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    Preface 

                 Overview: Tight junctions, the most apical cellular structure of epithelial and 
endothelial cells in the body, are key cellular structures that control paracellular 
permeability in cells and as a result, are key to the maintenance of the space and 
tissue types in the body. There has been a dramatic increase in knowledge of tight 
junctions in the past decade. The molecular structure of tight junctions, the cellular 
functions and the pathophysiological roles of the tight junctions are becoming clear. 
Of the most important functions, the role of the cellular structure in cancer spreading 
and drug delivery is increasingly realised. It is now clear that there is fundamental 
damage to tight junctions during the process of cancer development. Tight junctions 
are also critical in the metastatic process of cancer cells. The cellular structure is 
also critical in drug therapies, namely, the permeability and bioavailability of the 
drugs, and penetration of barriers such as the blood-brain barrier. There have been 
few dedicated publications on tight junctions and cancer metastasis. This volume 
aims to summarise the current knowledge of tight junctions, their role in cancer and 
cancer metastasis.

Dr. Tracey A. Martin
Professor Wen G. Jiang       
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    Abstract   Tight junctions (TJs) are multi-protein complexes whose principal 
function is to mediate cell-cell adhesion between epithelial or endothelial cells. 
While once thought to participate solely as passive effectors of adhesion, it is 
increasingly being recognised that TJs are dynamic structures which regulate many 
aspects of cellular function and physiology. Accordingly, dysregulation of TJ-based 
adhesion or signalling is emerging as an intriguing contributor to several pathophys-
iologies including cancer. This review will attempt to summarise the current state 
of knowledge about molecular aspects which regulate, and are regulated by, TJs. 
The  fi rst section will outline selected physiological processes known to in fl uence TJ 
structure or function, under the headings of cell adhesion/polarity, cell-matrix 
signalling, ion transport, hormone effects, pro-in fl ammatory cytokines and hypoxia. 
The second section will describe selected functional behaviours within the 
pathophysiology of cancer which TJs have been demonstrated to in fl uence, encom-
passing cell proliferation and apoptosis, migration and invasion, cell fate and dif-
ferentiation, metastasis across the blood brain barrier and  fi nally angiogenesis. 
Collectively, these sections illustrate that a wealth of mechanistic information can 
be gained from interrogating the contribution of TJs to normal physiology. In turn 
they highlight how TJ-based disturbances can promote some of the functional 
behaviours associated with cancer, and thereby offer insight into new TJ-based 
targets that may offer pharmacological promise in halting tumour progression.  

  Keywords   Tight junction  •  Epithelium  •  Barrier function  •  Cancer   •  Polarity  • 
 Tumour progression  •  Metastasis  •  Cell-Cell adhesion  •  Cell migration      

    E.  A.   McSherry   •     M.  B.   Owens   •       A.  M.   Hopkins   (*)
     Department of Surgery ,  RCSI Education and Research Centre, 
Beaumont Hospital ,   Dublin 9 ,  Ireland      
e-mail:  annhopkins@rcsi.ie   

    Chapter 1   
 The Molecular Aspects of Tight Junctions       

      Elaine   A.   McSherry   ,    Mark   B.   Owens   , and      Ann   M.   Hopkins     
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    1.1   Introduction 

 Externally, epithelial cells of the skin form a selective physical barrier between an 
organism and environmental insults including allergens and chemicals. Internally, 
the epithelial cells lining most visceral organs in conjunction with endothelial cells 
lining the vasculature also function as barriers to prevent absorption of pathogens 
and harmful substances from their external surfaces. 

 Tight junctions (TJs), adhesion complexes which connect the lateral membranes 
of adjacent epithelial or endothelial cells close to their external surfaces, are respon-
sible for sealing the intracellular space and thereby creating separate apical and 
basolateral compartments (Schneeberger and Lynch  2004 ; Tsukita et al.  2001  ) . This 
intracellular TJ seal performs several crucial functions. Firstly, TJ proteins consti-
tute a molecular barrier, which controls paracellular permeability and transport 
of ions, solutes and even cells. Secondly, homo- and hetero-typic binding of TJ 
proteins between neighboring cells aids in the establishment and maintenance of cell 
polarity by effectively linking polarity complexes with the underlying cytoskeletal 
structure of individual cells. Finally, TJ proteins can facilitate transmission of 
signals culminating in processes such as cell differentiation, growth, migration and 
invasion. 

 The molecular components of tight junctions can be broadly split into three main 
groups reviewed in detail in (Brennan et al.  2010  ) : (1) integral transmembrane pro-
teins including occludin, claudins, junctional adhesion molecules (JAMs), crumbs; 
(2) peripheral or plaque adaptor proteins which generally contain PDZ domains that 
facilitate protein-protein interactions, such as the Zona Occludens (ZO) family, 
Par3, Par6, Afadin; (3) associated regulatory/signalling proteins including cingulin 
and Rho-GTPases. 

 De fi cits in tight junction function which lead to increased paracellular perme-
ability have been linked to several pathologies including blistering skin diseases 
(Simon et al.  1999  )  and in fl ammatory bowel diseases (IBD) such as ulcerative 
colitis (Schulzke et al.  2009  )  and Crohn’s disease (Hollander  1988  )  (reviewed in 
detail in (Marchiando et al.  2010a  ) ). In addition, patients with IBD have a 
signi fi cantly higher risk of developing colitis-associated cancer, suggesting that 
ef fi cient TJ barrier function may play a crucial role in preventing cancer develop-
ment. Indeed, a wealth of evidence has recently associated alterations in several 
TJ proteins with many solid tumours including breast, lung colorectal, and gastric 
(Martin et al.  2011  ) . 

 Common putative mechanisms of TJ dysregulation in cancer include aberrant 
microRNA regulation of gene expression (e.g. JAM-A in breast cancer (Gotte et al. 
 2010  ) ), aberrant methylation control (e.g. Claudin 6 in breast cancer (Osanai et al. 
 2007  ) ) and protein mislocalisation (e.g. ZO-1 in pancreatic cancer (Prat et al.  2010  ) ). 
Furthermore, common dysregulation patterns are evident across multiple cancer 
types, such as widespread down-regulation of claudin 1 and loss of ZO protein 
expression and localization (Martin et al.  2011  ) . Intriguingly, genetic classi fi cations 
of human breast cancer subtypes describe a highly-aggressive subtype, the claudin-low 
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subtype, which is characterized by reduced expression of claudins 3, 4 and 7 and 
accompanied by increased expression of proteins involved in epithelial to mesen-
chymal transition (EMT) (Prat et al.  2010  ) . Taken together, this wealth of data 
suggests that alterations in TJ functions may in fact play a causal role in cancer. 
The easiest interpretations are that simple downregulation of TJ proteins leading to 
barrier breakdown and concomitant loss of adhesion would disrupt cell polarity and 
promote cancer cell dissemination; or that upregulation or mislocalisation of TJ 
proteins could initiate aberrant signalling cascades that culminate in abnormal differ-
entiation, proliferation, migration, and invasion. However, given the multi-functional 
roles of TJ proteins in several biological processes, it remains unlikely that a simple 
paradigm of either TJ protein loss or TJ protein gain will explain the complexities 
of different cancers. 

 In this review, we will  fi rstly outline the processes that in fl uence tight junction 
structure and function at a physiological level; then focus on emerging data 
describing mechanisms whereby alterations in TJ proteins may facilitate pro-
cesses critical for tumor formation and progression. Given the huge expansion in 
the TJ literature over the last number of years, it has not been possible to give an 
exhaustive overview of all the relevant literature. We therefore chose to focus on 
some selected aspects, and apologise to those authors whose work we did not have 
space to include.  

    1.2   Physiological Processes Which Involve Tight 
Junction Proteins 

 The strategic location of TJs at the apical-most interface of the lateral intercellular 
membrane of polarized epithelia or endothelia facilitates their dynamic regulation 
by both extracellular and intracellular factors during a variety of physiological pro-
cesses. Some of these will be summarized in the upcoming paragraphs. 

    1.2.1   Establishment of Cell Adhesion and Polarity 

 Tight junction proteins are critically important for the establishment of cellular 
adhesion and cell polarity through interactions with polarity complex proteins and 
RhoGTPases. For example, TJ barrier function is strongly regulated through homo-
typic binding of claudin proteins on adjacent cells, which control permeability 
through the formation of aqueous pores (Van Itallie and Anderson  2006  ) . However, 
formation of apico-basal polarity requires the coordinate spatial regulation of the 
Par, Crumbs, and Scribble core polarity complexes. 

 Nascent cell adhesions are enriched in the TJ proteins JAM-A and ZO1, and also 
the adherens junction protein E-cadherin (which activates Rac1 and suppresses 
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RhoA to facilitate junction formation (Nakagawa et al.  2001  ) ). Upon initiation of 
cell polarity, Par3 is transported to the apical cortex (Harris and Peifer  2004  )  where 
its association with TJ proteins such as JAM-A (Itoh et al.  2001  )  and PTEN (Feng 
et al.  2008  )  facilitates Par3-TIAM1 interactions which mediates stabilization and 
maturation of junctions (Chen and Macara  2005  ) . Subsequent binding of the small 
GTPase Cdc42 to Par6 provides the stimulus for recruitment of atypical PKC 
(aPKC) to the apical surface, which serves to maintain apical domain integrity 
(Martin-Belmonte et al.  2007  )  and to recruit the Crumbs complex to the apical cor-
tex via an interaction with PALS1 (Hurd et al.  2003  ) . The basolateral-associated 
Scribble complex is formed through co-localization of Scribble (Albertson et al. 
 2004  )  and Dlg (Dow et al.  2003  )  proteins at the basolateral cortex; with recent data 
suggesting that Scribble association with ZO1 may be critical for TJ assembly 
(Ivanov et al.  2010  ) . This data indicate that the interplay between TJ and polarity 
proteins is crucial for both maturation of apical junctions and the formation of 
apico-basal polarity.  

    1.2.2   Cell-Matrix Signaling 

 TJ proteins can also in fl uence cell-matrix interactions, transmitting signals to and 
from the microenvironment to control cell polarity and processes such as migration 
and invasion. For example, JAM-A-de fi cient neutrophils show impaired activation 
of the small GTPase Rap1A (Cera et al.  2009  ) , which is known to promote  b 1-
integrin activation in a Talin-dependent manner (Boettner and Van Aelst  2009  ) . 
JAM-A knockdown or inhibition using blocking antibodies has also been shown to 
reduce Rap1-GTPase activity and to decrease cell migration in colonic and breast 
epithelial cells (McSherry et al.  2011 ; Severson et al.  2009  ) . 

 Correct cell-matrix interactions are also critically important for developmental 
processes involving the generation of multi-dimensional glandular structures such 
as acini or organoids. For example, activity of the extracellular matrix (ECM)- 
degrading protein, matrix metalloproteinase MT1-MMP, has been shown to be cru-
cial for normal branching during mammary gland development (Mori et al.  2009  ) . 
Interestingly, the TJ protein ZO1 has recently been shown to regulate MT1-MMP 
expression in breast cell lines, suggesting that TJs may participate in modulating 
cell-matrix interactions during normal morphogenesis (Polette et al.  2005,   2007  ) . 

 Bidirectionality in the signalling cascades between cell-cell and cell-matrix com-
plexes is also evident, as typi fi ed by functional interactions between the cell-matrix 
protein CD44 and TJs. CD44 binds ECM components such as hyaluronic acid, col-
lagen,  fi bronectin, laminin, and chondroitin sulfate (Naor et al.  1997  ) . Recent studies 
have demonstrated that CD44 can regulate TJ assembly and barrier function in kera-
tinocyte epithelial cells (Kirschner et al.  2011  ) . Speci fi cally, CD44 knockout mice 
exhibited alterations in expression and/or localization of TJ proteins including 
Claudins-1 and -4, ZO1, and Par3; and a reduction in Rac1 activity culminating in a 
loss of cell polarity and decreased epidermal barrier function.  
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    1.2.3   Alterations in Ion Transport 

 A number of epithelial ion channels have emerged as important regulators of TJ 
function, of which the sodium potassium ATPase (Na +  K +  ATPase) is the best stud-
ied. This heterodimeric protein exports three sodium ions and imports two of potas-
sium against their concentration gradients in an ATP-dependent reaction to maintain 
transmembrane ion concentrations (Lingrel and Kuntzweiler  1994 ; Kaplan  2002 ; 
Malik et al.  1996 ; Sweadner  1989  ) . This serves to maintain transmembrane poten-
tial, driving multiple transport mechanisms and controlling cell volume and 
osmolality. 

 A functional Na +  K +  ATPase plays important roles in the assembly of TJs, 
establishment of cell polarity and regulation of paracellular permeability. Studies in 
various epithelial cell types by Rajasekeran et al. (Rajasekaran et al.  2003,   2007, 
  2008  )  have shown reversible inhibition of TJ formation upon inhibition of Na +  
K +  ATPase, either by K +  depletion or treatment with the inhibitor ouabain, in a 
sodium-dependent fashion. In addition, expression of Na +  K +  ATPase subunits and 
E-cadherin, in addition to adequate Na +  K +  ATPase pump function, have been shown 
to be necessary for TJ formation and normal epithelial polarization (Rajasekaran 
et al.  2003,   2007  ) . Accordingly, it has been hypothesised that Na +  K +  ATPase and 
E-cadherin function synergistically in assembling TJs (Rajasekaran et al.  2008  ) . 

