
membranes. J Cell Biol 147(5): 1109–1122. 

Cullen BR (2006) Enhancing and confirming the specificity of RNAi experiments. Nat 
Methods 3(9): 677-681. 

Daley WP, Gervais EM, Centanni SW, Gulfo KM, Nelson DA & Larsen M (2012) 
ROCK1-directed basement membrane positioning coordinates epithelial tissue 
polarity. Development 139(2): 411–422. 

Daley WP, Gulfo KM, Sequeira SJ & Larsen M (2009) Identification of a 
mechanochemical checkpoint and negative feedback loop regulating branching 
morphogenesis. Dev Biol 336(2): 169–182. 

Daley WP, Kohn JM & Larsen M (2011) A focal adhesion protein-based 
mechanochemical checkpoint regulates cleft progression during branching 
morphogenesis. Dev Dyn 240(9): 2069–2083. 

Danen EH, Sonneveld P, Brakebusch C, Fassler R & Sonnenberg A (2002) The 
fibronectin-binding integrins alpha5beta1 and alphavbeta3 differentially modulate 
RhoA-GTP loading, organization of cell matrix adhesions, and fibronectin 
fibrillogenesis. J Cell Biol 159(6): 1071–1086. 

Danen EH, van Rheenen J, Franken W, Huveneers S, Sonneveld P, Jalink K & Sonnenberg 
A (2005) Integrins control motile strategy through a Rho-cofilin pathway. J Cell Biol 
169(3): 515–526. 

Davis GE (1992) Affinity of integrins for damaged extracellular matrix: alpha v beta 3 
binds to denatured collagen type I through RGD sites. Biochem Biophys Res 
Commun 182(3): 1025–1031. 

Davis TL, Rabinovitz I, Futscher BW, Schnolzer M, Burger F, Liu Y, Kulesz-Martin M & 
Cress AE (2001) Identification of a novel structural variant of the alpha 6 integrin. J 
Biol Chem 276(28): 26099-26106. 

De Arcangelis A, Mark M, Kreidberg J, Sorokin L & Georges-Labouesse E (1999) 
Synergistic activities of alpha3 and alpha6 integrins are required during apical 
ectodermal ridge formation and organogenesis in the mouse. Development 126(17): 
3957–3968. 

de Curtis I & Meldolesi J (2012) Cell surface dynamics - how Rho GTPases orchestrate the 
interplay between the plasma membrane and the cortical cytoskeleton. J Cell Sci 
125(Pt 19): 4435-4444. 

De Melker AA, Kramer D, Kuikman I & Sonnenberg A (1997) The two phenylalanines in 
the GFFKR motif of the integrin alpha6A subunit are essential for heterodimerization. 
Biochem J 328 ( Pt 2)(Pt 2): 529–537. 

de Melker AA & Sonnenberg A (1999) Integrins: alternative splicing as a mechanism to 
regulate ligand binding and integrin signaling events. Bioessays 21(6): 499–509. 

de Pereda JM, Ortega E, Alonso-Garcia N, Gomez-Hernandez M & Sonnenberg A (2009) 
Advances and perspectives of the architecture of hemidesmosomes: lessons from 
structural biology. Cell Adh Migr 3(4): 361–364. 



101 

Debnath J, Mills KR, Collins NL, Reginato MJ, Muthuswamy SK & Brugge JS (2002) The 
role of apoptosis in creating and maintaining luminal space within normal and 
oncogene-expressing mammary acini. Cell 111(1): 29–40. 

Di Paolo G & De Camilli P (2006) Phosphoinositides in cell regulation and membrane 
dynamics. Nature 443(7112): 651–657. 

DiPersio CM, Hodivala-Dilke KM, Jaenisch R, Kreidberg JA & Hynes RO (1997) 
alpha3beta1 Integrin is required for normal development of the epidermal basement 
membrane. J Cell Biol 137(3): 729–742. 

Di-Poi N, Faure J, Grizot S, Molnar G, Pick E & Dagher MC (2001) Mechanism of 
NADPH oxidase activation by the Rac/Rho-GDI complex. Biochemistry 40(34): 
10014–10022. 

Dowling J, Yu QC & Fuchs E (1996) Beta4 integrin is required for hemidesmosome 
formation, cell adhesion and cell survival. J Cell Biol 134(2): 559–572. 

Durgan J, Kaji N, Jin D & Hall A (2011) Par6B and atypical PKC regulate mitotic spindle 
orientation during epithelial morphogenesis. J Biol Chem 286(14): 12461–12474. 

Eide BL, Turck CW & Escobedo JA (1995) Identification of Tyr-397 as the primary site of 
tyrosine phosphorylation and pp60src association in the focal adhesion kinase, 
pp125FAK. Mol Cell Biol 15(5): 2819–2827. 

Ekblom M, Falk M, Salmivirta K, Durbeej M & Ekblom P (1998) Laminin isoforms and 
epithelial development. Ann N Y Acad Sci 857: 194-211. 

Ellis SJ, Lostchuck E, Goult BT, Bouaouina M, Fairchild MJ, Lopez-Ceballos P, 
Calderwood DA & Tanentzapf G (2014) The talin head domain reinforces integrin-
mediated adhesion by promoting adhesion complex stability and clustering. PLoS 
Genet 10(11): e1004756. 

Erler JT & Weaver VM (2009) Three-dimensional context regulation of metastasis. Clin 
Exp Metastasis 26(1): 35–49. 

Evans R, Patzak I, Svensson L, De Filippo K, Jones K, McDowall A & Hogg N (2009) 
Integrins in immunity. J Cell Sci 122(Pt 2): 215–225. 

Even-Ram S, Doyle AD, Conti MA, Matsumoto K, Adelstein RS & Yamada KM (2007) 
Myosin IIA regulates cell motility and actomyosin-microtubule crosstalk. Nat Cell 
Biol 9(3): 299–309. 

Ezratty EJ, Partridge MA & Gundersen GG (2005) Microtubule-induced focal adhesion 
disassembly is mediated by dynamin and focal adhesion kinase. Nat Cell Biol 7(6): 
581–590. 

Fassler R & Meyer M (1995) Consequences of lack of beta 1 integrin gene expression in 
mice. Genes Dev 9(15): 1896–1908. 

Fata JE, Werb Z & Bissell MJ (2004) Regulation of mammary gland branching 
morphogenesis by the extracellular matrix and its remodeling enzymes. Breast Cancer 
Res 6(1): 1–11. 

Feng W, Wu H, Chan LN & Zhang M (2008) Par-3-mediated junctional localization of the 
lipid phosphatase PTEN is required for cell polarity establishment. J Biol Chem 
283(34): 23440–23449. 



102 

Ferrari A, Veligodskiy A, Berge U, Lucas MS & Kroschewski R (2008) ROCK-mediated 
contractility, tight junctions and channels contribute to the conversion of a preapical 
patch into apical surface during isochoric lumen initiation. J Cell Sci 121(Pt 21): 
3649–3663. 

Fontao L, Stutzmann J, Gendry P & Launay JF (1999) Regulation of the type II 
hemidesmosomal plaque assembly in intestinal epithelial cells. Exp Cell Res 250(2): 
298–312. 

Friedrichs J, Helenius J & Muller DJ (2010) Quantifying cellular adhesion to extracellular 
matrix components by single-cell force spectroscopy. Nat Protoc 5(7): 1353–1361. 

Fukuda Y, Masuda Y, Kishi J, Hashimoto Y, Hayakawa T, Nogawa H & Nakanishi Y 
(1988) The role of interstitial collagens in cleft formation of mouse embryonic 
submandibular gland during initial branching. Development 103(2): 259–267. 

Fukumoto S, Miner JH, Ida H, Fukumoto E, Yuasa K, Miyazaki H, Hoffman MP & 
Yamada Y (2006) Laminin alpha5 is required for dental epithelium growth and 
polarity and the development of tooth bud and shape. J Biol Chem 281(8): 5008–5016. 

Galbraith CG, Yamada KM & Sheetz MP (2002) The relationship between force and focal 
complex development. J Cell Biol 159(4): 695–705. 

Gallant ND, Michael KE & Garcia AJ (2005) Cell adhesion strengthening: contributions of 
adhesive area, integrin binding, and focal adhesion assembly. Mol Biol Cell 16(9): 
4329–4340. 

Gardner H, Kreidberg J, Koteliansky V & Jaenisch R (1996) Deletion of integrin alpha 1 
by homologous recombination permits normal murine development but gives rise to a 
specific deficit in cell adhesion. Dev Biol 175(2): 301–313. 

Gassama-Diagne A, Yu W, ter Beest M, Martin-Belmonte F, Kierbel A, Engel J & Mostov 
K (2006) Phosphatidylinositol-3,4,5-trisphosphate regulates the formation of the 
basolateral plasma membrane in epithelial cells. Nat Cell Biol 8(9): 963–970. 

Gautam M, Noakes PG, Moscoso L, Rupp F, Scheller RH, Merlie JP & Sanes JR (1996) 
Defective neuromuscular synaptogenesis in agrin-deficient mutant mice. Cell 85(4): 
525–535. 

Geiger B, Spatz JP & Bershadsky AD (2009) Environmental sensing through focal 
adhesions. Nat Rev Mol Cell Biol 10(1): 21–33. 

Geiger B & Yamada KM (2011) Molecular architecture and function of matrix adhesions. 
Cold Spring Harb Perspect Biol 3(5): 10.1101/cshperspect.a005033. 

Geiger T & Zaidel-Bar R (2012) Opening the floodgates: proteomics and the integrin 
adhesome. Curr Opin Cell Biol 24(5): 562–568. 