 Interestingly, while treatment with high concentrations of ouabain that inhibit 
Na +  K +  ATPase pump function increase permeability and decrease transepithelial 
resistance (Rajasekaran et al.  2003 ; Contreras et al.  1999  ) ; treatment with nanomo-
lar ouabain concentrations that do not affect pump function actually  decrease  TJ 
permeability to both ions and non-ionic molecules (Larre et al.  2010  ) . The latter has 
been attributed in part to alterations in the expression of claudins -1, -2 and -4 (Larre 
et al.  2010  ) . It is intriguing to speculate that such profoundly opposing effects on TJ 
function may in fact be subject to physiological regulation by endogenous hormone-
like molecules in addition to exogenous drugs, with reports that an endogenous 
form of ouabain is synthesized and stored in the mammalian adrenal cortex and 
hypothalamus (Schoner and Scheiner-Bobis  2007  ) . 

 Other ion channels which have been implicated in regulatory control of TJ func-
tions include the Na+/glucose co-transporter SGLT-1. Glucose uptake by apically-
expressed SGLT-1 in the intestinal brush border has been shown to induce a drop in 
transepithelial electrical resistance and to increase in the paracellular uptake of 
small nutrients in vitro (Turner et al.  1997  )  and in vivo in both rats (Pappenheimer 
and Reiss  1987  )  and humans (Turner et al.  2000  ) . This has been associated with TJ 
strand disruption (Madara and Pappenheimer  1987  ) , dissociation of ZO1 from tight 
junctions (Atisook and Madara  1991  )  and phosphorylation of myosin regulatory 
light chain at the epithelial perijunctional ring (Turner et al.  1997  ) . 

 Energy-dependent ion channels are not the only ones to have been functionally 
linked to TJs, with the passive transport chloride transporter ClC-2 also known to 
localise at TJs in intestinal epithelia. Activation of this channel reportedly stimu-
lates an increase in transepithelial electrical resistance and a concomitant reduction 
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in paracellular permeability (Moeser et al.  2004  ) . Furthermore expression of the 
chloride channel CFTR has been shown to increase transepithelial resistance 
(LeSimple et al.  2010  ) ; while CLIC-4 co-localises with ZO1 in apical regions of 
epithelial cells, suggesting a possible but unproven role in regulation of TJs 
(Berryman and Goldenring  2003  ) . Finally, the transmembrane water channels 
termed aquaporins are also thought to regulate TJs, with aquaporin-5 in particular 
being shown to modulate epithelial paracellular permeability (Turner et al.  1997 ; 
Murakami et al.  2006  ) .  

    1.2.4   Hormone Effects 

 Several hormones from the steroid receptor family and otherwise have been shown 
to regulate TJs, consistent with the physiological need to actively modulate tissue 
permeability or other important functions of TJs at different stages of development 
or hormonal cycles. 

 Among the most prominent, estrogen has been demonstrated to profoundly affect 
the TJs of sex hormone-sensitive epithelia ranging from reproductive tissue to the 
intestinal tract. In cervico-vaginal epithelium, oestrogen can reportedly decrease the 
resistance of both epithelial TJs and the lateral intercellular space via matrix metal-
loproteinase 7-induced modulation of occludin, with the net effect of increasing 
epithelial permeability (Gorodeski  2005,   2007  ) . 

 Oestrogen receptor- b  (ER b ) is expressed in intestinal epithelial cells, where it 
appears to regulate paracellular permeability in a manner not strictly dependent on 
the oestrus cycle. In fact both male and female rats that under-express ER b  exhibit 
greater epithelial permeability and susceptibility to barrier-disruptive injury than 
their wild type female counterparts (Wada-Hiraike et al.  2006 ; Looijer-van Langen 
et al.  2011  ) . Female rats under-expressing ER b  also show ultrastructural evidence 
of altered TJ and desmosomal morphology (Wada-Hiraike et al.  2006  ) . 

 Hormonal regulation of mammary epithelial permeability during pregnancy and 
lactation occurs via not just the complex effects of oestrogen, but rather its interplay 
with other hormones such as progesterone, glucocorticoids, prolactin and serotonin 
(5-HT). During pregnancy the mammary gland reaches the expanded alveolar stage 
of development, however milk synthesis cannot begin until after parturition in con-
junction with prolactin and glucocorticoid secretion which dynamically regulate TJ 
opening to facilitate the delivery of milk proteins during breastfeeding. (Thompson 
 1996 ; Zettl et al.  1992 ; Stelwagen et al.  1999  ) . 

 The neurotransmitter serotonin (5-HT) also appears to regulate epithelial homeo-
stasis in several organ systems including the mammary gland, where it is locally 
synthesized (Matsuda et al.  2004  ) . 5-HT regulates the lactation to involution switch, 
and exhibits biphasic effects on tight junctions in vitro; increasing transepithelial 
resistance at low concentrations and early time points via protein kinase A while 
disrupting TJs via p38 MAP kinase signalling following sustained exposure to 
higher concentrations (Pai and Horseman  2008 ,  2011  ) .  
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    1.2.5   Pro-in fl ammatory Cytokines 

 Prototypic pro-in fl ammatory cytokines including interleukins-1, -6, -17, -18 (IL-1, 
-6, -17, -18), tumour necrosis factor- a  (TNF- a ) and interferon- g  (IFN- g ) are secreted 
from multiple cellular sources under physiological and pathophysiological circum-
stances. Among their pleiotrophic effects include profound remodelling of TJs, 
which often induces endothelial or epithelial barrier disruption and perpetuates 
in fl ammation (for a recent review see (Capaldo and Nusrat  2009  ) ). The near-ubiq-
uitous expression of cytokine receptors has fuelled reports of cytokine-induced TJ 
disruption in most epithelial and endothelial barriers, yet despite functional overlap 
between different cytokines there is no unifying paradigm of speci fi c alterations 
which are essential for barrier dysfunction. 

 IL-1 has been reported to induce a variable combination of reduced transepithe-
lial resistance or increased paracellular permeability in conjunction with occludin 
and ZO-1 degradation/redistribution in epithelial cells from the intestine (Al-Sadi 
and Ma  2007  ) , thyroid (Nilsson et al.  1998  )  and cornea (Kimura et al.  2009  )  in addi-
tion to models of the blood-brain barrier (Bolton et al.  1998  ) , blood-retinal barrier 
(Bamforth et al.  1997  )  and blood-testis barrier (Lie et al.  2011  ) . The barrier-disruptive 
mechanisms associated with IL-1 exposure in both intestinal (Al-Sadi and Ma  2007 ; 
Al-Sadi et al.  2008,   2010  )  and corneal (Kimura et al.  2009  )  epithelial cells as well 
as an in vitro model of the blood-brain barrier (Afonso et al.  2007  )  have been 
ascribed to canonical NF k B signalling via upstream activators such as MEKK and 
downstream effectors including myosin light chain kinase. 

 In addition to phenocopying several noted effects of IL-1 on barrier function and 
occludin/ZO-1 distribution, TNF- a  has been observed to reduce the structural com-
plexity (Schmitz et al.  1999  )  of claudin-containing TJ strands (Furuse et al.  1998  ) . 
Also in common with IL-1 signalling mechanisms, TNF-dependent reductions in 
barrier function have been linked to activation of NF k B in retinal endothelial cells 
(Aveleira et al.  2010  )  and corneal epithelial cells (Kimura et al.  2008  ) . Barrier dis-
ruption downstream of TNF- a  signalling in intestinal epithelial models has alter-
nately been proposed to re fl ect expressional enhancement of speci fi c micro-RNAs 
targeting occludin for degradation (Ye et al.  2011  )  or enhanced removal of occludin 
from tight junctions via caveolar-mediated endocytosis (Marchiando et al.  2010b  ) . 

 Observations of IFN- g -induced epithelial (Madara and Stafford  1989 ; Youakim 
and Ahdieh  1999 ; Adams et al.  1993  )  or microvasculature endothelial (Oshima 
et al.  2001  )  barrier disruption in conjunction with degradation/mislocalization of 
ZO/occludin proteins might seem to mirror the cellular mechanisms discussed 
above in response to IL-1 or TNF- a  exposure. However several lines of evidence 
suggest not only overlapping mechanisms but also unique ones whereby IFN- g  dis-
rupts barrier function. One contends that the barrier-disruptive effects of IFN- g  in 
intestinal epithelia involve PI3-kinase/NF k B cross-talk (Boivin et al.  2009  ) ; another 
that macropinocytotic internalisation of occludin is responsible for induced de fi cits 
(Bruewer et al.  2005  ) , while yet another possibility is that IFN-induced protease 
activation cleaves supporting TJ proteins such as claudin-2 (Willemsen et al.  2005  ) . 
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Reported alterations in the lipid composition of membrane microdomains following 
IFN/TNF co-treatment (Li et al.  2008  )  also offer a novel explanation for putative 
sub-membranous displacement of occludin and ZO-1 from tight junctions. 
Accordingly, although synergism between IFN- g  and TNF- a  has been reported in 
many instances (Rodriguez et al.  1995 ; Wang et al.  2006 ; Bruewer et al.  2003  ) , it is 
interesting to note that this can be dissociated from the pro-apoptotic effects of 
some pro-in fl ammatory cytokines (Bruewer et al.  2003  ) .  

    1.2.6   Hypoxia 

 The adaptive response to reduced oxygen tension, termed hypoxia, also plays an 
important role in in fl uencing TJ structure and function in physiological and 
pathophysiological settings. Physiological differences in vascular perfusion between 
tissues dictate that some body compartments exist in normoxic states (e.g. lung 
alveoli) while others are relatively hypoxic (e.g. colon). In pathophysiological set-
tings, hypoxia reportedly activates Notch signalling (Chen et al.  2010  ) ; which in 
turn has been implicated in reducing gene expression of TJ components such as 
occludin and ZO-1 during EMT in airway epithelial cells (Aoyagi-Ikeda et al.  2011  ) . 
While this implies that Notch activation secondary to hypoxia exerts a negative 
effect on lung epithelial barrier function, it is interesting to note that  inactivation  of 
Notch signalling may have a similar net effect in intestinal epithelia (Dahan et al. 
 2011  ) . Whether this re fl ects innate differences in sensitivity to hypoxic signalling in 
tissues with disparate basal oxygen tensions, or merely illustrates the importance of 
carefully balancing Notch activity levels for barrier function homeostasis in any 
epithelial tissue is not yet clear. 

 What is clear is that regulation of epithelial barrier function by hypoxic signal-
ling is complex and multi-factorial. Temporal activation of the transcription factors 
Slug and Snail during hypoxia (Kurrey et al.  2005  )  can also trigger junctional disas-
sembly via repression of occludin, ZO-1 and claudin-1 expression (Martinez-Estrada 
et al.  2006 ; Ohkubo and Ozawa  2004 ; Wang et al.  2007  ) . Similarly, reduced expres-
sion of occludin and claudin-1 have been demonstrated both in vitro and in vivo in 
renal epithelial cells de fi cient in the tumour suppressor gene von Hippel-Lindau 
(VHL) (Harten et al.  2009  ) . Consequently, VHL inactivation has been associated 
with loss of barrier function and structural disorder of the renal epithelial phenotype 
(Calzada et al.  2006  ) . Since a major function of the VHL protein product is to pro-
mote proteasomal degradation of hypoxia inducible factors (HIFs) (Maxwell et al. 
 1999  ) , much interest has focussed on the potential role of HIFs in regulating TJs in 
various tissues. Recent evidence has suggested that HIF-1 a  antagonism can temper 
occludin/ZO-1 redistribution and the associated defects in intestinal epithelial bar-
rier function induced by pro-in fl ammatory cytokines (Liu et al.  2011  ) . A similar 
regulatory role has been noted in endothelial tight junctions, with loss of HIF-1 a  
promoting TJ re-sealing in brain microvascular endothelial sheets compromised by 
prior exposure to either high glucose levels (Yan et al.  2012  )  or hypoxia-reoxygenation 
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injury (Yeh et al.  2007  ) . Taken together with the links between enhanced HIF activity 
and tumour progression or metastasis (Liao et al.  2007  ) , the importance of hypoxia 
as an upstream regulator of tight junctions and barrier function cannot be 
underestimated. 

 As described above, TJ proteins are important for the maintenance of cell polar-
ity and for hormonal and cytokine regulation of cellular homeostasis among a myr-
iad of associated functions. Disruptions in cell polarity and tissue architecture are 
hallmarks of de-differentiation and early features of malignancy (Molitoris and 
Nelson  1990  ) . In addition, several TJ-associated proteins have recently been shown 
to be targeted by oncogenes such as ERBB2 (Aranda et al.  2006  )  and MYC (Zhan 
et al.  2008  )  to facilitate malignant transformation. Furthermore, TJ proteins includ-
ing Scribble (Javier  2008  )  and ZO2 (Glaunsinger et al.  2001  )  have been shown to be 
targeted by oncogenic viruses such as the human papilloma virus. Collectively, 
these studies provide strong evidence that TJ proteins may indeed act as key regula-
tors of cancer initiation and progression. This will next be addressed.   

    1.3   Pathophysiological Processes in Cancer In fl uenced 
by Tight Junctions 

    1.3.1   Regulation of Cell Proliferation and Apoptosis 

 Tumour formation requires the acquisition of alterations that facilitate sustained 
proliferative capacity, whilst resisting cellular senescence and apoptotic cell death 
(Hanahan and Weinberg  2011  ) . Several studies have described how alterations in 
several TJ-associated proteins may upset the delicate balance of growth and death 
signalling to result in malignant transformation. As noted earlier, however, the com-
plex and tissue-speci fi c regulation of TJ function in various endothelial and epithe-
lial cells makes it unlikely that a single paradigm of simple expressional upregulation 
or downregulation will emerge to explain the many functional events associated 
with tumour initiation and progression. 

 Regardless, members of the largest family of integral membrane TJ proteins, the 
claudins, are frequently dysregulated in many cancers and appear to have a central 
role in determining cell fate (Escudero-Esparza et al.  2011  ) . With respect to tumour 
initiation, Claudin-6 downregulation has been shown to result in increased resis-
tance to apoptosis in vitro (Osanai et al.  2007  ) . Claudin-1 expression, though 
increased in senescent cells (Swisshelm et al.  1999  ) , has been reported to be 
decreased throughout several tumour types (Martin et al.  2011  ) . Similarly down-
regulation of occludin has been correlated with dedifferentiation and progression of 
several cancers including endometrial (Tobioka et al.  2004a  )  and lung (Tobioka 
et al.  2004b  ) . These effects may be due to occludin-mediated regulation of apoptosis, 
as occludin loss results in decreased expression of pro-apoptotic proteins including 
Bax (Osanai et al.  2006  ) . 
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 Alterations in proteins of the junctional adhesion molecule (JAM) family 
have also been shown in breast and renal cancers (McSherry et al.  2011 ; Gutwein 
et al.  2009  )  and melanoma (Langer et al.  2011  ) , where many have demonstrated 
prognostic value in determining levels of JAM-A expression in patient cohorts. 
Indeed aberrant expression of microRNA mir145 may be mechanistically 
responsible for observed overexpression of JAM-A in breast cancer patient tis-
sues which correlate strongly with poor survival outcomes (Gotte et al.  2010 ; 
McSherry et al.  2009  ) . Although generally accepted as primarily functioning in 
adhesive and barrier roles at the TJ, compelling data have recently emerged 
regarding a role for JAM-A in both apoptosis and proliferation control. Colonic 
epithelial cells of JAM-A-de fi cient mice show enhanced crypt proliferation as 
measured by Ki67 staining (Laukoetter et al.  2007  ) . Speci fi cally, JAM-A appears 
to control cell proliferation through inhibition of Akt-dependent  b -catenin acti-
vation (Nava et al.  2011  ) ; with Akt inhibition reversing crypt proliferation in 
JAM-A-de fi cient mice. Somewhat conversely in the context of cancer, JAM-A 
de fi cient mice display signi fi cantly reduced tumor growth in a pancreatic tumor 
model, likely due to decreased angiogenesis and increased immune responses 
(Murakami et al.  2010  ) . Furthermore, in a breast cancer mouse model, JAM-A 
de fi cient mice show signi fi cantly decreased tumour growth; with tumour cells 
displaying increased rates of apoptosis in vivo and in vitro (Murakami et al. 
 2011  ) . Together these studies suggest that, in contrast to loss of TJ proteins 
such as claudins and occludin, upregulation of JAM-A may in fact facilitate 
increased tumor growth and survival by promoting signalling events which pro-
tect cells from apoptosis. 

 As mentioned, JAM-A associates with the peripheral TJ protein Par3 during 
junctional maturation and establishment of cell polarity (Ebnet et al.  2001  ) . In a 
mouse model of mammary morphogenesis, Par3 depletion in mammary progenitor 
cells disrupted mammary development, resulting in ductal hyperplasia. Re-expression 
of full length Par3 (but not truncated Par3) rescued this defect, demonstrating that 
Par3/aPKC interaction is essential for normal breast morphogenesis (McCaffrey 
and Macara  2009  ) . The interaction of another TJ-associated protein and Par polarity 
complex member, Par 6, with aPKC has also been shown to be required for ErbB2 
oncogene-driven evasion of apoptosis and disruption of breast cellular morphogen-
esis in vitro (Aranda et al.  2006  ) . 

 Interestingly, association of ZO-1 with the transcription factor ZONAB can 
directly promote expression of the ErbB2 oncogene (Balda and Matter  2000  ) . 
Furthermore, ZONAB is a critical determinant of cell cycle progress through effects 
on cyclin D1 and cdk4 (Balda et al.  2003  ) . Similarly ZO2 can control cell prolifera-
tion through sequestration of transcription factors such as Jun and Fos at the TJ in a 
density-dependent manner (Huerta et al.  2007  ) . Finally, interactions between ZO1 
and the polarity complex member Scribble play an important role in normal regula-
tion of cell adhesion (Ivanov et al.  2010  ) . Interestingly, correct localization and 
expression of Scribble mediates pro-apoptotic signalling critical for both normal 
mammary gland morphogenesis and resisting MYC–induced transformation (Zhan 
et al.  2008  ) . 
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 In summary, data suggests that TJ proteins may be critical determinants of cancer 
initiation through effects on oncogene expression and imbalances in cell prolifera-
tive and apoptotic signaling.  

    1.3.2   Migration and Invasion 

 Although uncontrolled growth is a fundamental requirement during transformation, 
cancer cells must acquire both migratory and invasive capabilities in order to suc-
cessfully disseminate from a primary tumour before seeding metastases at distant 
sites. Generally, cell migration consists of three main steps: the activation of Rho 
GTPases extend cell protrusions (through assembly of focal contacts with extracel-
lular matrix proteins), the cell is dragged forward (through myosin II-mediated cell 
contraction), and  fi nally cell adhesions are disassembled at the rear of the cell. This 
cyclical process (similar to regulation of apico-basal polarity and establishment of 
cell adhesion) requires crosstalk between junctional proteins, core polarity regulators 
(Etienne-Manneville and Hall  2001 ; Huo et al.  2011  ) , and Rho family GTPases 
(Etienne-Manneville  2008 ; Iden and Collard  2008  ) . Malignant cells can hijack these 
pro-migratory pathways and several TJ associated proteins have been implicated as 
having a causal role in cancer progression. 

 Loss of claudin-7 expression has been correlated with increased migration and 
invasion in lung (Lu et al.  2011  ) , colorectal (Oshima et al.  2008  )  and oesophageal 
cancer (Lioni et al.  2007  ) . Speci fi cally, claudin-7 loss or mis-localisation in oesoph-
ageal cancer can lead to decreased E-cadherin expression and increased three-
dimensional invasion in vitro (Lioni et al.  2007  ) . Furthermore, re-expression of 
claudin-7 in claudin-7 de fi cient lung cancer cells resulted in decreased hepatocyte 
growth factor-mediated in vitro migration and invasion, and decreased in vivo 
tumour growth via regulation of ERK/MAPK signalling (Lu et al.  2011  ) . Several 
other claudins have been implicated in regulating invasion through effects on matrix 
degrading enzymes from the matrix metalloproteinase (MMP) family. Claudin-1 
expression in liver cancer cells promotes increased MMP2 activity and migration 
and invasion through activation of a c-Abl-PKCdelta signaling pathway (Yoon et al. 
 2010  ) . Conversely, claudin-6 loss has been demonstrated to increase MMP activity 
and promote invasion of breast cancer cells (Osanai et al.  2007  ) . 

 JAMs also have established roles in promoting normal leukocyte (Ostermann 
et al.  2002  )  and neutrophil migration (Cera et al.  2009  ) , with JAM-A loss in endothe-
lial cells functioning to decrease motility (Bazzoni et al.  2005  ) . With respect to can-
cer, the majority of studies suggest that JAM proteins signal to increase cancer cell 
migration and invasion. JAM-A overexpression is associated with increased breast 
cancer metastasis (McSherry et al.  2009  ) ; potentially due to downstream regulation 
of the migratory protein  b 1-integrin through AF-6 and Rap1 GTPase adaptor proteins 
(McSherry et al.  2011 ; Severson et al.  2009  ) . Furthermore, JAM-C is required for mel-
anoma cell transendothelial migration in vitro (Ghislin et al.  2011  ) ; with its increased 
expression linked to melanoma invasion and metastasis in vivo (Fuse et al.  2007  ) . 
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 JAM proteins interact with several TJ adaptor proteins including AF6 and ZO 
proteins (Schneeberger and Lynch  2004  ) . Fusion of AF6 and MLL represents 
the most common alteration in mixed lineage leukemia (MLL), where the Ras 
association-1 domain of AF6 likely activates the oncogenic potential of the 
MLL-AF6 protein (Liedtke et al.  2010  ) . Recently, loss of AF6 in breast cancer 
has also been linked with poor prognosis (Letessier et al.  2007  ) . Further work has 
demonstrated that AF6 loss dramatically increased heregulin-induced in vitro 
migration and invasion through activation of RAS/MAPK and Src kinase pathways; 
as well as signi fi cantly increased tumour growth and metastasis in an SKBR3 
orthotopic mouse model (Fournier et al.  2011  ) . 

 Interestingly, ZO1 has been shown to regulate the expression of the matrix 
metalloproteinase MT1-MMP, with knockdown of ZO1 in breast cancer cell lines 
reducing MT1-MMP expression and three-dimensional in vitro invasion (Polette 
et al.  2005  ) . Recently, the TGF- b /Smad pathway (known to target the Par polarity 
complex (Viloria-Petit et al.  2009  ) ) was demonstrated to induce breast cancer cell 
invasion through up-regulation of MMPs -2 and -9, reinforcing a potential link 
between matrix degradation and TJ-associated proteins (Wiercinska et al.  2011  ) . 

 Furthermore, interactions between the Par complex members Par6 and aPKC 
lead to Rac GTPase activation in non-small cell lung cancer (NSCLC) cells, which 
drives anchorage-independent growth and invasion through activation of MMP10 
(Frederick et al.  2008  ) . The evidence for an involvement of Par3 in cancer cell 
migration has also been strengthened by studies demonstrating that Par-3 engages 
in the spatial regulation of Rac activity. Par3 directly interacts with Tiam1, a Rac1-
speci fi c guanine nucleotide exchange factor, to form a complex with aPKC-PAR-6-
Cdc42, leading to Rac1 activation (Chen and Macara  2005  ) . Recently, Par3 has 
been suggested to also be important in regulating squamous cell carcinoma collec-
tive cell migration. Recruitment of Par3 by DDR1 reduced actinomyosin contractile 
activity at cell-cell contacts and antagonized ROCK activity to Rac activation, thus 
keeping migrating cells clustered together and promoting more ef fi cient collective 
migration (Hidalgo-Carcedo  2011  ) . 

 Finally loss or mislocalisation of the ZO1 interacting protein, Scribble, increases 
migration and invasion of breast cancer cell lines (Zhan et al.  2008 ; Vaira et al.  2012  ) , 
and cooperation of Scribble with the Ras oncogene increases MEK-ERK-dependent 
matrix invasion in a 3D breast acinar morphogenesis model (Dow et al.  2008  ) . 

 Together, the above studies underline the importance of TJ proteins in mediating 
pro-migratory and pro-invasive signals and also suggest that targeting these proteins 
in cancer may be of therapeutic value.  

    1.3.3   Cell Fate and Differentiation 

 Recent work has provided evidence that several TJ proteins may regulate cell fate 
and differentiation during normal development (Balda and Matter  2009 ; Koch and 
Nusrat  2009  ) . Expression levels of Claudin-4, ZO1 and ZO2 regulate murine stem 
cell commitment to hematopoetic or endothelial cell lineages (Stankovich et al.  2011  ) . 
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In addition, JAM proteins have been shown to be required for maintenance of 
hematopoietic stem cells in bone marrow (Arcangeli et al.  2011  ) , spermatid differen-
tiation (Gliki et al.  2004  )  and dendritic cell differentiation (Ogasawara et al.  2009  ) . 
Furthermore, as mentioned above, TJ proteins interact with polarity complexes such 
as the Scribble and Par complexes to in fl uence cell fate through processes including 
EMT, which allows cancer cells to alter their cell morphology and acquire pro-
invasive phenotypes that might facilitate their migration to optimally-supportive 
growth niches (Viloria-Petit et al.  2009 ; Dow et al.  2008 ; Ozdamar et al.  2005  ) . 

 The claudin-low aggressive breast cancer subtype is characterized by near 
absence of luminal differentiation markers, and increased expression of EMT and 
cancer stem cell-like markers (Prat et al.  2010  ) . Indeed, gene expression signatures 
derived from normal human breast cells undergoing EMT in response to snail/slug 
activation or TGF  b   treatment were recently shown to closely resemble those derived 
from claudin-low breast cancer tissues (Taube et al.  2010  ) . Poor prognosis claudin-
low tumour cells could undergo EMT through changes in several Zeb1 transcription 
factor–regulated genes. Zeb1 expression, through its repression of junctional pro-
teins, may therefore also have a causal role in cancer types including breast (Aigner 
et al.  2007  )  and colorectal (Spaderna et al.  2008  ) . Downregulation of Mir200c in 
breast cancer cells prevents expression of Zeb1, and reduces cancer cell migration 
(Cochrane et al.  2010  ) . Furthermore, knockdown of Zeb1 in MDA-MB-231 breast 
cancer cells promotes EMT reversion whereby induced re-expression of the TJ 
proteins JAM-A, Occludin, Crumbs and PATJ partially re-establishes cell polarity 
and epithelial morphology, and signi fi cantly decreases cancer cell migration. 
Encouragingly, Zeb1 knockdown in a mouse model of metastatic colorectal cancer 
resulted in complete suppression of liver metastasis (Spaderna et al.  2008  ) , suggest-
ing that targeting Zeb1 may be a valuable therapeutic modality. 