George EL, Georges-Labouesse EN, Patel-King RS, Rayburn H & Hynes RO (1993) 
Defects in mesoderm, neural tube and vascular development in mouse embryos 
lacking fibronectin. Development 119(4): 1079–1091. 

Georges-Labouesse E, Mark M, Messaddeq N & Gansmuller A (1998) Essential role of 
alpha 6 integrins in cortical and retinal lamination. Curr Biol 8(17): 983–986. 

Georges-Labouesse E, Messaddeq N, Yehia G, Cadalbert L, Dierich A & Le Meur M 
(1996) Absence of integrin alpha 6 leads to epidermolysis bullosa and neonatal death 
in mice. Nat Genet 13(3): 370–373. 



103 

Geuijen CA & Sonnenberg A (2002) Dynamics of the alpha6beta4 integrin in 
keratinocytes. Mol Biol Cell 13(11): 3845–3858. 

Giannone G, Jiang G, Sutton DH, Critchley DR & Sheetz MP (2003) Talin1 is critical for 
force-dependent reinforcement of initial integrin-cytoskeleton bonds but not tyrosine 
kinase activation. J Cell Biol 163(2): 409–419. 

Gilcrease MZ (2007) Integrin signaling in epithelial cells. Cancer Lett 247(1): 1-25. 
Ginsberg MH, Partridge A & Shattil SJ (2005) Integrin regulation. Curr Opin Cell Biol 

17(5): 509–516. 
Goehring NW (2014) PAR polarity: from complexity to design principles. Exp Cell Res 

328(2): 258–266. 
Goldfinger LE, Hopkinson SB, deHart GW, Collawn S, Couchman JR & Jones JC (1999) 

The alpha3 laminin subunit, alpha6beta4 and alpha3beta1 integrin coordinately 
regulate wound healing in cultured epithelial cells and in the skin. J Cell Sci 112 ( Pt 
16)(Pt 16): 2615–2629. 

Gonzalez AM, Bhattacharya R, deHart GW & Jones JC (2010) Transdominant regulation 
of integrin function: mechanisms of crosstalk. Cell Signal 22(4): 578-583. 

Gonzalez AM, Claiborne J & Jones JC (2008) Integrin cross-talk in endothelial cells is 
regulated by protein kinase A and protein phosphatase 1. J Biol Chem 283(46): 
31849–31860. 

Greciano PG, Moyano JV, Buschmann MM, Tang J, Lu Y, Rudnicki J, Manninen A & 
Matlin KS (2012) Laminin 511 partners with laminin 332 to mediate directional 
migration of Madin-Darby canine kidney epithelial cells. Mol Biol Cell 23(1): 121–
136. 

Halfter W, Monnier C, Muller D, Oertle P, Uechi G, Balasubramani M, Safi F, Lim R, 
Loparic M & Henrich PB (2013) The bi-functional organization of human basement 
membranes. PLoS One 8(7): e67660. 

Hamelers IH, Olivo C, Mertens AE, Pegtel DM, van der Kammen RA, Sonnenberg A & 
Collard JG (2005) The Rac activator Tiam1 is required for (alpha)3(beta)1-mediated 
laminin-5 deposition, cell spreading, and cell migration. J Cell Biol 171(5): 871–881. 

Hamill KJ, Hopkinson SB, DeBiase P & Jones JC (2009) BPAG1e maintains keratinocyte 
polarity through beta4 integrin-mediated modulation of Rac1 and cofilin activities. 
Mol Biol Cell 20(12): 2954–2962. 

Hamill KJ, Hopkinson SB, Jonkman MF & Jones JC (2011) Type XVII collagen regulates 
lamellipod stability, cell motility, and signaling to Rac1 by targeting bullous 
pemphigoid antigen 1e to alpha6beta4 integrin. J Biol Chem 286(30): 26768–26780. 

Hao Y, Du Q, Chen X, Zheng Z, Balsbaugh JL, Maitra S, Shabanowitz J, Hunt DF & 
Macara IG (2010) Par3 controls epithelial spindle orientation by aPKC-mediated 
phosphorylation of apical Pins. Curr Biol 20(20): 1809–1818. 

Harris TJ & Peifer M (2005) The positioning and segregation of apical cues during 
epithelial polarity establishment in Drosophila. J Cell Biol 170(5): 813–823. 

He X, Liu J, Qi Y, Brakebusch C, Chrostek-Grashoff A, Edgar D, Yurchenco PD, Corbett 
SA, Lowry SF, Graham AM, Han Y & Li S (2010) Rac1 is essential for basement 
membrane-dependent epiblast survival. Mol Cell Biol 30(14): 3569–3581. 



104 

Heino J (2000) The collagen receptor integrins have distinct ligand recognition and 
signaling functions. Matrix Biol 19(4): 319–323. 

Heino J, Ignotz RA, Hemler ME, Crouse C & Massague J (1989) Regulation of cell 
adhesion receptors by transforming growth factor-beta. Concomitant regulation of 
integrins that share a common beta 1 subunit. J Biol Chem 264(1): 380–388. 

Helenius J, Heisenberg CP, Gaub HE & Muller DJ (2008) Single-cell force spectroscopy. J 
Cell Sci 121(Pt 11): 1785–1791. 

Hemler ME, Crouse C & Sonnenberg A (1989) Association of the VLA alpha 6 subunit 
with a novel protein. A possible alternative to the common VLA beta 1 subunit on 
certain cell lines. J Biol Chem 264(11): 6529–6535. 

Henry MD & Campbell KP (1998) A role for dystroglycan in basement membrane 
assembly. Cell 95(6): 859–870. 

Hildebrand JD, Schaller MD & Parsons JT (1993) Identification of sequences required for 
the efficient localization of the focal adhesion kinase, pp125FAK, to cellular focal 
adhesions. J Cell Biol 123(4): 993–1005. 

Hildebrand JD, Schaller MD & Parsons JT (1995) Paxillin, a tyrosine phosphorylated focal 
adhesion-associated protein binds to the carboxyl terminal domain of focal adhesion 
kinase. Mol Biol Cell 6(6): 637–647. 

Ho MK & Springer TA (1983) Biosynthesis and assembly of the alpha and beta subunits of 
Mac-1, a macrophage glycoprotein associated with complement receptor function. J 
Biol Chem 258(5): 2766–2769. 

Hohenester E & Yurchenco PD (2013) Laminins in basement membrane assembly. Cell 
Adh Migr 7(1): 56–63. 

Holtkotter O, Nieswandt B, Smyth N, Muller W, Hafner M, Schulte V, Krieg T & Eckes B 
(2002) Integrin alpha 2-deficient mice develop normally, are fertile, but display 
partially defective platelet interaction with collagen. J Biol Chem 277(13): 10789–
10794. 

Homan SM, Mercurio AM & LaFlamme SE (1998) Endothelial cells assemble two distinct 
alpha6beta4-containing vimentin-associated structures: roles for ligand binding and 
the beta4 cytoplasmic tail. J Cell Sci 111 ( Pt 18)(Pt 18): 2717–2728. 

Huang C & Springer TA (1997) Folding of the beta-propeller domain of the integrin 
alphaL subunit is independent of the I domain and dependent on the beta2 subunit. 
Proc Natl Acad Sci U S A 94(7): 3162–3167. 

Hudson BG, Reeders ST & Tryggvason K (1993) Type IV collagen: structure, gene 
organization, and role in human diseases. Molecular basis of Goodpasture and Alport 
syndromes and diffuse leiomyomatosis. J Biol Chem 268(35): 26033–26036. 

Hughes PE, Diaz-Gonzalez F, Leong L, Wu C, McDonald JA, Shattil SJ & Ginsberg MH 
(1996) Breaking the integrin hinge. A defined structural constraint regulates integrin 
signaling. J Biol Chem 271(12): 6571–6574. 

Humphries JD, Byron A & Humphries MJ (2006) Integrin ligands at a glance. J Cell Sci 
119(Pt 19): 3901–3903. 



105 

Humphries JD, Wang P, Streuli C, Geiger B, Humphries MJ & Ballestrem C (2007) 
Vinculin controls focal adhesion formation by direct interactions with talin and actin. 
J Cell Biol 179(5): 1043–1057. 

Hurd TW, Fan S, Liu CJ, Kweon HK, Hakansson K & Margolis B (2003) 
Phosphorylation-dependent binding of 14-3-3 to the polarity protein Par3 regulates 
cell polarity in mammalian epithelia. Curr Biol 13(23): 2082–2090. 

Hurov JB, Watkins JL & Piwnica-Worms H (2004) Atypical PKC phosphorylates PAR-1 
kinases to regulate localization and activity. Curr Biol 14(8): 736–741. 

Hynes RO (2002) Integrins: bidirectional, allosteric signaling machines. Cell 110(6): 673–
687. 

Iden S & Collard JG (2008) Crosstalk between small GTPases and polarity proteins in cell 
polarization. Nat Rev Mol Cell Biol 9(11): 846–859. 

Ilic D, Furuta Y, Kanazawa S, Takeda N, Sobue K, Nakatsuji N, Nomura S, Fujimoto J, 
Okada M & Yamamoto T (1995) Reduced cell motility and enhanced focal adhesion 
contact formation in cells from FAK-deficient mice. Nature 377(6549): 539–544. 

Imai Y, Park EJ, Peer D, Peixoto A, Cheng G, von Andrian UH, Carman CV & Shimaoka 
M (2008) Genetic perturbation of the putative cytoplasmic membrane-proximal salt 
bridge aberrantly activates alpha(4) integrins. Blood 112(13): 5007–5015. 

Isaji T, Sato Y, Fukuda T & Gu J (2009) N-glycosylation of the I-like domain of beta1 
integrin is essential for beta1 integrin expression and biological function: 
identification of the minimal N-glycosylation requirement for alpha5beta1. J Biol 
Chem 284(18): 12207–12216. 