 The TJ peripheral protein Par6 has been demonstrated to be required for TGF b -
induced EMT in breast epithelial cells (Viloria-Petit et al.  2009  ) . Speci fi cally, 
TGF b -dependent phosphorylation of Par6 mediated recruitment of Smurf I (an E3 
ubiquitin ligase) to promote degradation of RhoA and dissolution of the TJs, a cru-
cial step in EMT (Ozdamar et al.  2005  ) . In addition, TGF b -Par6 signalling led to a 
loss of cell polarity and induced local invasion of MMECs in vitro and in vivo 
(Viloria-Petit et al.  2009  ) . 

 ZO1 and its associated transcription factor ZONAB have also been implicated in 
the regulation of epithelial homeostasis and differentiation (Balda et al.  2003 ; 
Georgiadis et al.  2010 ; Sourisseau et al.  2006  ) , through downstream regulation of 
cell cycle genes such as cyclin D1 and PCNA. Overexpression of ZONAB or knock-
down of ZO-1 in mouse epithelial cells resulted in increased proliferation, and 
induced EMT-like morphological and protein expression changes that disrupted 
normal epithelial differentiation. This suggests that ZO1 loss, as seen in several 
cancers (Hoover et al.  1998 ; Kaihara et al.  2003  ) , may phenocopy ZONAB over-
expression in vitro thus altering cell differentiation through the induction of EMT. 

 Finally, several recent studies have suggested novel roles for TJ-associated pro-
teins in controlling cellular homeostasis through regulation of spindle orientation 
and cell division. As mentioned above, transplantation of Par3-depleted stem cells 
into murine mammary fat pads resulted in disrupted ductal morphogenesis 
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(McCaffrey and Macara  2009  ) . Interestingly however, an expansion in the luminal 
progenitor cell population and reduction in myoepithelial cell population was evident 
in Par3-depleted mammary glands. This suggests a role for Par3 and its TJ binding 
partners in the regulation of progenitor differentiation and epithelial morphogenesis 
in vivo. 

 Recent studies in MDCK renal epithelial cells have shown that Par3 knockdown 
disrupts aPKC association with the apical cortex, and causes spindle misorientation 
leading to the appearance of multiple lumens in 3D cysts (Hao et al.  2010  ) . Similarly, 
depletion or inhibition of Par6B or aPKC induces misorientation of the mitotic spindle 
to drive formation of aberrant Caco-2 intestinal epithelial cysts, with cell survival 
and apical positioning dependent upon aPKC expression levels (Durgan et al.  2011  ) . 
Together these results suggest that TJ-associated proteins may have a role in spindle 
orientation and cell differentiation in vivo, and that their alteration may facilitate 
tumour formation by affecting the spatial regulation of cell division.  

    1.3.4   Metastasis and the Blood-Brain Barrier 

 In addition to their regulatory roles in cell fate and differentiation, the functional 
integrity of TJs also play an intrinsic part in preventing cancer metastasis. In order 
for metastasis to occur, invading cells must  fi rst detach from the primary tumour and 
invade into the bloodstream. At the site of metastasis, the tumour cells must 
extravasate. This is similar to leukocyte extravasation and consists of three steps; 
 fi rstly loose attachment and rolling on the endothelial surface, secondly tight attach-
ment to the endothelium, and thirdly diapedesis or transmigration through the 
endothelium, either by the transcellular or paracellular route. While leukocytes and 
tumour cells share many similarities during the  fi rst two steps, the third step of dia-
pedesis differs in that tumour cell migration irreversibly alters endothelial morphology 
(Heyder et al.  2002  ) . This in turn induces endothelial cell retraction and in some 
cases apoptosis, possibly due to loss of cell-cell contacts (Brandt et al.  2005 ; Uchide 
et al.  2007 ; Kebers et al.  1998  )  via molecules including N-cadherin (Qi et al.  2005 ; 
Strell et al.  2007  ) . The net effect of this destructive form of transmigration is the 
formation of gaps in the endothelial barrier, which can allow permissive access of 
tumour cells to the circulation and facilitate the early steps of metastasis. 

 A unique and highly-specialised form of the endothelium that poses a signi fi cant 
barrier to metastasis is the blood brain barrier (BBB), a complex structure consist-
ing of nonfenestrated brain microvascular endothelial cells (BMECs) held together 
by abundant TJs and adherens junctions [reviewed in (Arshad et al.  2010 ; Abbott 
et al.  2010  ) ]. Relative to other endothelial cells, BMECs exhibit higher transepithe-
lial resistances and lower solute permeability, while TJs are structurally more com-
plex and restrictive to diffusion of polar solutes via the paracellular pathway. The 
basement membrane is also thicker, and a layer of underlying astrocytes adds an 
extra regulatory component that restricts  fl ow across the barrier. Collectively, the 
layers that compose the BBB represent a formidable challenge to the cancer cells 
which must breach it in order to form brain metastases. Since the brain lacks 
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lymphatic drainage, brain metastasis occurs solely via the haematogenous route. 
It often carries a dire prognosis due to limited available treatment modalities, since 
the BBB is as impermeable to most drugs as it is to cells. Thus in recent years much 
interest has focused upon the regulation of BBB TJs, both to prevent cross-traf fi cking 
of tumour cells and also to understand mechanisms of selectively enhancing perme-
ability to facilitate chemotherapeutic drug delivery. In particular, claudins have 
emerged as promising targets since losses in claudins-3 and -5 have been associated 
with increased leakiness of the BBB (Wolburg et al.  2003 ; Nitta et al.  2003  ) . 

 With regard to speci fi c types of cancers, melanoma displays the highest propen-
sity of all primary tumours to metastasize to brain (Denkins et al.  2004  ) . Melanoma 
cells have been shown in vitro to degrade brain endothelial TJs, resulting in decreased 
transepithelial resistance and decreased expression of claudin-5, ZO-1 and occludin 
(Fazakas et al.  2011  ) . While the mechanisms of such events remain incompletely 
understood, TJ protein degradation may be facilitated by the fact that melanoma 
cells express several proteases, including matrix metalloproteinases (Hofmann et al. 
 2000  ) , urokinase type plasminogen activator (Artym et al.  2002  ) , seprase (Piñeiro-
Sánchez et al.  1997  )  and serine proteinases (Fazakas et al.  2011  ) . 

 Similarly, breast cancer displays a high propensity for brain metastasis, with a 
prevalence of approximately 30% at autopsy (Tsukada et al.  1983 ; Cho and Choi 
 1980  ) . Risk factors include young age, grade and stage, oestrogen receptor negativ-
ity and Her2/neu overexpression (Pestalozzi et al.  2006 ; Hicks et al.  2006  ) . While 
many soluble and cell- fi xed factors are potentially involved in the transit of breast 
cancer cells across the BBB, one intriguing pathway that has recently emerged 
involves the chemokine stromal cell derived factor-1 a  (SDF-1 a ) and its receptor 
CXCR4. SDF-1 a  is secreted by several organs including the central nervous sys-
tem, and SDF-1 a  treatment has been shown to increase the permeability of BMEC 
monolayers to breast tumour cell invasion by activating the PI-3K/AKT signalling 
pathway and causing endothelial cell retraction (Lee et al.  2004  ) . Interestingly 
CXCR4 is expressed on breast cancer cells and is sensitive to upregulation by the 
oncogene Her2/Neu, which is associated with aggressive and highly-metastatic 
forms of breast cancer (Li et al.  2004  ) . As with melanoma metastasis, however, it is 
clear that many other pathways could also govern transit of breast cancer cells 
across the BBB. Some of these mechanisms are likely to be convergent, for example 
the activity of degradative enzymes such as MMP-2 and -3 has been shown to be 
increased in in vivo breast cancer models (Mendes et al.  2005 ; Tester et al.  2004  ) , 
while that of MMP-1 and -9 has been shown to be increased in in vitro settings of 
breast cancer (Stark et al.  2007  ) . Given the links between MMPs and TJs alluded to 
earlier in this article, cross-regulation in the context of enhancing BBB permeability 
could therefore have serious implications for the development of brain metastases.  

    1.3.5   Angiogenesis 

 Metastasis is a complex and multi-step process which requires many forms of 
sophisticated functional adaptation in addition to the relatively simple requirement 
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for mechanical movement of cells across biological barriers. One biological process 
which exerts a key in fl uence on the ability of metastasized tumours (and indeed 
primary tumours) to survive is the generation of a vascular supply to nourish the 
growing tumour, termed tumour angiogenesis. Several TJ proteins have been impli-
cated in both physiological and pathological angiogenesis. Junction adhesional 
molecules, and in particular JAM-A, are known to be important regulators of angio-
genesis. JAM-A is expressed in the early vasculature of the developing mouse 
embryo (Parris et al.  2005  ) , and is a vital component of basic  fi broblast growth fac-
tor (bFGF)- induced angiogenesis. In the latter context it forms an inhibitory com-
plex with  a v b 3 integrin, which disassembles in response to bFGF signalling. JAM-A 
then facilitates MAP kinase activation, which in turn induces endothelial tube for-
mation and angiogenesis (Naik et al.  2003 ; Naik and Naik  2006  ) . Accordingly, tran-
sient knockdown of JAM-A has been shown to prevent bFGF-induced endothelial 
cell migration in an ECM substrate-speci fi c fashion (Naik et al.  2003  ) . Similarly, 
bFGF cannot induce angiogenesis in JAM-A de fi cient mice (Cooke et al.  2006  ) , and 
pancreatic islet cell carcinomas grown in JAM-A null mice have been shown to 
exhibit a small decrease in angiogenesis compared to JAM-A-expressing mice 
(Murakami et al.  2010  ) . 

 Other JAM proteins also appear to regulate angiogenesis in ways that could be 
relevant to tumour angiogenesis, or the pharmacological antagonism thereof. 
Soluble JAM-C levels have been shown to be increased in the serum of patients with 
rheumatoid arthritis, and treatment with exogenous JAM-C has the potential to 
induce angiogenesis in vitro (Rabquer et al.  2010  ) . Furthermore JAM-C blockade 
has been shown to reduce angiogenesis by 50% in a mouse model of hypoxia-
induced retinopathy (Orlova et al.  2006  ) . Others have reported that functional 
antagonism of JAM-C with a monoclonal antibody can inhibit angiogenesis both 
in vitro and in vivo (Rabquer et al.  2010 ; Lamagna et al.  2005  ) . Conversely, overex-
pression of JAM-B in a mouse model of Downs syndrome has been shown to inhibit 
the angiogenic response to vascular endothelial growth factor (VEGF) (Reynolds 
et al.  2010  ) . 

 Other TJ proteins such as the claudins also play a complex role in angiogenesis. 
Claudin-5 has been shown to reduce endothelial cell motility via N-WASP and 
ROCK signalling cascades (Escudero-Esparza et al.  2011  ) . Claudin-4-expressing 
ovarian epithelial cells reportedly feature upregulation of several genes encoding 
pro-angiogenic cytokines, and can induce angiogenesis both in vitro and in in vivo 
mouse models (Li et al.  2009  ) . Claudins -1, -2 and -5 are expressed in normal murine 
retinal vessel development; while claudins -2 and -5 are overexpressed in vessels in 
an oxygen-induced retinopathy model (Luo et al.  2011  ) . 

 Similarly expression of occludin can be altered by a number of angiogenic 
factors. Increased occludin expression has been linked with the secretion of 
angiopoetin-1 from pericytes (Hori et al.  2004  ) , while decreased occludin expres-
sion in conjunction with increased paracellular permeability has been noted in 
retinal endothelial cells treated with vascular endothelial growth factor (VEGF) 
(Antonetti et al.  1998 ; Behzadian et al.  2003  ) . 
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 Taken together, the above points illustrate a complex and dynamic relationship 
between TJ proteins and angiogenic cascades. We believe this shows much potential 
for interrogation to better understand not only the mechanisms of tumour angiogenesis, 
but also to drive forward the design of new TJ-based therapeutics aimed at interfer-
ing with this process.   

    1.4   Conclusion 

 This review has attempted to summarise the molecular aspects of TJs regarding 
their regulation by normal physiological processes and their contributions to 
pathophysiological behaviours characteristic of cancers. What has emerged is that 
TJs are intrinsic downstream components of a number of important cascades regu-
lating physiological processes as diverse as polarity, ion transport and responsive-
ness to paracrine or endocrine factors. Perhaps more importantly, it has also 
illustrated that while TJs may act as upstream regulators of functional behaviours 
intrinsically associated with cancer, there is no universal paradigm whereby simple 
loss or gain of TJ proteins drives processes like cell proliferation, migration or 
angiogenesis. Instead this review suggests that complex spatial and temporal regula-
tion of TJ signalling must be elucidated on an individual protein basis, but may bear 
fruit in the design of future drugs to target tumourigenic behaviour.      
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    Abstract   In this chapter we summarize recent and more established data with 
respect to tight junctions (TJ) and TJ associated changes in human tissues. TJs are 
considered as multifunctional complexes which are involved not only in regulation 
of paracellular diffusion, maintenance of cell polarity but also in cell signaling and 
gene expression regulation. There are several -sometimes contradictory- data about 
TJ proteins- and genes expression in the different organs of the human body. Clearly, 
more research is needed to understand the functions and consequences of alterations 
of different TJ proteins expression in normal as well as tumor tissues in order to 
clarify contradictory issues. In this chapter we intend to review the immense amount 
of data published so far in the  fi eld of TJs in different organs. For better understand-
ing, we grouped the organs according to their ectodermal, endodermal or mesoder-
mal origin. CLDNs have been identi fi ed as the major constituents of TJ strands. All 
current evidence supports a central role for CLDNs in the functions of the TJs. 
However, the exact stoichiometry remains unclear and little is known about the 
molecular mechanisms taking place during assembly and strand formation in nor-
mal as well as in tumor tissues. Accordingly, the majority of data presented in this 
chapter consider the different CLDNs expression in normal human tissues, in pre-
malignant or malignant lesions. Nevertheless, we made an effort to present data 
about other TJ components in different organs when available.  
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  Abbreviations  

  AJ    Adherens junction   
  BPH    Benign prostatic hyperplasia   
  BTB    Blood-testis barrier   
  CAR    Coxsackie adenovirus receptor   
  CDC42    Cell division cycle 42 (GTP-binding protein 25 kDa)   
  CD    Coeliac disease   
  CGN    Cingulin   
  CLDN10    Claudin 10   
  CLDN11    Claudin 11 (oligodendrocyte transmembrane protein)   
  CLDN12    Claudin 12   
  CLDN14    Claudin 14   
  CLDN15    Claudin 15   
  CLDN16    Claudin 16   
  CLDN17    Claudin 17   
  CLDN18    Claudin 18   
  CLDN19    Claudin 19   
  CLDN1    Claudin 1   
  CLDN20    Claudin 20   
  CLDN2    Claudin 2   
  CLDN3    Claudin 3   
  CLDN4    Claudin 4   
  CLDN5    Claudin 5   
  CLDN6    Claudin 6   
  CLDN7    Claudin 7   
  CLDN8    Claudin 8   
  CLDN9    Claudin 9   
  CLDN    Claudin   
  CLDND2    Claudin domain containing 2   
  CRB3    Crumbs homolog 3 (Drosophila)   
  CTNNAL1    Catenin (cadherin-associated protein) alpha-like 1   
  CTNNBIP1    Catenin beta interacting protein 1   
  ECM    Extracellular matrix   
  ESCC    Esophageal squamous cell carcinoma   
  F11R    F11 receptor   
  FHHNC    Familial hypomagnesemia with hypercalciuria and nephrocalcinosis   
  FOV    Foveolar epithelium   
  GLUT1    Glucose transporter1   
  HB    Hepatoblastoma   
  HCC    Hepatocellular carcinoma   
  HCE    Human corneal epithelial cells   
  HCV    Hepatitis C virus   
  HPRT1    Hypoxanthine phosphoribosyl-transferase 1   
  IDC    Invasive ductal carcinoma   
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  IUP    Inverted urothelial papillomas   
  JAM-A    Junctional adhesion molecule A   
  JAM-B    Junctional adhesion molecule B   
  JAM-C    Junctional adhesion molecule C   
  MAGI1     Membrane-associated guanylate kinase WW and PDZ domain 

containing 1   
  MAGIX    MAGI family member X-linked   
  MAGUK    Membrane-associated guanylate kinase   
  MARK2    MAP/microtubule af fi nity-regulating kinase   
  MLLT4     Myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog 

Drosophila) translocated to 4   
  mPCa    Metastatic prostatic adenocarcinoma   
  MPDZ    Multiple PDZ domain protein   
  MPP5     Membrane protein palmitoylated 5 (MAGUK p55 subfamily 

member 5)   
  NAC    Normal tissue adjacent to carcinoma   
  OCLN    Occludin   
  OSE    Ovarian cell surface epithelium   
  PARD3    par-3 partitioning defective 3 homolog   
  PARD6A    par-6 partitioning defective 6 homolog alpha   
  PCa    Prostatic adenocarcinoma   
  PET    Pancreatic endocrine tumors   
  PIN    Prostatic intraepithelial neoplasia   
  PUNLMP    Papillary urothelial neoplasm of low malignant potential   
  RHOA    Ras homologous gene family member A   
  RPL13A    Ribosomal protein L13a   
  SCE    Specialized columnar epithelium   
  SDHA    Succinate dehydrogenase complex subunit A,  fl avoprotein (Fp)   
  SG    Stratum granulosum   
  SP    Substance P   
  SqE    Squamous epithelium   
  SSC    Squamous cell carcinoma   
  SYMPK    Symplekin   
  TER    Transepithelial electrical resistance   
  TGFB1    Transforming growth factor beta 1   
  TJP3    Tight junction protein 3 (zona occludens 3)   
  TJ    Tight junction   
  TRIC    Tricellulin   
  tTJ    Tricellular tight junctions   
  UCC    Urothelial cell carcinoma   
  UP    Urothelial papilloma   
  ZO1    Tight junction protein 1 (zona occludens 1)   
  ZO2    Tight junction protein 2 (zona occludens 2)   
  ZO    Zonula occludens   
  ZONAB    Zonula occludens 1 (ZO1) –associated nucleic acid binding protein         
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    2.1   Introduction 

 In epithelial and endothelial tissues cell-cell interaction is mediated by various 
junctional complexes. Each of these complexes – tight junctions (TJs), adherens 
junctions (AJs), desmosomes and gap junctions – have typical morphology, 
composition and function. TJs are the most apical intercellular junctions with 
diverse functions. It is generally accepted that TJ proteins can be categorized into 
three groups:  integral membrane proteins  which bridge the intercellular space 
and create a paracellular seal (occludin, claudins – CLDN, junctional adhesion 
molecules – JAM, tricellulin and crumbs),  peripherally associated cytoplasmic 
proteins  which assemble at the cytoplasmic surface of the junctional site (zonula 
occludens – ZO, partitioning-defective molecules – PAR, MAGUK inverted – MAGI, 
cingulin, symplectin and others) and  signaling proteins  (protein kinase A, protein 
kinase C, heterotrimeric G-proteins) (Brennan et al.  2010 ; Gonzalez-Mariscal et al. 
 2003,   2007,   2008 ; Lelievre  2010  ) . So far a high number of proteins locating at tight 
intercellular contacts have been discovered, and their roles have just partly been 
unravelled. Recent studies suggest that there are many more transmembrane proteins 
not yet fully characterized, representing an active area of investigation (Mineta et al. 
 2011  ) . Intensive research has revealed that the composition of distinct integral 
membrane proteins determines the speci fi c “tightness” or “leakiness” of an epithelial 
and endothelial layer (Amasheh et al.  2009 ; Anderson and Van Itallie  2009  ) . Today 
TJs are considered as multifunctional complexes which are involved not only in 
regulation of paracellular diffusion, establishment of polarity, but also in cell signaling 
and gene expression regulation (Bauer et al.  2011  ) . 

    2.1.1   Classical Functions of Junctional Proteins: Formation 
and Regulation of Tissue Barriers 

 CLDNs have been identi fi ed as the major constituents of TJ strands, where they 
interact with each other in homotypic or heterotypic manner or with other proteins 
of the TJs such as occludin and tricellulin (TRIC). All current evidence supports a 
central role for CLDNs in electrical resistance, permselectivity (including size, 
electrical resistance, ionic charge preference) however, the exact stoichiometry 
remains unclear and little is known about the molecular mechanisms taking place 
during assembly and strand formation (Anderson and Van Itallie  2009 ; Furuse 
 2006  ) . 

 Available data support the idea that the  fi rst extracellular loop of CLDNs creates 
an “electrostatic selectivity  fi lter” controlling overall resistance and charge selectiv-
ity in different types of tissues (Anderson and Van Itallie  2009  ) . By analysing the 
transepithelial electrical resistance (TER) epithelial and endothelial tissues are also 
characterized as “tight” and “leaky” epithelia. The “tight” epithelia are characterized 
by tight junctions that can maintain the high electrochemical gradient characteristics, 
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for example in the distal nephron, while “leaky” TJs move large amounts of isoos-
motic  fl uids, as in the human gastrointestinal tract (Van Itallie and Anderson  2006  ) . 
CLDNs 2 and 10 tend to make tight monolayers leakier (Van Itallie and Anderson 
 2006 ; Furuse et al.  2001 ; Colegio et al.  2002 ; Amasheh et al.  2002  ) , while CLDNs 
1, 4, 5, 7, 8, 11, 14, 15, 16, 18, 19 tend to make leaky monolayers tighter (Anderson 
and Van Itallie  2009 ; Alexandre et al.  2005 ; Angelow et al.  2006 ; Van Itallie et al. 
 2003 ; Ben-Yosef et al.  2003 ; Colegio et al.  2003 ; Ikari et al.  2008 ; Jovov et al. 
 2007  ) . 

 Interesting data are presented about TRIC, a protein speci fi cally enriched at tri-
cellular tight junctions (tTJs) (Ikenouchi et al.  2005,   2008  ) . TRIC is incorporated 
into CLDN-based TJs independently of binding ZO1 and the role of TRIC in ion 
transport and solute is dependent on its localization and the level of expression. 
Bioinformatic analysis identi fi ed an additional protein localizing at TJs, MarvelD3, 
sharing similar membrane topology with occludin and TRIC (Steed et al.  2009  ) . 
Similar to occludin and TRIC, MarvelD3 is incorporated into TJ strands, but is 
unable to form TJ strands by itself. Depletion of MarvelD3 does not disturb TJ 
formation, but increases the TER (Steed et al.  2009 ; Raleigh et al.  2010  ) .  

    2.1.2   Non-classical Functions of Junctional Proteins 

    2.1.2.1   The Regulation of Gene Expression 

 Besides their structural function at cell-cell contacts several TJ-associated proteins 
have been linked to the control of cell proliferation and gene expression. For exam-
ple ZO1 and ZO2 proteins have been shown to regulate transcription factors and 
proliferation. In a nicely presented study different transcriptional pathways are 
described in which several TJ associated proteins are implicated. Reduced expres-
sion of the ZO1 protein was found to be associated with increased proliferation of 
epithelial cells (Balda and Matter  2009  ) . The mechanism by which ZO1 regulates 
proliferation is not totally elucidated. According to the data presented by Balda 
et al.  (  2003  ) , ZO1 and ZONAB regulate G1/S phase transition of the cell cycle in 
two ways. ZONAB interacts with CDK4, a regulator of G1/S phase transition, which 
colocalizes with ZO1 at TJs. In another pathway, ZONAB functions as a transcrip-
tion factor and regulates the expression of the genes involved in cell-cycle regula-
tion (Balda et al.  2000,   2003 ; Sourisseau et al.  2006  ) . 

 ZO2 protein has been reported to accumulate transiently in the nucleus of prolif-
erating cells (Traweger et al.  2003 ; Kausalya et al.  2004  )  and furthermore, ZO2 
binds to DNA scaffolding factor SAF-B (Traweger et al.  2003  )  and to transcription 
factors such as Fos, Jun, and c-myc (Betanzos et al.  2004 ; Huerta et al.  2007  ) . 
Experimentally induced nuclear overexpression of ZO2 in cerebral endothelial cells 
led to an increase of pyruvate kinase M2 (M2PK) protein levels and increased 
proliferation (Traweger et al.  2008  ) . Symplekin can regulate gene expression by its 
interaction with ZONAB and by regulating RNA processing (Balda and Matter  2009  ) . 
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Cingulin was demonstrated to regulate gene expression in a RhoA dependent 
manner and by other unidenti fi ed mechanisms (Balda and Matter  2009  ) . It was also 
demonstrated that the cingulin gene does not affect TJ formation, but may alter gene 
expression when using mouse embryonic model (Guillemot et al.  2004  ) .  

    2.1.2.2   Role of Tight Junction Proteins in Epithelial Cell Migration 

 In 2010, a crucial role for occludin in epithelial cell migration was reported. In their 
study Du et al.  (  2010  )  found that occludin, as a transmembrane TJ protein, is local-
ized at the leading edge of migrating cells and regulates directional cell migration 
(Du et al.  2010  ) . 

 The members of the JAM family of immunoglobulin-like TJs localize to sites of 
intercellular contact in epithelial and endothelial cells. JAMs are capable of mediat-
ing homophilic and heterophilic interactions and are known to be involved in the 
regulation of cell proliferation, migration and invasion (Bazzoni et al.  2005 ; Mandell 
and Parkos  2005 ; Mandell et al.  2005  ) . In 2009 it was shown by Cera MR et al. that 
JAM-A was indispensable for the internalization of integrins, a pre-requisite for cell 
movement (Cera et al.  2009  ) . Knockdown of JAM-A was shown to diminish the 
level of cell-surface-associated  β 1-integrin, to inhibit cell-ECM interactions and to 
reduce cell migration (Mandell et al.  2005  ) . In addition, it was presented that the 
loss of JAM-A in HepG2 cells resulted in the mislocalization of several TJ proteins 
(i.e. occludin, claudin 1 and ZO1), as well as in the disruption of cell polarity and 
junction assembly (Konopka et al.  2007  ) . 