Isaji T, Sato Y, Zhao Y, Miyoshi E, Wada Y, Taniguchi N & Gu J (2006) N-glycosylation 
of the beta-propeller domain of the integrin alpha5 subunit is essential for alpha5beta1 
heterodimerization, expression on the cell surface, and its biological function. J Biol 
Chem 281(44): 33258–33267. 

Jaffe AB, Kaji N, Durgan J & Hall A (2008) Cdc42 controls spindle orientation to position 
the apical surface during epithelial morphogenesis. J Cell Biol 183(4): 625–633. 

Kanchanawong P, Shtengel G, Pasapera AM, Ramko EB, Davidson MW, Hess HF & 
Waterman CM (2010) Nanoscale architecture of integrin-based cell adhesions. Nature 
468(7323): 580–584. 

Kariya Y & Gu J (2011) N-glycosylation of ss4 integrin controls the adhesion and motility 
of keratinocytes. PLoS One 6(11): e27084. 

Katz BZ, Zamir E, Bershadsky A, Kam Z, Yamada KM & Geiger B (2000) Physical state 
of the extracellular matrix regulates the structure and molecular composition of cell-
matrix adhesions. Mol Biol Cell 11(3): 1047–1060. 

Kennel SJ, Foote LJ, Falcioni R, Sonnenberg A, Stringer CD, Crouse C & Hemler ME 
(1989) Analysis of the tumor-associated antigen TSP-180. Identity with alpha 6-beta 4 
in the integrin superfamily. J Biol Chem 264(26): 15515–15521. 

Kim C, Ye F, Hu X & Ginsberg MH (2012) Talin activates integrins by altering the 
topology of the beta transmembrane domain. J Cell Biol 197(5): 605–611. 

Kim HY & Nelson CM (2012) Extracellular matrix and cytoskeletal dynamics during 
branching morphogenesis. Organogenesis 8(2): 56–64. 



106 

Kim M, Carman CV & Springer TA (2003) Bidirectional transmembrane signaling by 
cytoplasmic domain separation in integrins. Science 301(5640): 1720–1725. 

Kim M, Carman CV, Yang W, Salas A & Springer TA (2004) The primacy of affinity over 
clustering in regulation of adhesiveness of the integrin {alpha}L{beta}2. J Cell Biol 
167(6): 1241–1253. 

Kim S, Harris M & Varner JA (2000) Regulation of integrin alpha vbeta 3-mediated 
endothelial cell migration and angiogenesis by integrin alpha5beta1 and protein kinase 
A. J Biol Chem 275(43): 33920–33928. 

Kishimoto TK, O'Connor K, Lee A, Roberts TM & Springer TA (1987) Cloning of the 
beta subunit of the leukocyte adhesion proteins: homology to an extracellular matrix 
receptor defines a novel supergene family. Cell 48(4): 681–690. 

Klein G, Langegger M, Timpl R & Ekblom P (1988) Role of laminin A chain in the 
development of epithelial cell polarity. Cell 55(2): 331–341. 

Koistinen P & Heino J (2002) The selective regulation of alpha Vbeta 1 integrin 
expression is based on the hierarchical formation of alpha V-containing heterodimers. 
J Biol Chem 277(27): 24835–24841. 

Koster J, Geerts D, Favre B, Borradori L & Sonnenberg A (2003) Analysis of the 
interactions between BP180, BP230, plectin and the integrin alpha6beta4 important 
for hemidesmosome assembly. J Cell Sci 116(Pt 2): 387–399. 

Koster J, van Wilpe S, Kuikman I, Litjens SH & Sonnenberg A (2004) Role of binding of 
plectin to the integrin beta4 subunit in the assembly of hemidesmosomes. Mol Biol 
Cell 15(3): 1211–1223. 

Kreidberg JA, Donovan MJ, Goldstein SL, Rennke H, Shepherd K, Jones RC & Jaenisch R 
(1996) Alpha 3 beta 1 integrin has a crucial role in kidney and lung organogenesis. 
Development 122(11): 3537–3547. 

LaFlamme SE, Akiyama SK & Yamada KM (1992) Regulation of fibronectin receptor 
distribution. J Cell Biol 117(2): 437–447. 

Laprise P, Viel A & Rivard N (2004) Human homolog of disc-large is required for 
adherens junction assembly and differentiation of human intestinal epithelial cells. J 
Biol Chem 279(11): 10157–10166. 

Larsen M, Wei C & Yamada KM (2006) Cell and fibronectin dynamics during branching 
morphogenesis. J Cell Sci 119(Pt 16): 3376–3384. 

Lawson C, Lim ST, Uryu S, Chen XL, Calderwood DA & Schlaepfer DD (2012) FAK 
promotes recruitment of talin to nascent adhesions to control cell motility. J Cell Biol 
196(2): 223–232. 

Lee JL & Streuli CH (2014) Integrins and epithelial cell polarity. J Cell Sci 127(Pt 15): 
3217–3225. 

Legate KR & Fassler R (2009) Mechanisms that regulate adaptor binding to beta-integrin 
cytoplasmic tails. J Cell Sci 122(Pt 2): 187–198. 

Legate KR, Wickstrom SA & Fassler R (2009) Genetic and cell biological analysis of 
integrin outside-in signaling. Genes Dev 23(4): 397–418. 

Leitinger B & Hohenester E (2007) Mammalian collagen receptors. Matrix Biol 26(3): 
146–155. 



107 

Li J, Tzu J, Chen Y, Zhang YP, Nguyen NT, Gao J, Bradley M, Keene DR, Oro AE, Miner 
JH & Marinkovich MP (2003a) Laminin-10 is crucial for hair morphogenesis. EMBO 
J 22(10): 2400–2410. 

Li S, Bordoy R, Stanchi F, Moser M, Braun A, Kudlacek O, Wewer UM, Yurchenco PD & 
Fassler R (2005a) PINCH1 regulates cell-matrix and cell-cell adhesions, cell polarity 
and cell survival during the peri-implantation stage. J Cell Sci 118(Pt 13): 2913–2921. 

Li S, Edgar D, Fassler R, Wadsworth W & Yurchenco PD (2003b) The role of laminin in 
embryonic cell polarization and tissue organization. Dev Cell 4(5): 613–624. 

Li S, Harrison D, Carbonetto S, Fassler R, Smyth N, Edgar D & Yurchenco PD (2002) 
Matrix assembly, regulation, and survival functions of laminin and its receptors in 
embryonic stem cell differentiation. J Cell Biol 157(7): 1279–1290. 

Li S, Liquari P, McKee KK, Harrison D, Patel R, Lee S & Yurchenco PD (2005b) 
Laminin-sulfatide binding initiates basement membrane assembly and enables 
receptor signaling in Schwann cells and fibroblasts. J Cell Biol 169(1): 179–189. 

Li X, Chen Y, Scheele S, Arman E, Haffner-Krausz R, Ekblom P & Lonai P (2001) 
Fibroblast growth factor signaling and basement membrane assembly are connected 
during epithelial morphogenesis of the embryoid body. J Cell Biol 153(4): 811–822. 

Litjens SH, de Pereda JM & Sonnenberg A (2006) Current insights into the formation and 
breakdown of hemidesmosomes. Trends Cell Biol 16(7): 376–383. 

Liu J, He X, Corbett SA, Lowry SF, Graham AM, Fassler R & Li S (2009) Integrins are 
required for the differentiation of visceral endoderm. J Cell Sci 122(Pt 2): 233–242. 

Liu K, Cheng L, Flesken-Nikitin A, Huang L, Nikitin AY & Pauli BU (2010) Conditional 
KO of fibronectin abrogates mouse mammary gland lobuloalveolar differentiation. 
Dev Biol 346(1): 11–24. 

Livak KJ & Schmittgen TD (2001) Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25(4): 402–408. 

Lu C, Oxvig C & Springer TA (1998) The structure of the beta-propeller domain and C-
terminal region of the integrin alphaM subunit. Dependence on beta subunit 
association and prediction of domains. J Biol Chem 273(24): 15138–15147. 

Lu CF & Springer TA (1997) The alpha subunit cytoplasmic domain regulates the 
assembly and adhesiveness of integrin lymphocyte function-associated antigen-1. J 
Immunol 159(1): 268–278. 

Lu P, Takai K, Weaver VM & Werb Z (2011) Extracellular matrix degradation and 
remodeling in development and disease. Cold Spring Harb Perspect Biol 3(12): 
10.1101/cshperspect.a005058. 

Lubarsky B & Krasnow MA (2003) Tube morphogenesis: making and shaping biological 
tubes. Cell 112(1): 19–28. 

Luo BH, Carman CV & Springer TA (2007) Structural basis of integrin regulation and 
signaling. Annu Rev Immunol 25: 619–647. 

Luo BH & Springer TA (2006) Integrin structures and conformational signaling. Curr Opin 
Cell Biol 18(5): 579–586. 



108 

Lynch CD, Lazar AM, Iskratsch T, Zhang X & Sheetz MP (2013) Endoplasmic spreading 
requires coalescence of vimentin intermediate filaments at force-bearing adhesions. 
Mol Biol Cell 24(1): 21–30. 

Mack NA & Georgiou M (2014) The interdependence of the Rho GTPases and apicobasal 
cell polarity. Small GTPases 5(2): 10. 

Mailleux AA, Overholtzer M & Brugge JS (2008) Lumen formation during mammary 
epithelial morphogenesis: insights from in vitro and in vivo models. Cell Cycle 7(1): 
57–62. 

Mailleux AA, Overholtzer M, Schmelzle T, Bouillet P, Strasser A & Brugge JS (2007) 
BIM regulates apoptosis during mammary ductal morphogenesis, and its absence 
reveals alternative cell death mechanisms. Dev Cell 12(2): 221–234. 

Mak GZ, Kavanaugh GM, Buschmann MM, Stickley SM, Koch M, Goss KH, Waechter H, 
Zuk A & Matlin KS (2006) Regulated synthesis and functions of laminin 5 in 
polarized madin-darby canine kidney epithelial cells. Mol Biol Cell 17(8): 3664–3677. 

Manninen A (2015) Epithelial polarity - Generating and integrating signals from the ECM 
with integrins. Exp Cell Res 334(2): 337–349. 

Manninen A, Verkade P, Le Lay S, Torkko J, Kasper M, Fullekrug J & Simons K (2005) 
Caveolin-1 is not essential for biosynthetic apical membrane transport. Mol Cell Biol 
25(22): 10087–10096. 

Margadant C, Frijns E, Wilhelmsen K & Sonnenberg A (2008) Regulation of 
hemidesmosome disassembly by growth factor receptors. Curr Opin Cell Biol 20(5): 
589–596. 

Margadant C, Monsuur HN, Norman JC & Sonnenberg A (2011) Mechanisms of integrin 
activation and trafficking. Curr Opin Cell Biol 23(5): 607–614. 

Margadant C & Sonnenberg A (2010) Integrin-TGF-beta crosstalk in fibrosis, cancer and 
wound healing. EMBO Rep 11(2): 97–105. 

Martel V, Vignoud L, Dupe S, Frachet P, Block MR & Albiges-Rizo C (2000) Talin 
controls the exit of the integrin alpha 5 beta 1 from an early compartment of the 
secretory pathway. J Cell Sci 113 ( Pt 11)(Pt 11): 1951–1961. 

Martin-Belmonte F, Gassama A, Datta A, Yu W, Rescher U, Gerke V & Mostov K (2007) 
PTEN-Mediated Apical Segregation of Phosphoinositides Controls Epithelial 
Morphogenesis through Cdc42. Cell 128(2): 383–397. 

Martin-Belmonte F, Yu W, Rodriguez-Fraticelli AE, Ewald AJ, Werb Z, Alonso MA & 
Mostov K (2008) Cell-polarity dynamics controls the mechanism of lumen formation 
in epithelial morphogenesis. Curr Biol 18(7): 507–513. 

Matlin KS, Haus B & Zuk A (2003) Integrins in epithelial cell polarity: using antibodies to 
analyze adhesive function and morphogenesis. Methods 30(3): 235–246. 

McCaffrey LM & Macara IG (2009) Widely conserved signaling pathways in the 
establishment of cell polarity. Cold Spring Harb Perspect Biol 1(2): a001370. 

McCaffrey LM & Macara IG (2012) Signaling pathways in cell polarity. Cold Spring Harb 
Perspect Biol 4(6): 10.1101/cshperspect.a009654. 



109 

McKee KK, Capizzi S & Yurchenco PD (2009) Scaffold-forming and Adhesive 
Contributions of Synthetic Laminin-binding Proteins to Basement Membrane 
Assembly. J Biol Chem 284(13): 8984–8994. 

McKee KK, Harrison D, Capizzi S & Yurchenco PD (2007) Role of laminin terminal 
globular domains in basement membrane assembly. J Biol Chem 282(29): 21437–
21447. 

Meder D, Shevchenko A, Simons K & Fullekrug J (2005) Gp135/podocalyxin and 
NHERF-2 participate in the formation of a preapical domain during polarization of 
MDCK cells. J Cell Biol 168(2): 303–313. 

Menko AS, Kreidberg JA, Ryan TT, Van Bockstaele E & Kukuruzinska MA (2001) Loss 
of alpha3beta1 integrin function results in an altered differentiation program in the 
mouse submandibular gland. Dev Dyn 220(4): 337–349. 

Mertens AE, Pegtel DM & Collard JG (2006) Tiam1 takes PARt in cell polarity. Trends 
Cell Biol 16(6): 308–316. 

Mertens AE, Rygiel TP, Olivo C, van der Kammen R & Collard JG (2005) The Rac 
activator Tiam1 controls tight junction biogenesis in keratinocytes through binding to 
and activation of the Par polarity complex. J Cell Biol 170(7): 1029–1037. 

Miner JH, Cunningham J & Sanes JR (1998) Roles for laminin in embryogenesis: 
exencephaly, syndactyly, and placentopathy in mice lacking the laminin alpha5 chain. 
J Cell Biol 143(6): 1713–1723. 

Miner JH & Li C (2000) Defective glomerulogenesis in the absence of laminin alpha5 
demonstrates a developmental role for the kidney glomerular basement membrane. 
Dev Biol 217(2): 278–289. 

Miner JH, Li C, Mudd JL, Go G & Sutherland AE (2004) Compositional and structural 
requirements for laminin and basement membranes during mouse embryo 
implantation and gastrulation. Development 131(10): 2247–2256. 

Monsonego-Ornan E, Kosonovsky J, Bar A, Roth L, Fraggi-Rankis V, Simsa S, Kohl A & 
Sela-Donenfeld D (2012) Matrix metalloproteinase 9/gelatinase B is required for 
neural crest cell migration. Dev Biol 364(2): 162–177. 

Montanez E, Ussar S, Schifferer M, Bosl M, Zent R, Moser M & Fassler R (2008) Kindlin-
2 controls bidirectional signaling of integrins. Genes Dev 22(10): 1325–1330. 

Montgomery AM, Reisfeld RA & Cheresh DA (1994) Integrin alpha v beta 3 rescues 
melanoma cells from apoptosis in three-dimensional dermal collagen. Proc Natl Acad 
Sci U S A 91(19): 8856–8860. 

Moore R, Tao W, Smith ER & Xu XX (2014) The primitive endoderm segregates from the 
epiblast in beta1 integrin-deficient early mouse embryos. Mol Cell Biol 34(3): 560–
572. 

Morais-de-Sa E, Mirouse V & St Johnston D (2010) aPKC phosphorylation of Bazooka 
defines the apical/lateral border in Drosophila epithelial cells. Cell 141(3): 509–523. 

Morin X & Bellaiche Y (2011) Mitotic spindle orientation in asymmetric and symmetric 
cell divisions during animal development. Dev Cell 21(1): 102–119. 

Morse EM, Brahme NN & Calderwood DA (2014) Integrin cytoplasmic tail interactions. 
Biochemistry 53(5): 810–820. 



110 

Mostafavi-Pour Z, Askari JA, Parkinson SJ, Parker PJ, Ng TT & Humphries MJ (2003) 
Integrin-specific signaling pathways controlling focal adhesion formation and cell 
migration. J Cell Biol 161(1): 155–167. 

Mostov KE, Verges M & Altschuler Y (2000) Membrane traffic in polarized epithelial 
cells. Curr Opin Cell Biol 12(4): 483–490. 

Mouw JK, Ou G & Weaver VM (2014) Extracellular matrix assembly: a multiscale 
deconstruction. Nat Rev Mol Cell Biol 15(12): 771–785. 

Moyano JV, Greciano PG, Buschmann MM, Koch M & Matlin KS (2010) Autocrine 
transforming growth factor-{beta}1 activation mediated by integrin {alpha}V{beta}3 
regulates transcriptional expression of laminin-332 in Madin-Darby canine kidney 
epithelial cells. Mol Biol Cell 21(21): 3654–3668. 

Muller U, Wang D, Denda S, Meneses JJ, Pedersen RA & Reichardt LF (1997) Integrin 
alpha8beta1 is critically important for epithelial-mesenchymal interactions during 
kidney morphogenesis. Cell 88(5): 603–613. 

Murray P & Edgar D (2000) Regulation of programmed cell death by basement 
membranes in embryonic development. J Cell Biol 150(5): 1215–1221. 

Muschler J, Lochter A, Roskelley CD, Yurchenco P & Bissell MJ (1999) Division of labor 
among the alpha6beta4 integrin, beta1 integrins, and an E3 laminin receptor to signal 
morphogenesis and beta-casein expression in mammary epithelial cells. Mol Biol Cell 
10(9): 2817–2828. 

Nagai-Tamai Y, Mizuno K, Hirose T, Suzuki A & Ohno S (2002) Regulated protein-
protein interaction between aPKC and PAR-3 plays an essential role in the 
polarization of epithelial cells. Genes Cells 7(11): 1161–1171. 

Nakanishi Y, Nogawa H, Hashimoto Y, Kishi J & Hayakawa T (1988) Accumulation of 
collagen III at the cleft points of developing mouse submandibular epithelium. 
Development 104(1): 51–59. 

Nakanishi Y, Sugiura F, Kishi J & Hayakawa T (1986) Collagenase inhibitor stimulates 
cleft formation during early morphogenesis of mouse salivary gland. Dev Biol 113(1): 
201–206. 

Nelson WJ (2003) Adaptation of core mechanisms to generate cell polarity. Nature 
422(6933): 766–774. 

Nievers MG, Kuikman I, Geerts D, Leigh IM & Sonnenberg A (2000) Formation of 
hemidesmosome-like structures in the absence of ligand binding by the 
(alpha)6(beta)4 integrin requires binding of HD1/plectin to the cytoplasmic domain of 
the (beta)4 integrin subunit. J Cell Sci 113 ( Pt 6)(Pt 6): 963–973. 

Nievers MG, Schaapveld RQ, Oomen LC, Fontao L, Geerts D & Sonnenberg A (1998) 
Ligand-independent role of the beta 4 integrin subunit in the formation of 
hemidesmosomes. J Cell Sci 111 ( Pt 12)(Pt 12): 1659–1672. 