 CAR was initially characterized as a cell surface protein (i.e. receptor) required 
for the entry of coxsackie B and adenoviruses into cells (Coyne and Bergelson 
 2005  ) , but was later reported to be a component of the TJ complex and a regulator 
of TJ assembly (Coyne and Bergelson  2005 ; Mirza et al.  2005  ) . CAR is also highly 
homologous to JAM. Loss of CAR expression resulted in weakened cell adhesion, 
thereby promoting migration of cancer cells (Bruning and Runnebaum  2003,   2004 ; 
Matsumoto et al.  2005  ) .    

    2.2   Tight Junctions in Tissues of Ectodermal Origin 

    2.2.1   Tight Junctions in the Epidermis 

 A variety of TJ proteins have been identi fi ed in mammalian epidermis, however our 
knowledge and our understanding of the role and function of TJ proteins in epider-
mis are still limited. Even though TJ proteins have been intensively investigated in 
simple epithelia and endothelia for many years, the  fi rst description of TJ proteins 
in the human epidermis was in 2001/2002 (Kirschner et al.  2010 ; Brandner et al. 
 2002,   2006 ; Pummi et al.  2001  )  and nowadays a large variety of TJ associated 
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proteins, like occludin, several CLDNs (1, 3, 4, 5, 7), tricellulin, JAM-A, ZO1, ZO2, 
PAR3, PAR6 have been identi fi ed in mammalian epidermis (Brandner  2009 ; Kubo 
et al.  2009 ; Niessen  2007  ) . At RNA level, additional TJ molecules have been 
identi fi ed in human keratinocytes, like CLDNs 8, 17 (Brandner  2009  ) . 

 The localization patterns of TJ proteins in the epidermis and in skin appendages are 
very complex. While occludin, cingulin, PAR6 are restricted to stratum granulosum 
(SG), some proteins like ZO1 and CLDN4 are found in several suprabasal layers and 
other proteins such as CLDN1 are localized in all epidermal layers (Brandner  2009  ) . 

 The localization of some of the TJ proteins in different layers of the epidermis and 
in various skin diseases is nicely presented in a recent study by Kirschner et al.  (  2010  )  
and in a study by Brandner  (  2009  ) , but the question of the distinct functions of TJ 
proteins in the skin is controversial. One of the most prominent functions of the skin 
is its barrier function. TJs play an important role in inside-out barrier of the skin. An 
important  fi nding demonstrating the involvement of TJs in mammalian barrier func-
tion was made with CLDN1 de fi cient mice. These mice die within one day of birth 
due to dehydration (Furuse et al.  2002  ) . Interestingly the outside-in barrier of these 
mice was not investigated or described (Furuse et al.  2002 ; Tunggal et al.  2005  ) . 

 The role of occludin and ZO1 in the barrier function of the epidermis was also 
studied. Occludin was found to be dispensable for TJ barrier formation and occludin 
de fi cient mice did not show obvious defect in skin barrier (Furuse and Moriwaki 
 2009  ) . According to the data of Smalley et al.  (  2005  )  ZO1 seems to be involved in 
non-barrier related functions, too (Smalley et al.  2005  ) . 

 Studies on the role of TJ in epidermal polarity are only at the beginning. In 
CLDN1 de fi cient mice an alteration of stratum corneum structure was observed, even 
though no functional alterations have been described up to now (Furuse et al.  2002  ) . 
CLDN6 overexpressing mice show alterations in stratum corneum composition and 
barrier function (Troy et al.  2005 ; Turksen and Troy  2002  ) . 

 TJ proteins are also considered to regulate epithelial proliferation and differen-
tiation and are engaged in delivering signals to the cell interior (Balda and Matter 
 2009 ; Matter and Balda  2003  ) . ZO1 in fl uences gene expression and cell-cycle 
progression in a cell density-dependent manner, ZO2 was shown to take part in the 
regulation of gene expression. In the skin CLDN6 overexpression was associated 
with increased proliferation of keratinocytes and dysregulated epidermal and hair 
follicle differentiation (Troy et al.  2005 ; Turksen and Troy  2002  ) . 

 In various human skin diseases altered expression of TJ proteins has been 
observed. Several data suggest for example the altered expression of TJs in psoriasis 
(Kirschner et al.  2010 ; Yoshida et al.  2001  ) . Psoriasis vulgaris, ichthyosis vulgaris 
are characterized by a broadened localization of TJ proteins, i.e. CLDN4, occludin, 
ZO1 that are normally restricted to the upper layers of the epidermis (Brandner et al. 
 2006 ; Pummi et al.  2001 ; Yoshida et al.  2001  ) . The data of Kirschner et al.  (  2010  )  
also demonstrated that alteration of TJ proteins is an early event in psoriasis vulgaris 
(Kirschner et al.  2010  ) . It was interesting to  fi nd that CLDN1, which is normally 
expressed in all layers of the epidermis, is down-regulated in psoriatic epidermis 
(Brandner et al.  2006 ; Watson et al.  2007  ) . In infections with Staphylococcus aureus 
a down-regulation of TJ proteins in the upper and also the lower layers of the epidermis 



36 A.-M. Tokes et al.

was observed (Ohnemus et al.  2008  ) , suggesting again the barrier function of TJs 
for pathogen invasion (Brandner  2009  ) . 

 Alterations in expression of TJ proteins are prominent features of human carci-
nomas. In oral squamous cell carcinoma (SSC) overexpression of CLDN1 is associ-
ated with increased invasiveness (Dos Reis et al.  2008  ) , while decreased levels of 
CLDN1 were correlated with recurrence in esophageal SSC (Miyamoto et al.  2008  ) . 
In cutaneous SSC our knowledge of TJ is more restricted. According to data pre-
sented by Morita et al.  (  2004  ) , by investigating cases of cutaneous SSC they found 
that in unkeratinized tumor cells CLDN1 presented a heterogenous expression, 
while the expression of ZO1 was weak and occludin and CLDN4 were absent 
(Morita et al.  2004  ) . The numerous data, publications presented above strongly 
suggest the important role played by TJ proteins in dermatological diseases.  

    2.2.2   Tight Junctions in the Mammary Glands 

 According to the classical function of TJs in the mammary gland, TJs have barrier and 
fence functions, regulate polarity and differentiation as well as adhesion and migra-
tion (Brennan et al.  2010 ; Tsukita et al.  2001  ) . Fascinating data are presented about TJ 
proteins and genes involved in the function of the powerful glandular activity of the 
mammary epithelium and about the role of TJs in breast carcinomas (Brennan et al. 
 2010 ; Martin et al.  2004 ; Szasz et al.  2011a,   b  ) . TJ structures are considered to be 
highly dynamic in the breast epithelium and are under the control of several factors. 
In non-lactating breast, fewer interconnections are seen in electron microscopy com-
pared with the very tight organization necessary to prevent leakiness in the lactation 
period (Nguyen and Neville  1998 ; Pitelka et al.  1973  ) . TJ permeability increases with 
milk statis suggesting that environmental factors such as pressure may affect apical 
organization. The effect of hormones and growth factors on TJ permeability in the 
breast was also described (Nguyen and Neville  1998  ) . Epithelial barrier function of 
TJs relies heavily on the CLDN family of TJ proteins (Furuse  2006 ; Van Itallie and 
Anderson  2006  ) , while polarity is partly under the control of the assembly of three 
main polarity complexes, namely CRB3, PAR complex, and Scrib complex (Brennan 
et al.  2010  ) . The CRB complex is the most apically located polarity complex in 
epithelial cells, acting as an anchor for cytoplasmic proteins (Benton and St Johnston 
 2003 ; Hurd et al.  2003  ) . The loss of apical polarity proteins from the cell membrane 
appears to be a key aspect of breast cancer cell behavior like proliferation and invasive 
potential (Brennan et al.  2010  ) . The same group has found that the loss of apical polar-
ity is a paramount for very early stages of breast tumor development. The expression 
and function of several TJ proteins in breast carcinoma, however, are not known and 
some of the published data are contradictory. The relevant publications in this  fi eld, 
without claim of completeness, are presented in Table  2.1 .  

 In our previous studies we found signi fi cant loss of CLDN1 protein in breast cancer 
cells compared with normal breast tissue, with downregulation of CLDN4 noted in 
ductal carcinoma grade 1, in special types of breast carcinoma (mucinous, papillary, 
tubular) and in areas of apocrine metaplasia (Tokes et al.  2005  ) . Other studies have 
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also reported dowregulation of occludin, CLDN1, 4 in breast cancer (Osanai et al. 
 2007 ; Hoevel et al.  2004 ; Michl et al.  2003  ) . Contrary to the above presented, we 
have found that in the basal-like breast carcinomas compared with the non-
basal-like grade 3 breast carcinomas the CLDN4 expression was signi fi cantly 
higher ( p  = 0.017) (Kulka et al.  2009  ) . In some studies expressions of CLDN3, 4 and 
7 have been found to be increased in breast carcinoma (Hewitt et al.  2006 ; Tokes 
et al.  2005 ; Kominsky et al.  2003 ; Lanigan et al.  2009  ) . Recent studies showed that 
CLDN16 expression was also reduced in human breast cancer, particularly in 
patients developing aggressive tumors with high mortality rate (Martin et al.  2008  ) . 
Furthermore, JAM-A is robustly expressed in normal human mammary epithelium, 
and its expression is downregulated in metastatic breast cancer (Naik et al.  2008 ; 
Naik and Naik  2008  ) . Representative images about the expression of different 
CLDNs in human breast are presented in Fig.  2.1a–j .  

 In a recent study by us, ten TJ associated genes were found to be signi fi cantly 
downregulated in tumors compared with normal breast tissues (CLDNs 5, 10, 16, 
18, 19, CTNNAL1, JAM-B, ZO1, ZO2 and PARD3), whereas one gene (CLDN17) 
was signi fi cantly up-regulated in tumors when compared with normal breast. At 
protein level CLDNs 5, 10, 16, 18, ZO1 and ZO2 were downregulated in tumors 
compared with normal breast tissue. CLDN17 showed variable expression in tumor 
tissues compared with the normal breast (Tőkés et al.  2012 ). 

 The expression of ZO1 protein has been widely studied, but there are only few data 
about the expression of ZO2 in breast carcinomas. In a review published by Brennan 
et al.  (  2010  )  it is concluded that ZO proteins play important roles in migratory events 
associated with breast cancer progression (Brennan et al.  2010  ) . We found that ZO1 
and ZO2 are signi fi cantly downregulated at mRNA and protein levels in tumors com-
pared with normal breast epithelium. The alterations mentioned above suggest a 
relationship between TJ alterations and the malignant potential of breast carcinomas. 

 It is to be mentioned that in the last years, based on DNA microarray analysis a new 
breast carcinoma subtype was identi fi ed and de fi ned as a claudin-low subtype. These 
tumors exhibit low expression of many of the claudin genes, including 3, 4, and 7 and 
lack cell–cell junction proteins, including E-cadherin. The claudin-low tumors are also 
triple negative and are somewhat similar to basal-like cancers. Other important features 
of claudin-low tumors are that they have an intense immune cell in fi ltrate and stem cell 
features. In the absence of therapy, patients with claudin-low tumors are considered to 
have poor prognosis, similar to the prognosis of patients with basal-like tumors and 
HER-2–enriched subtypes (Prat and Perou  2011 ; Prat et al.  2010 ; Perou  2010  ) .  

    2.2.3   Tight Junctions in the Sensory Epithelium 
of Ears, Nose and Eyes 

 Little is known about the role of TJ expression in the sensory epithelium of ears, 
nose and eyes. As it was presented earlier, TJs form the principal barrier to passive 
movement of  fl uids, macromolecules, electrolytes. 
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    2.2.3.1   Tight Junctions in the Acoustic Organs 

 Earlier it was presented by Ben-Yosef et al.  (  2003  )  that CLDN14 de fi cient mice are 
deaf due to the degeneration of cochlear hair cells. CLDN14 is expressed in TJs lin-
ing the intracochlear space, which contains  fl uid high in K+ (Ben-Yosef et al.  2003  ) . 
According to data published in 2010, mutations in CLDN14 cause profound deaf-
ness in mice and humans (Bashir et al.  2010  ) . CLDN9 was shown to be essential for 
the preservation of sensory cells in the hearing organ by protecting the basolateral 
side of hair cells from the K3 endolymph (Nakano et al.  2009  ) . 

 Four different recessive mutations of TRIC have been shown to cause non-
syndromic deafness. In the inner ear TRIC is concentrated at the tricellular TJs in 
cochlear and vestibular epithelia, including the structurally complex and extensive 
junctions between supporting and hair cells (Riazuddin et al.  2006  ) .  

    2.2.3.2   Tight Junctions in the Corneal Epithelial Cells 

 Among the various protein components of TJs ZO1 is expressed in the super fi cial 
cells of the corneal epithelium (Sugrue and Zieske  1997 ; Ko et al.  2009a  ) . In a 
study by Ko et al. ( 2009a ) analysis of the effect of substance P (SP) as neurotrans-
mitter on the expression of ZO1, occludin, CLDNs 1, 2 and 7 found that incubation 
of the human corneal epithelial cells (HCE) with SP resulted in signi fi cant increase 
in ZO1 expression, but did not affect the expression of occludin and CLDNs 1, 2 
or 7, suggesting that ZO1 is an important component of TJs at least in HCE cells 
(Ko et al.  2009a,   b,   c  ) .  