Nikolopoulos SN, Blaikie P, Yoshioka T, Guo W, Puri C, Tacchetti C & Giancotti FG 
(2005) Targeted deletion of the integrin beta4 signaling domain suppresses laminin-5-
dependent nuclear entry of mitogen-activated protein kinases and NF-kappaB, causing 
defects in epidermal growth and migration. Mol Cell Biol 25(14): 6090–6102. 



111 

Nistico P, Bissell MJ & Radisky DC (2012) Epithelial-mesenchymal transition: general 
principles and pathological relevance with special emphasis on the role of matrix 
metalloproteinases. Cold Spring Harb Perspect Biol 4(2): 
10.1101/cshperspect.a011908. 

O'Brien LE, Jou TS, Pollack AL, Zhang Q, Hansen SH, Yurchenco P & Mostov KE (2001) 
Rac1 orientates epithelial apical polarity through effects on basolateral laminin 
assembly. Nat Cell Biol 3(9): 831–838. 

O'Brien LE, Zegers MM & Mostov KE (2002) Opinion: Building epithelial architecture: 
insights from three-dimensional culture models. Nat Rev Mol Cell Biol 3(7): 531–537. 

Ojakian GK & Schwimmer R (1994) Regulation of epithelial cell surface polarity reversal 
by beta 1 integrins. J Cell Sci 107 ( Pt 3)(Pt 3): 561–576. 

Ooshio T, Fujita N, Yamada A, Sato T, Kitagawa Y, Okamoto R, Nakata S, Miki A, Irie K 
& Takai Y (2007) Cooperative roles of Par-3 and afadin in the formation of adherens 
and tight junctions. J Cell Sci 120(Pt 14): 2352–2365. 

Orian-Rousseau V, Aberdam D, Fontao L, Chevalier L, Meneguzzi G, Kedinger M & 
Simon-Assmann P (1996) Developmental expression of laminin-5 and HD1 in the 
intestine: epithelial to mesenchymal shift for the laminin gamma-2 chain subunit 
deposition. Dev Dyn 206(1): 12–23. 

O'Toole TE, Katagiri Y, Faull RJ, Peter K, Tamura R, Quaranta V, Loftus JC, Shattil SJ & 
Ginsberg MH (1994) Integrin cytoplasmic domains mediate inside-out signal 
transduction. J Cell Biol 124(6): 1047–1059. 

O'Toole TE, Mandelman D, Forsyth J, Shattil SJ, Plow EF & Ginsberg MH (1991) 
Modulation of the affinity of integrin alpha IIb beta 3 (GPIIb-IIIa) by the cytoplasmic 
domain of alpha IIb. Science 254(5033): 845–847. 

Overeem AW, Bryant DM & van IJzendoorn SC (2015) Mechanisms of apical-basal axis 
orientation and epithelial lumen positioning. Trends Cell Biol 25(8): 476–485. 

Pal-Ghosh S, Blanco T, Tadvalkar G, Pajoohesh-Ganji A, Parthasarathy A, Zieske JD & 
Stepp MA (2011) MMP9 cleavage of the beta4 integrin ectodomain leads to recurrent 
epithelial erosions in mice. J Cell Sci 124(Pt 15): 2666–2675. 

Pankov R, Cukierman E, Katz BZ, Matsumoto K, Lin DC, Lin S, Hahn C & Yamada KM 
(2000) Integrin dynamics and matrix assembly: tensin-dependent translocation of 
alpha(5)beta(1) integrins promotes early fibronectin fibrillogenesis. J Cell Biol 148(5): 
1075–1090. 

Pardi R, Bossi G, Inverardi L, Rovida E & Bender JR (1995) Conserved regions in the 
cytoplasmic domains of the leukocyte integrin alpha L beta 2 are involved in 
endoplasmic reticulum retention, dimerization, and cytoskeletal association. J 
Immunol 155(3): 1252–1263. 

Pasapera AM, Plotnikov SV, Fischer RS, Case LB, Egelhoff TT & Waterman CM (2015) 
Rac1-dependent phosphorylation and focal adhesion recruitment of myosin IIA 
regulates migration and mechanosensing. Curr Biol 25(2): 175–186. 

Pertz O (2010) Spatio-temporal Rho GTPase signaling - where are we now? J Cell Sci 
123(Pt 11): 1841–1850. 



112 

Peter K & Bode C (1996) A deletion in the alpha subunit locks platelet integrin alpha IIb 
beta 3 into a high affinity state. Blood Coagul Fibrinolysis 7(2): 233–236. 

Peyre E, Jaouen F, Saadaoui M, Haren L, Merdes A, Durbec P & Morin X (2011) A lateral 
belt of cortical LGN and NuMA guides mitotic spindle movements and planar 
division in neuroepithelial cells. J Cell Biol 193(1): 141–154. 

Pinal N, Goberdhan DC, Collinson L, Fujita Y, Cox IM, Wilson C & Pichaud F (2006) 
Regulated and polarized PtdIns(3,4,5)P3 accumulation is essential for apical 
membrane morphogenesis in photoreceptor epithelial cells. Curr Biol 16(2): 140–149. 

Poschl E, Schlotzer-Schrehardt U, Brachvogel B, Saito K, Ninomiya Y & Mayer U (2004) 
Collagen IV is essential for basement membrane stability but dispensable for initiation 
of its assembly during early development. Development 131(7): 1619–1628. 

Qin Y, Meisen WH, Hao Y & Macara IG (2010) Tuba, a Cdc42 GEF, is required for 
polarized spindle orientation during epithelial cyst formation. J Cell Biol 189(4): 661–
669. 

Rabinovitz I, Tsomo L & Mercurio AM (2004) Protein kinase C-alpha phosphorylation of 
specific serines in the connecting segment of the beta 4 integrin regulates the 
dynamics of type II hemidesmosomes. Mol Cell Biol 24(10): 4351–4360. 

Raghavan S, Bauer C, Mundschau G, Li Q & Fuchs E (2000) Conditional ablation of beta1 
integrin in skin. Severe defects in epidermal proliferation, basement membrane 
formation, and hair follicle invagination. J Cell Biol 150(5): 1149–1160. 

Rebustini IT, Patel VN, Stewart JS, Layvey A, Georges-Labouesse E, Miner JH & 
Hoffman MP (2007) Laminin alpha5 is necessary for submandibular gland epithelial 
morphogenesis and influences FGFR expression through beta1 integrin signaling. Dev 
Biol 308(1): 15–29. 

Reinsch S & Karsenti E (1994) Orientation of spindle axis and distribution of plasma 
membrane proteins during cell division in polarized MDCKII cells. J Cell Biol 126(6): 
1509–1526. 

Retta SF, Cassara G, D'Amato M, Alessandro R, Pellegrino M, Degani S, De Leo G, 
Silengo L & Tarone G (2001) Cross talk between beta(1) and alpha(V) integrins: 
beta(1) affects beta(3) mRNA stability. Mol Biol Cell 12(10): 3126–3138. 

Riederer MA, Ginsberg MH & Steiner B (2002) Blockade of platelet GPIIB-IIIA (Integrin 
alphaII(b)beta(3)) in flowing human blood leads to passivation of prothrombotic 
surfaces. Thromb Haemost 88(5): 858–864. 

Riveline D, Zamir E, Balaban NQ, Schwarz US, Ishizaki T, Narumiya S, Kam Z, Geiger B 
& Bershadsky AD (2001) Focal contacts as mechanosensors: externally applied local 
mechanical force induces growth of focal contacts by an mDia1-dependent and 
ROCK-independent mechanism. J Cell Biol 153(6): 1175–1186. 

Roca-Cusachs P, del Rio A, Puklin-Faucher E, Gauthier NC, Biais N & Sheetz MP (2013) 
Integrin-dependent force transmission to the extracellular matrix by alpha-actinin 
triggers adhesion maturation. Proc Natl Acad Sci U S A 110(15): E1361–70. 

Roca-Cusachs P, Gauthier NC, Del Rio A & Sheetz MP (2009) Clustering of 
alpha(5)beta(1) integrins determines adhesion strength whereas alpha(v)beta(3) and 
talin enable mechanotransduction. Proc Natl Acad Sci U S A 106(38): 16245–16250. 



113 

Rodriguez-Boulan E & Macara IG (2014) Organization and execution of the epithelial 
polarity programme. Nat Rev Mol Cell Biol 15(4): 225–242. 

Rodriguez-Fraticelli AE, Auzan M, Alonso MA, Bornens M & Martin-Belmonte F (2012) 
Cell confinement controls centrosome positioning and lumen initiation during 
epithelial morphogenesis. J Cell Biol 198(6): 1011–1023. 

Rodriguez-Fraticelli AE & Martin-Belmonte F (2014) Picking up the threads: extracellular 
matrix signals in epithelial morphogenesis. Curr Opin Cell Biol 30: 83–90. 

Rodriguez-Fraticelli AE, Vergarajauregui S, Eastburn DJ, Datta A, Alonso MA, Mostov K 
& Martin-Belmonte F (2010) The Cdc42 GEF Intersectin 2 controls mitotic spindle 
orientation to form the lumen during epithelial morphogenesis. J Cell Biol 189(4): 
725–738. 

Roh MH, Fan S, Liu CJ & Margolis B (2003) The Crumbs3-Pals1 complex participates in 
the establishment of polarity in mammalian epithelial cells. J Cell Sci 116(Pt 14): 
2895–2906. 

Roignot J, Peng X & Mostov K (2013) Polarity in mammalian epithelial morphogenesis. 
Cold Spring Harb Perspect Biol 5(2): 10.1101/cshperspect.a013789. 

Rossier O, Octeau V, Sibarita JB, Leduc C, Tessier B, Nair D, Gatterdam V, Destaing O, 
Albiges-Rizo C, Tampe R, Cognet L, Choquet D, Lounis B & Giannone G (2012) 
Integrins beta1 and beta3 exhibit distinct dynamic nanoscale organizations inside focal 
adhesions. Nat Cell Biol 14(10): 1057–1067. 

Rozario T & DeSimone DW (2010) The extracellular matrix in development and 
morphogenesis: a dynamic view. Dev Biol 341(1): 126–140. 

Russell AJ, Fincher EF, Millman L, Smith R, Vela V, Waterman EA, Dey CN, Guide S, 
Weaver VM & Marinkovich MP (2003) Alpha 6 beta 4 integrin regulates keratinocyte 
chemotaxis through differential GTPase activation and antagonism of alpha 3 beta 1 
integrin. J Cell Sci 116(Pt 17): 3543–3556. 

Ryan MC, Lee K, Miyashita Y & Carter WG (1999) Targeted disruption of the LAMA3 
gene in mice reveals abnormalities in survival and late stage differentiation of 
epithelial cells. J Cell Biol 145(6): 1309–1323. 

Saadaoui M, Machicoane M, di Pietro F, Etoc F, Echard A & Morin X (2014) Dlg1 
controls planar spindle orientation in the neuroepithelium through direct interaction 
with LGN. J Cell Biol 206(6): 707–717. 

Sakai T, Larsen M & Yamada KM (2003a) Fibronectin requirement in branching 
morphogenesis. Nature 423(6942): 876–881. 

Sakai T, Li S, Docheva D, Grashoff C, Sakai K, Kostka G, Braun A, Pfeifer A, Yurchenco 
PD & Fassler R (2003b) Integrin-linked kinase (ILK) is required for polarizing the 
epiblast, cell adhesion, and controlling actin accumulation. Genes Dev 17(7): 926–940. 

Sarrazin S, Lamanna WC & Esko JD (2011) Heparan sulfate proteoglycans. Cold Spring 
Harb Perspect Biol 3(7): 10.1101/cshperspect.a004952. 

Sasaki T & Timpl R (2001) Domain IVa of laminin alpha5 chain is cell-adhesive and binds 
beta1 and alphaVbeta3 integrins through Arg-Gly-Asp. FEBS Lett 509(2): 181–185. 

Schiller HB & Fassler R (2013) Mechanosensitivity and compositional dynamics of cell-
matrix adhesions. EMBO Rep 14(6): 509–519. 



114 

Schiller HB, Hermann MR, Polleux J, Vignaud T, Zanivan S, Friedel CC, Sun Z, 
Raducanu A, Gottschalk KE, Thery M, Mann M & Fassler R (2013) beta1- and 
alphav-class integrins cooperate to regulate myosin II during rigidity sensing of 
fibronectin-based microenvironments. Nat Cell Biol 15(6): 625–636. 

Schoenenberger CA, Zuk A, Zinkl GM, Kendall D & Matlin KS (1994) Integrin 
expression and localization in normal MDCK cells and transformed MDCK cells 
lacking apical polarity. J Cell Sci 107 ( Pt 2)(Pt 2): 527–541. 

Schuck S, Manninen A, Honsho M, Fullekrug J & Simons K (2004) Generation of single 
and double knockdowns in polarized epithelial cells by retrovirus-mediated RNA 
interference. Proc Natl Acad Sci U S A 101(14): 4912–4917. 

Schuger L, O'Shea KS, Nelson BB & Varani J (1990) Organotypic arrangement of mouse 
embryonic lung cells on a basement membrane extract: involvement of laminin. 
Development 110(4): 1091–1099. 

Sehgal BU, DeBiase PJ, Matzno S, Chew TL, Claiborne JN, Hopkinson SB, Russell A, 
Marinkovich MP & Jones JC (2006) Integrin beta4 regulates migratory behavior of 
keratinocytes by determining laminin-332 organization. J Biol Chem 281(46): 35487–
35498. 

Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelsen TS, Heckl D, Ebert BL, 
Root DE, Doench JG & Zhang F (2014) Genome-scale CRISPR-Cas9 KO screening 
in human cells. Science 343(6166): 84–87. 

Shattil SJ, Kim C & Ginsberg MH (2010) The final steps of integrin activation: the end 
game. Nat Rev Mol Cell Biol 11(4): 288–300. 

Sheppard D, Cohen DS, Wang A & Busk M (1992) Transforming growth factor beta 
differentially regulates expression of integrin subunits in guinea pig airway epithelial 
cells. J Biol Chem 267(24): 17409–17414. 

Shewan A, Eastburn DJ & Mostov K (2011) Phosphoinositides in cell architecture. Cold 
Spring Harb Perspect Biol 3(8): a004796. 

Siller KH & Doe CQ (2009) Spindle orientation during asymmetric cell division. Nat Cell 
Biol 11(4): 365–374. 

Smyth N, Vatansever HS, Meyer M, Frie C, Paulsson M & Edgar D (1998) The targeted 
deletion of the LAMC1 gene. Ann N Y Acad Sci 857: 283–286. 

Solon J, Levental I, Sengupta K, Georges PC & Janmey PA (2007) Fibroblast adaptation 
and stiffness matching to soft elastic substrates. Biophys J 93(12): 4453–4461. 

Sonnenberg A, Hogervorst F, Osterop A & Veltman FE (1988) Identification and 
characterization of a novel antigen complex on mouse mammary tumor cells using a 
monoclonal antibody against platelet glycoprotein Ic. J Biol Chem 263(28): 14030–
14038. 

Sonnenberg A, Linders CJ, Daams JH & Kennel SJ (1990) The alpha 6 beta 1 (VLA-6) 
and alpha 6 beta 4 protein complexes: tissue distribution and biochemical properties. J 
Cell Sci 96 ( Pt 2)(Pt 2): 207–217. 

Spenle C, Simon-Assmann P, Orend G & Miner JH (2013) Laminin alpha5 guides tissue 
patterning and organogenesis. Cell Adh Migr 7(1): 90–100. 



115 

Spinardi L, Einheber S, Cullen T, Milner TA & Giancotti FG (1995) A recombinant tail-
less integrin beta 4 subunit disrupts hemidesmosomes, but does not suppress alpha 6 
beta 4-mediated cell adhesion to laminins. J Cell Biol 129(2): 473–487. 

St Johnston D & Ahringer J (2010) Cell polarity in eggs and epithelia: parallels and 
diversity. Cell 141(5): 757-774. 

St Johnston D & Sanson B (2011) Epithelial polarity and morphogenesis. Curr Opin Cell 
Biol 23(5): 540–546. 

Stephens LE, Sutherland AE, Klimanskaya IV, Andrieux A, Meneses J, Pedersen RA & 
Damsky CH (1995) Deletion of beta 1 integrins in mice results in inner cell mass 
failure and peri-implantation lethality. Genes Dev 9(15): 1883–1895. 

Streuli CH, Schmidhauser C, Bailey N, Yurchenco P, Skubitz AP, Roskelley C & Bissell 
MJ (1995) Laminin mediates tissue-specific gene expression in mammary epithelia. J 
Cell Biol 129(3): 591-603. 

Tadokoro S, Shattil SJ, Eto K, Tai V, Liddington RC, de Pereda JM, Ginsberg MH & 
Calderwood DA (2003) Talin binding to integrin beta tails: a final common step in 
integrin activation. Science 302(5642): 103–106. 

Takagi J, Petre BM, Walz T & Springer TA (2002) Global conformational rearrangements 
in integrin extracellular domains in outside-in and inside-out signaling. Cell 110(5): 
599-511. 

Takala H, Nurminen E, Nurmi SM, Aatonen M, Strandin T, Takatalo M, Kiema T, 
Gahmberg CG, Ylanne J & Fagerholm SC (2008) Beta2 integrin phosphorylation on 
Thr758 acts as a molecular switch to regulate 14-3-3 and filamin binding. Blood 
112(5): 1853–1862. 

Timpl R & Brown JC (1994) The laminins. Matrix Biol 14(4): 275-281. 
Tiwari S, Askari JA, Humphries MJ & Bulleid NJ (2011) Divalent cations regulate the 

folding and activation status of integrins during their intracellular trafficking. J Cell 
Sci 124(Pt 10): 1672–1680. 

Uematsu J, Nishizawa Y, Sonnenberg A & Owaribe K (1994) Demonstration of type II 
hemidesmosomes in a mammary gland epithelial cell line, BMGE-H. J Biochem 
115(3): 469–476. 

Ulmer TS (2010) Structural basis of transmembrane domain interactions in integrin 
signaling. Cell Adh Migr 4(2): 243–248. 

van der Neut R, Krimpenfort P, Calafat J, Niessen CM & Sonnenberg A (1996) Epithelial 
detachment due to absence of hemidesmosomes in integrin beta 4 null mice. Nat 
Genet 13(3): 366–369. 

Vicente-Manzanares M, Zareno J, Whitmore L, Choi CK & Horwitz AF (2007) Regulation 
of protrusion, adhesion dynamics, and polarity by myosins IIA and IIB in migrating 
cells. J Cell Biol 176(5): 573–580. 

Vogel C & Marcotte EM (2012) Insights into the regulation of protein abundance from 
proteomic and transcriptomic analyzes. Nat Rev Genet 13(4): 227–232. 

von Bredow DC, Nagle RB, Bowden GT & Cress AE (1997) Cleavage of beta 4 integrin 
by matrilysin. Exp Cell Res 236(1): 341–345. 