    2.2.3.3   Tight Junctions in the Nasal Olfactory Mucosa 

 In the olfactory epithelium TJs provide barrier and adhesion properties between 
neurons, epithelial and glial cells. Studies of Tserentsoodol et al.  (  1998,   1999  )  
showed that occludin and GLUT1 were speci fi cally expressed in the cells of the 

  Fig. 2.1     Claudin expression in breast tissue . ( a ) Epithelial cells exhibit high CLDN1 positivity 
in the cell membranes in benign breast lesion. ( b ) Note the absence of membrane staining in 
tumor cells compared to epithelial cells observed in benign breast epithelium. ( c ) CLDN3 in 
benign breast tissues. Continuous membrane staining characterizes most of the epithelial cells. 
( d ) Decreased CLDN3 positivity is apparent in the membranes of the majority of carcinoma cells. 
( e ) Intense CLDN4 positivity is seen in benign luminal breast epithelium. ( f ) CLDN4 is highly 
expressed in this case of invasive ductal breast carcinoma of grade 3. Positive reaction is evident in 
the membranes of the tumor cells. ( g ) CLDN5 in benign breast. CLDN5 is expressed in endothelial 
cells. ( h ) CLDN5 is expressed in endothelial cells and scattered CLDN5 expression was also seen 
in the membrane of some of the tumor cells. ( i ) CLDN7 expression in benign breast epithelium. 
Membranous CLDN7 positivity is seen in some of the luminal epithelial cells. ( j ) CLDN7 expres-
sion in invasive breast carcinoma       
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blood-ocular and blood-nerve barriers. The authors concluded that these two molecules 
may constitute the machinery for the selective transfer of glucose across the barriers 
(Tserentsoodol et al.  1998,   1999  ) .    

    2.3   Tight Junctions in Tissues of Endodermal Origin 

    2.3.1   Tight Junctions in the Respiratory Tract 

 In the healthy lung the alveolar epithelium acts as a barrier to  fl uids and regulates 
ion transport (Eaton et al.  2009 ; Kim and Malik  2003 ; Mehta  2004  ) . Epithelial bar-
rier function is critically dependent on TJ structures and composition. CLDNs are 
the most studied components of TJs in the respiratory tract. According to several 
data CLDNs 1, 3, 4, 5, 7 and 18 have been found to be expressed by alveolar epithe-
lial cells (Mitchell et al.  2011 ; Chen et al.  2005 ; Daugherty et al.  2004  ) . Of these 
CLDNs CLDN3 is expressed in Type II alveolar epithelial cell, while Type I cells 
presents low expression of CLDN3. CLDN4 is expressed by both type I and type II 
cells (LaFemina et al.  2010 ; Piontek et al.  2008  ) . Moreover, it was shown that 
CLDN4 is expressed through the alveolar epithelium and is speci fi cally upregulated 
in response to lung injury (Mitchell et al.  2011  ) . CLDN5 is considered to be 
expressed mainly in endothelial cells and takes part in the formation of the blood 
barrier function. Coyne et al.  (  2003  ) , by using immuno fl uorescent staining and 
confocal microscopy analysis, found that both bronchi and bronchioles expressed 
CLDNs 1, 3, 4, 5 and 7 but not CLDNs 2, 6, 7, 9, 11 and 16 (Coyne et al.  2003  ) . 

 In a study performed at our institution, analysis of CLDN 1, 2, 3, 4 and 7 proteins 
showed that the normal bronchial epithelial cells expressed the above mentioned 
claudin proteins. The authors found that in normal bronchial mucosa, the epithelial 
cells stained usually very strongly, however, concerning localization marked differ-
ences could be observed for different CLDNs. CLDN1 strongly stained the cell 
membranes of the bronchial cells at the basolateral surface. CLDN2 immunostain-
ing showed cytoplasmic, granular positivity with frequent apical predominance. 
CLDN3 immunopositivity could be observed continuously along the cell mem-
branes with some apical predominance, and CLDN4 also stained annularly the cell 
membranes. CLDN7 stained the cell membranes strongly and homogenously and 
showed no predominance concerning cellular polarity (Moldvay et al.  2007  ) . 

 Important data are presented about the potential role of TJs in lung disease. 
Tobacco smoke makes TJs leakier (Godfrey  1997  )  and in an experimental work it 
was found that exposure of lung BEAS-2B cells and cancer cell lines to tobacco 
smoke leads to changes in CLDN expression (Merikallio et al.  2011  ) . 

 Pathogens may also in fl uence TJs. Several bacteria and viruses lower the tran-
sepithelial resistance by decreasing the expression of TJ proteins, in this way making 
an easier route to tissue penetratation. In 2010 it was presented by Yeo NK et al. that 
Rhinovirus downregulates TER of nasal epithelial cells by lowering the mRNA 
expression of CLDN1, occludin and ZO1 (Yeo and Jang  2010  ) . 
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 In lung in fl ammation alterations in alveolar cell permeability play an important 
role. In an experimental study in which lung in fl ammation was induced, disrup-
tion of CLDNs 2, 4, 5 and ZO1 was observed on cell membranes (Mazzon and 
Cuzzocrea  2007  ) . 

 There are several data on the different TJ protein expressions in lung tumors, but 
clearly more research is needed to understand the functions and consequences of dif-
ferent CLDN expressions in this type of cancer. Studies on different histological tumor 
types show that they vary in their CLDN expression showing up- or downregulation 
of different CLDNs as compared with normal lung tissue (Moldvay et al.  2007  ) . 
In their study, Moldvay et al.  (  2007  )  demonstrated that small cell lung carcinomas 
showed a 16-fold higher level of CLDN3 mRNA expression compared with normal 
lung tissue. They found CLDN4 mRNA upregulated to a 3–4 fold level in squamous 
cell carcinomas, adenocarcinomas and small cell carcinomas in comparison to the 
normal lung. Both adeno- and squamous cell carcinomas showed a slight downregula-
tion of CLDN1 mRNA compared with the normal lung (Moldvay et al.  2007  ) .  

    2.3.2   Tight Junctions in the Esophagus 

 TJs play a signi fi cant role in structural epithelial defenses, and maintain esophageal 
integrity (Okuyama et al.  2007  ) . 

 In a well presented study by Gyorffy et al.  (  2005  )  it was found that the normal 
strati fi ed squamous epithelium of the esophagus showed a membranous reaction in 
the suprabasal layer of the epithelium for CLDNs 1, 4, and 7, whereas CLDN2 
reacted in a granular pattern, outlining the cell membrane and sometimes localized 
intracytoplasmatically. No CLDN3 could be detected. In the foveolar epithelium 
(FOV) the authors found high CLDNs 1 and 7, while CLDNs 2 and 3 were negative. 
CLDN4 was positive in only a low percentage of the cells. In Barrett esophagus a 
signi fi cant increase in staining intensity and number of positive cells was seen for 
CLDNs 3 and 4 when authors compared the reactions with that observed in FOV. In 
adenocarcinomas the pattern of CLDN expression observed by authors was similar 
to that seen in Barrett esophagus for CLDNs 3 and 4 (Gyorffy et al.  2005  ) . In a 
recent study by Sung et al.  (  2011  )  analysis of the prognostic signi fi cance of CLDN4 
expression in esophageal squamous cell carcinoma (ESCC) denoted CLDN4 expres-
sion to be deregulated in ESCC and low CLDN4 expression was signi fi cantly asso-
ciated with histological differentiation, invasion depth and lymph node metastasis 
(Sung et al.  2011  ) . Interesting data are presented on the Barrett esophagus regarding 
the role of TJs as contributor to its acid resistance. Okuyama et al.  (  2007  )  found that 
EGF and ZO1 play signi fi cant roles in esophageal epithelial defense against acid 
(Okuyama et al.  2007  ) . In the same year, Jovov B and Van Itallie CM described that 
another TJ component, CLDN18, is the dominant claudin in the TJ of specialized 
columnar epithelium (SCE) in the esophagus and proposed that the change from a 
CLDN18-de fi cient TJ in squamous epithelium (SqE) to a CLDN18-rich TJ in SCE 
contributes to the greater acid resistance of Barrett esophagus (Jovov et al.  2007  ) .  
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    2.3.3   Tight Junction Expression in Epithelial Lining of the Guts 

 Several recently published data have reviewed the structure and function of TJs 
as having principal role in regulating paracellular transport across the intestinal 
epithelium (Anderson and Van Itallie  2009 ; de Kort et al.  2011  ) . 

 TJs are considered to be dynamic structures. TJs are open and closed in response 
to various stimuli, such as viral or bacterial agents, dietary products, in fl ammatory 
mediators (de Kort et al.  2011  ) . Zonulin is considered a physiological modulator of 
intercellular tight junctions in intestinal mucosa, as being involved in traf fi cking of 
macromolecules and, therefore, in tolerance/immune response balance. When the 
 fi nely tuned zonulin pathway is deregulated in genetically susceptible individuals, 
both intestinal and extraintestinal autoimmune, in fl ammatory, and neoplastic disorders 
may occur (Fasano  2011  ) . Zonulin binds to the zonulin receptor on intestinal epithe-
lial cells inducing in this way rearrangement of the cytoskeleton, downregulation of 
ZO1, occludin and  fi nally causing disruption of TJ complex integrity (Groschwitz 
and Hogan  2009  ) . It is intriguing to  fi nd how the intestinal barrier function is altered 
in different diseases where intestinal permeability is affected. Ultrastructural exami-
nation of the duodenum from diabetic patients revealed altered TJ structure and an 
increase in the paracellular space between epithelial cells as compared with healthy 
control subjects (Secondulfo et al.  2004  ) . In a study performed at our institution, 
increased CLDN2 and 3 expressions were observed in the proximal and distal part 
of the duodenum in patients with Coeliac disease (CD) compared with controls. The 
authors observed a signi fi cant difference concerning CLDN2 in case of mild villous 
atrophy (Group I) in the distal region and in pronounced atrophy (Group II) in the 
bulb and the distal region as well in CD patients, when compared with controls. 
CLDN2 expression was signi fi cantly increased in the proximal and distal part of 
CD patients with severe atrophy (Group II) in comparison to the mild atrophy 
(Group I). Similar changes were observed with CLDN3, too. CLDN3 expression 
was signi fi cantly increased in the proximal and distal part in CD patients with pro-
nounced atrophy (Group II) in comparison to the mild atrophy (Group I). Expression 
of CLDN4 was similar in all groups studied (Szakal et al.  2010  ) .  

    2.3.4   Tight Junctions in the Parenchyma of Liver 

 TJs in hepatocytes play crucial role as barriers to keep bile in bile canaliculi away 
from the blood circulation. TJ proteins of hepatocytes are regulated by several fac-
tors, like cytokines and different growth factors (Kojima et al.  2011  ) . Several evi-
dences of changes in the molecular composition of TJs are noticeable in a number 
of pathological conditions, especially during tumorigenesis. Since the discovery 
that receptor CLDN1 plays an important role in the entry of Hepatitis C virus (HCV) 
after viral binding to CD81, more and more papers present results on TJ expression 
in hepatocytes (Helle and Dubuisson  2008 ; Evans et al.  2007  ) . Representative 
images presenting the expression of different CLDNs in human normal and neoplastic 
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liver are presented in Fig.  2.2a–h . In 2009 Meertens L et al. found that CLDNs 1, 6, 
and 9 are entry co-factors for hepatitis C virus (Meertens et al.  2008  ) . A recent result 
of Zadori et al.  (  2011  )  by means of analysing CLDN1 expression on 24 hepatic 
biopsies from liver transplant patients found that CLDN1 immunostaining localized 
to both the basolateral and the apical surfaces of the hepatocytes, but the immuno-
reaction was stronger at the apical surface. Greater  fi brosis showed higher CLDN1 
expression in these localizations. The authors also raised the possibility that low 
CLDN1 expression at the time of HCV recurrence correlates with a better chance of 
the patient to achieve an end-of-therapy virologic response and a lower  fi brosis 
score (Zadori et al.  2011  ) . Mensa et al.  (  2011  )  found that hepatitis C recurrence after 
liver transplantation was associated with increased levels of CLDN1 and occludin 
in the hepatocyte cell membrane (Mensa et al.  2011  ) .  

 Different types of CLDNs were also associated with diverse forms of carcino-
mas, including hepatocellular carcinoma (HCC). In 2007 Higashi Y et al. found that 
loss of CLDN1 expression correlates with aggressive behaviour of HCC (Higashi 
et al.  2007  ) . A recent study by Huang et al.  (  2011  )  concluded that CLDN10 protein 
is highly expressed in HCC tissue and HCC patients with high CLDN10 expression 
had signi fi cantly shorter overall survival (Huang et al.  2011  ) . 

 In 2006 Halasz J et al. aimed to explain the molecular mechanism underlying the 
main epithelial components of hepatoblastomas (HBs) based on the composition of 
TJs. They analysed fourteen formalin- fi xed, paraf fi n-embedded surgical resection 
specimens of HB by immunohistochemistry for CLDNs 1, 2, 3, 4 and 7. They found 
signi fi cantly increased protein and messenger RNA expression of CLDNs 1 and 2 
in the fetal as compared with the embryonal component. Both cell types displayed 
negative or weak immunostainings for CLDNs 3, 4, and 7. The authors concluded 
that increased expressions of CLDNs 1 and 2 characterize the more differentiated 
fetal component in HBs and are reliable markers for differentiating fetal and embry-
onal cell types in HBs (Halasz et al.  2006  ) .  