116 

Wang AZ, Ojakian GK & Nelson WJ (1990a) Steps in the morphogenesis of a polarized 
epithelium. I. Uncoupling the roles of cell-cell and cell-substratum contact in 
establishing plasma membrane polarity in multicellular epithelial (MDCK) cysts. J 
Cell Sci 95 ( Pt 1)(Pt 1): 137–151. 

Wang AZ, Ojakian GK & Nelson WJ (1990b) Steps in the morphogenesis of a polarized 
epithelium. II. Disassembly and assembly of plasma membrane domains during 
reversal of epithelial cell polarity in multicellular epithelial (MDCK) cysts. J Cell Sci 
95 ( Pt 1): 153–165. 

Wang H, Lacoche S, Huang L, Xue B & Muthuswamy SK (2013) Rotational motion 
during three-dimensional morphogenesis of mammary epithelial acini relates to 
laminin matrix assembly. Proc Natl Acad Sci U S A 110(1): 163–168. 

Wang Q & Margolis B (2007) Apical junctional complexes and cell polarity. Kidney Int 
72(12): 1448–1458. 

Wang W, Zhu J, Springer TA & Luo BH (2011) Tests of integrin transmembrane domain 
homo-oligomerization during integrin ligand binding and signaling. J Biol Chem 
286(3): 1860–1867. 

Watkins JL, Lewandowski KT, Meek SE, Storz P, Toker A & Piwnica-Worms H (2008) 
Phosphorylation of the Par-1 polarity kinase by protein kinase D regulates 14-3-3 
binding and membrane association. Proc Natl Acad Sci U S A 105(47): 18378–18383. 

Webb DJ, Donais K, Whitmore LA, Thomas SM, Turner CE, Parsons JT & Horwitz AF 
(2004) FAK-Src signalling through paxillin, ERK and MLCK regulates adhesion 
disassembly. Nat Cell Biol 6(2): 154–161. 

Webb DJ, Parsons JT & Horwitz AF (2002) Adhesion assembly, disassembly and turnover 
in migrating cells -- over and over and over again. Nat Cell Biol 4(4): E97–100. 

Wehrle-Haller B (2012) Assembly and disassembly of cell matrix adhesions. Curr Opin 
Cell Biol 24(5): 569–581. 

Weir ML, Oppizzi ML, Henry MD, Onishi A, Campbell KP, Bissell MJ & Muschler JL 
(2006) Dystroglycan loss disrupts polarity and beta-casein induction in mammary 
epithelial cells by perturbing laminin anchoring. J Cell Sci 119(Pt 19): 4047–4058. 

Wennerberg K, Rossman KL & Der CJ (2005) The Ras superfamily at a glance. J Cell Sci 
118(Pt 5): 843–846. 

White DP, Caswell PT & Norman JC (2007) alpha v beta3 and alpha5beta1 integrin 
recycling pathways dictate downstream Rho kinase signaling to regulate persistent 
cell migration. J Cell Biol 177(3): 515–525. 

Wilhelmsen K, Litjens SH, Kuikman I, Margadant C, van Rheenen J & Sonnenberg A 
(2007) Serine phosphorylation of the integrin beta4 subunit is necessary for epidermal 
growth factor receptor induced hemidesmosome disruption. Mol Biol Cell 18(9): 
3512–3522. 

Williamson RA, Henry MD, Daniels KJ, Hrstka RF, Lee JC, Sunada Y, Ibraghimov-
Beskrovnaya O & Campbell KP (1997) Dystroglycan is essential for early embryonic 
development: disruption of Reichert's membrane in Dag1-null mice. Hum Mol Genet 
6(6): 831–841. 



117 

Wolfenson H, Henis YI, Geiger B & Bershadsky AD (2009) The heel and toe of the cell's 
foot: a multifaceted approach for understanding the structure and dynamics of focal 
adhesions. Cell Motil Cytoskeleton 66(11): 1017–1029. 

Wolfenson H, Lavelin I & Geiger B (2013) Dynamic regulation of the structure and 
functions of integrin adhesions. Dev Cell 24(5): 447–458. 

Worth DC & Parsons M (2010) Advances in imaging cell-matrix adhesions. J Cell Sci 
123(Pt 21): 3629–3638. 

Wu X, Kodama A & Fuchs E (2008) ACF7 regulates cytoskeletal-focal adhesion dynamics 
and migration and has ATPase activity. Cell 135(1): 137–148. 

Wu X, Li S, Chrostek-Grashoff A, Czuchra A, Meyer H, Yurchenco PD & Brakebusch C 
(2007) Cdc42 is crucial for the establishment of epithelial polarity during early 
mammalian development. Dev Dyn 236(10): 2767–2778. 

Xi X, Flevaris P, Stojanovic A, Chishti A, Phillips DR, Lam SC & Du X (2006) Tyrosine 
phosphorylation of the integrin beta 3 subunit regulates beta 3 cleavage by calpain. J 
Biol Chem 281(40): 29426–29430. 

Xiong JP, Stehle T, Zhang R, Joachimiak A, Frech M, Goodman SL & Arnaout MA (2002) 
Crystal structure of the extracellular segment of integrin alpha Vbeta3 in complex 
with an Arg-Gly-Asp ligand. Science 296(5565): 151–155. 

Yamanaka T, Horikoshi Y, Izumi N, Suzuki A, Mizuno K & Ohno S (2006) Lgl mediates 
apical domain disassembly by suppressing the PAR-3-aPKC-PAR-6 complex to orient 
apical membrane polarity. J Cell Sci 119(Pt 10): 2107–2118. 

Yamanaka T, Horikoshi Y, Sugiyama Y, Ishiyama C, Suzuki A, Hirose T, Iwamatsu A, 
Shinohara A & Ohno S (2003) Mammalian Lgl forms a protein complex with PAR-6 
and aPKC independently of PAR-3 to regulate epithelial cell polarity. Curr Biol 13(9): 
734–743. 

Yang DH, McKee KK, Chen ZL, Mernaugh G, Strickland S, Zent R & Yurchenco PD 
(2011) Renal collecting system growth and function depend upon embryonic gamma1 
laminin expression. Development 138(20): 4535–4544. 

Yazlovitskaya EM, Tseng HY, Viquez O, Tu T, Mernaugh G, McKee KK, Riggins K, 
Quaranta V, Pathak A, Carter BD, Yurchenco P, Sonnenberg A, Bottcher RT, Pozzi A 
& Zent R (2015) Integrin alpha3beta1 regulates kidney collecting duct development 
via TRAF6-dependent K63-linked polyubiquitination of Akt. Mol Biol Cell . 

Ye F, Liu J, Winkler H & Taylor KA (2008) Integrin alpha IIb beta 3 in a membrane 
environment remains the same height after Mn2+ activation when observed by 
cryoelectron tomography. J Mol Biol 378(5): 976–986. 

Yeaman C, Grindstaff KK & Nelson WJ (1999) New perspectives on mechanisms 
involved in generating epithelial cell polarity. Physiol Rev 79(1): 73–98. 

Ylanne J, Chen Y, O'Toole TE, Loftus JC, Takada Y & Ginsberg MH (1993) Distinct 
functions of integrin alpha and beta subunit cytoplasmic domains in cell spreading and 
formation of focal adhesions. J Cell Biol 122(1): 223–233. 

Yu W, Datta A, Leroy P, O'Brien L E, Mak G, Jou TS, Matlin KS, Mostov KE & Zegers 
MM (2005) {beta}1-Integrin Orients Epithelial Polarity via Rac1 and Laminin. Mol 
Biol Cell 16(2): 433–445. 



118 

Yu W, Shewan AM, Brakeman P, Eastburn DJ, Datta A, Bryant DM, Fan QW, Weiss WA, 
Zegers MM & Mostov KE (2008) Involvement of RhoA, ROCK I and myosin II in 
inverted orientation of epithelial polarity. EMBO Rep 9(9): 923–929. 

Yurchenco PD (2011) Basement membranes: cell scaffoldings and signaling platforms. 
Cold Spring Harb Perspect Biol 3(2): 10.1101/cshperspect.a004911. 

Yurchenco PD, Amenta PS & Patton BL (2004) Basement membrane assembly, stability 
and activities observed through a developmental lens. Matrix Biol 22(7): 521–538. 

Zaidel-Bar R, Ballestrem C, Kam Z & Geiger B (2003) Early molecular events in the 
assembly of matrix adhesions at the leading edge of migrating cells. J Cell Sci 116(Pt 
22): 4605–4613. 

Zaidel-Bar R, Cohen M, Addadi L & Geiger B (2004) Hierarchical assembly of cell-matrix 
adhesion complexes. Biochem Soc Trans 32(Pt3): 416–420. 

Zaidel-Bar R & Geiger B (2010) The switchable integrin adhesome. J Cell Sci 123(Pt 9): 
1385–1388. 

Zaidel-Bar R, Itzkovitz S, Ma'ayan A, Iyengar R & Geiger B (2007) Functional atlas of the 
integrin adhesome. Nat Cell Biol 9(8): 858–867. 

Zamir E, Katz M, Posen Y, Erez N, Yamada KM, Katz BZ, Lin S, Lin DC, Bershadsky A, 
Kam Z & Geiger B (2000) Dynamics and segregation of cell-matrix adhesions in 
cultured fibroblasts. Nat Cell Biol 2(4): 191–196. 

Zegers MM, O'Brien LE, Yu W, Datta A & Mostov KE (2003) Epithelial polarity and 
tubulogenesis in vitro. Trends Cell Biol 13(4): 169-176. 

Zent R, Bush KT, Pohl ML, Quaranta V, Koshikawa N, Wang Z, Kreidberg JA, Sakurai H, 
Stuart RO & Nigam SK (2001) Involvement of laminin binding integrins and laminin-
5 in branching morphogenesis of the ureteric bud during kidney development. Dev 
Biol 238(2): 289–302. 

Zhang H & Labouesse M (2010) The making of hemidesmosome structures in vivo. Dev 
Dyn 239(5): 1465–1476. 

Zhang X, Jiang G, Cai Y, Monkley SJ, Critchley DR & Sheetz MP (2008) Talin depletion 
reveals independence of initial cell spreading from integrin activation and traction. 
Nat Cell Biol 10(9): 1062–1068. 

Zhang X, Mernaugh G, Yang DH, Gewin L, Srichai MB, Harris RC, Iturregui JM, Nelson 
RD, Kohan DE, Abrahamson D, Fassler R, Yurchenco P, Pozzi A & Zent R (2009) 
Beta1 Integrin is Necessary for Ureteric Bud Branching Morphogenesis and 
Maintenance of Collecting Duct Structural Integrity. Development 136(19): 3357–
3366. 

Zheng Z, Zhu H, Wan Q, Liu J, Xiao Z, Siderovski DP & Du Q (2010) LGN regulates 
mitotic spindle orientation during epithelial morphogenesis. J Cell Biol 189(2): 275–
288. 

Zovein AC, Luque A, Turlo KA, Hofmann JJ, Yee KM, Becker MS, Fassler R, Mellman I, 
Lane TF & Iruela-Arispe ML (2010) Beta1 integrin establishes endothelial cell 
polarity and arteriolar lumen formation via a Par3-dependent mechanism. Dev Cell 
18(1): 39–51. 



119 

Zuk A, Bonventre JV & Matlin KS (2001) Expression of fibronectin splice variants in the 
postischemic rat kidney. Am J Physiol Renal Physiol 280(6): F1037–53. 

Zuk A & Matlin KS (1996) Apical beta 1 integrin in polarized MDCK cells mediates 
tubulocyst formation in response to type I collagen overlay. J Cell Sci 109 ( Pt 7): 
1875–1889. 

   



120 

 



121 

List of original articles  

I  Myllymäki SM, Teräväinen TP & Manninen A (2011) Two Distinct Integrin-
Mediated Mechanisms Contribute to Apical Lumen Formation in Epithelial Cells. 
PLOS ONE 6(5): e19453 

II  Teräväinen TP, Myllymäki SM, Friedrichs J, Strohmeyer N, Moyano JV, Wu C, 
Matlin KS, Muller DJ & Manninen A (2013) αV-Integrins Are Required for 
Mechanotransduction  in MDCK Epithelial Cells. PLOS ONE 19(8): e71485 

III  Myllymäki SM & Manninen A (2015) α6-subunit-independent cell surface expression 
of integrin β4-subunit and its role in basement membrane laminin assembly. 
Manuscript. 

Reprinted with permission from the Public Library of Science (I & II) 

Original publications are not included in the electronic version of the dissertation.  
  



122 

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

S E R I E S  D  M E D I C A

1292. Vähänikkilä, Hannu (2015) Statistical methods in dental research, with special
reference to time-to-event methods

1293. Sipola-Leppänen, Marika (2015) Preterm birth and cardiometabolic risk factors in
adolescence and early adulthood

1294. Koskenkorva, Timo (2015) Outcome after tonsillectomy in adult patients with
recurrent pharyngitis

1295. Pietilä, Riikka (2015) Angiopoietin 1 and 2-regulated Tie2 receptor translocation
in endothelial cells and investigation of Angiopoietin-2 splice variant 443

1296. Timlin, Ulla (2015) Adolescent's adherence to treatment in psychiatric care

1297. Aatsinki, Sanna-Mari (2015) Regulation of hepatic glucose homeostasis and
Cytochrome P450 enzymes by energy-sensing coactivator PGC-1α

1298. Rissanen, Ina (2015) Nervous system medications and suicidal ideation and
behaviour : the Northern Finland Birth Cohort 1966

1299. Puurunen, Johanna (2015) Androgen secretion and cardiovascular risk factors in
women with and without PCOS : studies on age-related changes and medical
intervention

1300. Pakanen, Lasse (2015) Thrombomodulin and catecholamines as post-mortem
indicators of hypothermia

1301. Mäkelä, Mailis (2015) Hoitoon ja kohteluun kohdistuva tyytymättömyys :
potilaslain mukaiset muistutukset

1302. Nordström, Tanja (2015) Predisposing factors and consequences of adolescent
ADHD and DBD : a longitudinal study in the Northern Finland Birth Cohort
1986

1303. Tanner, Tarja (2015) Healthy young adults' oral health and associated factors :
cross-sectional epidemiological study

1304. Ijäs, Hilkka (2015) Gestational diabetes : metformin treatment, maternal
overweight and long-term outcome

1305. Leskinen, Riitta (2015) Late-life functional capacity and health among Finnish war
veterans : Veteran Project 1992 and 2004 surveys

1306. Kujala, Tiia (2015) Acute otitis media in young children : randomized controlled
trials of antimicrobial treatment, prevention and quality of life

1307. Kämppi, Antti (2015) Identifying dental restorative treatment need in healthy
young adults at individual and population level



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Professor Esa Hohtola

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Professor Olli Vuolteenaho

University Lecturer Veli-Matti Ulvinen

Director Sinikka Eskelinen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-0920-3 (Paperback)
ISBN 978-952-62-0921-0 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1308

AC
TA

Satu-M
arja M

yllym
äki

OULU 2015

D 1308

Satu-Marja Myllymäki

SPECIFIC ROLES OF 
EPITHELIAL INTEGRINS IN 
CHEMICAL AND PHYSICAL 
SENSING OF THE 
EXTRACELLULAR MATRIX 
TO REGULATE CELL SHAPE 
AND POLARITY

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU, 
FACULTY OF BIOCHEMISTRY AND MOLECULAR MEDICINE;
BIOCENTER OULU;
CENTRE OF EXCELLENCE IN CELL-EXTRACELLULAR MATRIX RESEARCH


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations
	List of original articles
	Contents
	1 Introduction
	2 Review of the literature
	2.1 Apicobasal polarity is the fundamental design principle of epithelial tissues
	2.1.1 Molecular toolbox for generation of plasma membrane asymmetry
	2.1.2 Cell adhesion dictates orientation of apicobasal polarity
	2.1.3 Reciprocal cell-extracellular matrix interactions regulate orientation of cell polarity
	2.1.4 De novo lumen formation
	2.1.5 Maintenance of lumens during oriented cell division

	2.2 Basement membranes provide instructions for epithelial morphogenesis
	2.2.1 Structure and assembly of the basement membrane
	2.2.2 Regulatory roles of basement membrane interactions in epithelial development inferred from loss-of-function studies
	2.2.3 Dynamic remodelling of the basement membrane during epithelial morphogenesis

	2.3 Integrins integrate signals from the extracellular matrix
	2.3.1 Integrin heterodimerization
	2.3.2 Conformational basis for integrin signalling
	2.3.3 Clustering of active integrins into cell adhesions
	2.3.4 Integrin-integrin crosstalk
	2.3.5 Environmental sensing by integrins


	3 Aims of the study
	4 Materials and methods
	5 Results
	5.1 Loss-of-Function RNAi screen to study the functional hierarchy of integrins in MDCK cells (I, II & III)
	5.1.1 Characterization of the MDCK cell type-specific integrin expression profile (I)
	5.1.2 Determination of integrin-specific knockdown efficiencies (I & II)
	5.1.3 Validation of integrin knockdowns (I & II)

	5.2 Mechanotransduction at β1-integrin-based cell adhesions is regulated by αV-integrins (II)
	5.2.1 αV-integrins do not influence availability or avidity of β1-integrins at the plasma membrane
	5.2.2 αV-integrins are required for cell spreading on fibronectin, collagen and laminin-511
	5.2.3 Silencing of αV-integrin abrogates assembly of β1-integrin based focal adhesions
	5.2.4 Cell-adaptation to extracellular matrix rigidity is controlled by αV-dependent traction forces generated at β1-integrin-based focal adhesions upon mechanical stimuli

	5.3 Laminin- and collagen-binding integrins regulate distinct complementary processes that control apical lumen-formation in MDCK cells (I)
	5.3.1 Integrins are differentially utilized to ensure lumen formation in type I collagen- and basement membrane-composed extracellular matrices
	5.3.2 Integrin-mediated basal cue for the establishment of basal-identity proceeds via Rac1-induced antagonism of RhoA
	5.3.3 Integrin α3β1 directs orientation of the cell-division axis during apical lumen formation via hollowing

	5.4 Integrin β4 is targeted to putative hemidesmosomes in the absence of integrin α6 and contributes to basement membrane laminin assembly (III)
	5.4.1 Integrin β4 supports basal laminin assembly in an integrin α6-independent manner, but is not necessary for laminin secretion
	5.4.2 Integrin β4 contributes to cell spreading on Col-I independently of integrin α6, while both subunits contribute to cell spreading on laminin-511
	5.4.3 Integrin β4 exists as heterodimeric and integrin α6-independent full-length and truncated C-terminal forms
	5.4.4 Integrin α6 and integrin β4 can be targeted to the plasma membrane independently of each other and β4 can contribute to basal laminin assembly without α6


	6 Discussion
	6.1 MDCK cell contractility in response to mechanosensing requires cooperation between β1- and αV-integrins (II)
	6.2 Integrins α2β1 and β4 transmit ECM-derived cues to guide orientation of apicobasal cell polarity (I)
	6.3 Integrin α3β1 guides symmetric cell divisions to regulate maintenance of apical lumens (I)
	6.4 Integrin β4 is targeted to putative hemidesmosomes and supports basememt membrane laminin assembly independently of integrin α6 (III)

	7 Summary
	List of references
	List of original articles