    2.3.5   Tight Junctions in the Biliary Tract 

 TJs play an essential role in maintaining cell polarity and determining paracellular 
permeability in organs of epithelial origin. Cell adhesion, polarity and intercellular 
communication are especially important in the trabecular structure of the liver and 
in the formation of the bile duct system, where tight junctions separate bile  fl ow 
from plasma (Lodi et al.  2006  ) . Interesting data were presented by Lódi et al.  (  2006  )  
by analysing CLDN4 expression in biliary tract cancers, in hepatocellular carcino-
mas, in normal liver and normal extrahepatic biliary duct samples. They found 
intense membranous immunolabeling for CLDN4 in all biliary tract cancers unre-
lated to the primary site of origin, namely intrahepatic, extrahepatic or gallbladder 
cancers. According to their results normal biliary epithelium showed weak positiv-
ity for CLDN4 (Lodi et al.  2006  ) . The studies of Nemeth et al. ( 2009a,   b  )  analysed 
CLDNs 1, 2, 3, 4, 7, 8, 10, ZO1 and occludin in normal and neoplastic biliary tract 
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samples and revealed that CLDN expressions differed in the normal tissue samples: 
the normal gallbladder strongly expressed CLDNs 2, 3, 4, and 10, but only weak 
reaction was observed in normal intrahepatic bile ducts. Although each cancer type 
expressed several CLDNs with various intensities, only CLDN4 presented espe-
cially strong immunoreactions in extrahepatic bile duct cancers and gallbladder 
carcinomas, whereas CLDNs 1 and 10 were present in intrahepatic bile duct cancers. 
When they compared the normal and carcinoma groups, the most signi fi cant 
decrease was detected in the expression of CLDN10. The authors concluded that the 
expression pattern of CLDNs is different in the various parts of the normal and 
neoplastic biliary tract and an unequivocal decrease characterizes the carcinomas 
compared with their corresponding normal samples. They also found that ZO1 and 
occludin are downregulated as well in carcinomas arising from various compart-
ments of the biliary tract (normal intrahepatic and extrahepatic bile ducts, gallbladder) 
as compared with their normal sites of origin (Nemeth et al.  2009a,   b  ) .  

    2.3.6   Tight Junctions in the Parenchyma of Pancreas 

 Relatively little is known about TJs not only in normal human pancreatic cells but 
also in pancreatic duct carcinomas. Figure  2.3a–h  shows some representative images 
about the expression of different TJ proteins in the parenchyma of pancreas.  

 According to the data presented by Borka et al.  (  2007  )  who analysed CLDNs 1, 2, 3, 
4 and 7 in normal pancreatic tissue, CLDN immunoreaction was predominantly seen in 
cell membranes as linear staining except for CLDN2, which showed granular cytoplas-
mic reaction. They reported CLDN1 protein positivity in normal acini and pancreatic 
ducts; however, the endocrine islands were negative. CLDN2 reaction was expressed 
scattered in the ducts whereas the authors reported that acini and Langerhans islands 
were negative. They detected CLDN3 protein in the exocrine glands, ducts, and endo-
crine cells as well. CLDN4 protein was expressed in pancreatic ducts as well as in the 
acini; however, endocrine islands were negative. CLDN7 positivity was described in the 
pancreatic ducts, the acini, and the Langerhans islands, too (Borka et al.  2007  ) . 

 Recently it was presented that CLDN18 is highly expressed in pancreatic intra-
epithelial neoplasia, including precursor PanIN lesion and pancreatic duct carci-
noma, this protein may therefore serve as a diagnostic marker (Karanjawala et al. 
 2008  ) . However, little is known about how CLDN18 is regulated, not only in pancreatic 

  Fig. 2.2     Claudin expression in the liver . ( a ) Note the faint membranous expression of CLDN1 
in normal liver cells and high CLDN1 expression in the biliary duct epithelium. ( b ) High CLDN1 
expression in hepatocellular carcinoma compared to normal liver. ( c ) CLDN2 revealed perimem-
branous and cytoplasmic granular reaction in normal liver. ( d ) Reduced granular CLDN2 reaction 
in hepatocellular carcinoma. ( e  and  f ) CLDN4 is observed neither in normal liver cells nor in 
hepatocellular carcinoma cells. In contrast CLDN4 is detected in the biliary duct epithelium. 
( g ) Moderate CLDN7 is detected in normal liver. High CLDN7 expression is present in biliary 
duct epithelium. ( h ) CLDN7 is expressed by hepatocellular carcinoma cells       
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duct carcinoma, but also in normal human pancreatic duct epithelial cells. In a very 
recent study by Ito T et al. it was suggested that in human pancreatic cancer cells, 
CLDN18 is primarily regulated at transcriptional level via speci fi c PKC signaling 
pathways and modi fi ed by DNA methylation (Ito et al.  2011  ) . 

 As observed in other tumor types, different TJ signatures were observed in pan-
creatic tumors of different origin and biological behavior. Data on the expression of 
different CLDNs in pancreatic endocrine tumors (PET) were  fi rst presented by 
Borka et al.  (  2007  )  who found that CLDN2 was expressed in half of ductal adeno-
carcinomas, while the vast majority of endocrine tumors were negative. CLDN1, 4, 
and 7 immunohistochemistry was positive in all adenocarcinomas, whereas endo-
crine tumors were completely negative for CLDNs 1 and 4. CLDN3 and 7 proteins 
were detected in all endocrine tumors, while CLDN3 was not detected in ductal 
adenocarcinomas. The authors suggested that PET and ductal carcinomas are 
speci fi cally characterized by different expression patterns of CLDNs (Borka et al. 
 2007  )  and Fig.  2.3e–h . 

 Comper et al.  (  2009  )  analysed the expression patterns of CLDNs 1, 2, 3, 4, 5 and 7 
in different types of pancreatic tumors with the  fi nding that all solid-pseudopapillary 
tumors of the pancreas showed intense membrane CLDN5 and cytoplasmic CLDN2 
staining, lack of CLDNs 3 and 4 and positive cytoplasmic CLDN1 and 7 stainings 
in a few cases. Conversely, pancreatic endocrine tumors, pancreatic acinar cell car-
cinomas and pancreatoblastomas showed strong membrane expression of CLDN 7 
and lack of CLDN5, whereas CLDNs 1, 2, 3, and 4 showed variable expression 
among the samples (Comper et al.  2009  ) .  

    2.3.7   Tight Junctions in the Epithelial Lining of Urinary 
Bladder and Urethra 

 Epithelial cells that line the interior surface of the urinary bladder form an impor-
tant barrier against noxious substances in urine. This barrier results from the 
formation of TJs as well as adherens junctions (Keay et al.  2011  ) . The impor-
tance of tight junction morphology in the maintenance of integrity of uroepithe-
lium and further, in the prevention of recurrence of urothelial cell carcinoma 
(UCC) has been recognized for a long time, but the molecular composition of 
TJs, including the expression of CLDNs has been the focus of studies since 

  Fig. 2.3     Tight junctions in the parenchyma of pancreas . ( a  and  b ) Tricellulin positivity seen at 
tricellular contacts in normal pancreatic duct detected by immunohistochemistry ( a ) and by using 
immuno fl uorescent techniques ( b ). ( c  and  d ) Tricellulin positivity detected in ductal adenocarci-
noma of the pancreas. ( c ) immuno fl uorescent techniques and ( d ) immunohistochemistry. ( e ) High 
CLDN4 detection in ductal pancreatic adenocarcinoma. ( f ) Note the absence of CLDN4 expres-
sion in pancreatic endocrine tumor. ( g ) Positive linear membrane reaction for claudin 7 in an 
insulinoma. ( h ) Negative CLDN7 reaction in a ductal adenocarcinoma of the pancreas       
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recent years (Stravoravdi et al.  1996  ) . In a nicely presented study of Nakanishi 
et al.  (  2008  )  it was described that among the analysed TJ proteins in normal 
urothelial cells, occludin was expressed in the apicolateral and basolateral sur-
faces of cells in the umbrella cell layer, but was not found in the intermediate 
layer or the basal layer (Nakanishi et al.  2008  ) . CLDN1 was mainly expressed in 
the plasma membranes of the basal and intermediate layers, but was sometimes 
detected in all the layers. CLDN3 was expressed in the apicolateral surface of the 
umbrella cell layer, but was not found in the intermediate or basal layer. CLDN4 
expressed in the basolateral surface of the umbrella cell layer and sometimes in 
the apicolateral and basolateral surfaces of the umbrella cell layer and the lateral 
surface of the intermediate layer, whereas CLDN7 was expressed in the plasma 
membrane of all three layers. Törzsök et al.  (  2011  ) , in order to reveal potential 
prognostic and differential diagnostic values of certain CLDNs (1, 2, 4 and 7), 
investigated the expression of the mentioned CLDNs in normal bladder mucose, 
in inverted urothelial papillomas (IUPs), urothelial papillomas (UPs), papillary 
urothelial neoplasms of low malignant potential (PUNLMPs), and intraepithelial 
(Ta), low-grade urothelial cell carcinomas (LG-UCCs). They found that the dis-
tribution of CLDNs showed urothelium-speci fi c topographical distribution. 
CLDN1 showed membranous reaction in the basal layers, mainly at the basal 
surface of cells having connection with the connective tissue, while upper layers 
showed no staining. CLDN2 revealed perimembranous and cytoplasmic granular 
reaction, with the reaction being stronger in the basal/parabasal layers. In some 
cases, the umbrella cells also showed positivity. CLDN3 presented only weak 
scattered expression, mainly at the membrane of the umbrella cells. CLDN4 pos-
itivity was detected in the upper layers, diminishing towards the basal layers. 
CLDN7 positivity was weak and membranous, detectable in a similar localiza-
tion as CLDN4. According to the data presented by Törzsök et al. LG-UCCs 
showed signi fi cantly decreased CLDN1 expression in comparison to IUPs. By 
semiquantitative evaluation, LG-UCCs expressing CLDN4 above the median 
value were associated with signi fi cantly shorter recurrence-free survival. 
PUNLMPs expressing CLDN1 above the median revealed signi fi cantly longer 
recurrence-free survival (Torzsok et al.  2011  )  and Fig.  2.4a–h .   

  Fig. 2.4     CLDN expression in normal urothel and in noninvasive urothelial neoplasms . 
( a ) CLDN1 positivity in normal urothel. CLDN1 showed memranous reaction in the basal layers. 
( b ) High membranous CLDN1 expression in inverted urothelial papilloma. ( c ) CLDN2 positivity 
in normal urothel. CLDN2 revealed perimembranous and cytoplasmic granular reaction with the 
reaction being stronger in the basal/parabasal layers. ( d ) Perimembranous and cytoplasmic granu-
lar reaction of CLDN2 in an urothelial papilloma. ( e ) CLDN4 expression in normal urothel. 
CLDN4 was detected mainly in the upper layers diminishing towards the basal layers. ( f ) High 
CLDN4 expression in inverted urothelial papilloma. ( g ) CLDN7 expression in normal urothel. 
CLDN7 positivity was weak and membranous, detectable mainly in umbrella cells. ( h ) CLDN7 
positivity in urothelial papilloma. Shown is the weak CLDN7 expression mainly in the uppermost 
umbrella cell layer       
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    2.3.8   Tight Junctions in the Parenchyma of Thyroid Glands 

 Follicular cells of the thyroid gland are arranged in a single polarized layer and 
function as a barrier between the lumen of the follicle, where thyroglobulin and 
thyroid hormones are stored, and the extrafollicular space. Epithelial cell polarity 
and follicular space entrenchment are due to the presence of  fi rm tight junctions 
(Tzelepi et al.  2008  ) . There are only few publications dealing with the composition 
of TJs in thyroid glands. In a study by Hewitt et al.  (  2006  ) , gene expression of sev-
eral CLDNs (i. e. CLDNs 3, 4, 7) was found and reported in normal and malignant 
thyroid tissues (Hewitt et al.  2006  ) . 

 The protein expressions of CLDN1, 4, 7 and occludin in thyroid neoplastic 
samples were investigated by Tzelepi VN et al. in 2008 with the  fi nding that CLDN1, 
4 and 7 expressions were frequently seen in undifferentiated thyroid carcinomas 
(Tzelepi et al.  2008  ) . They also found that in non-neoplastic thyroid tissues CLDNs 
and occludin were focally expressed, mainly in hyperplastic follicular cells (Tzelepi 
et al.  2008  ) . Nemeth et al. (2009), by analysing CLDN1 protein expression in papil-
lary thyroid carcinoma and regional lymph node metastases, found that CLDN1 
immunostaining was detected in the majority of primary-papillary thyroid carcinomas 
and papillary microcarcinomas and in the corresponding lymph node metastases, 
respectively. They only found weak or no CLDN1 expression in the follicular 
adenomas and peritumoral non-malignant thyroid tissues. The authors suggest that 
high CLDN1 protein expression is speci fi c for papillary thyroid carcinoma and its 
regional lymph node metastases and as a consequence, CLDN1 may be a useful 
tumor marker for papillary thyroid carcinoma (Nemeth et al.  2010  ) .   

    2.4   Tight Junctions in Tissues of Mesodermal Origin 

    2.4.1   Tight Junctions in the Kidney 

 The role of TJs in transporting epithelia, such as renal tubules, is highly important 
and has been extensively studied. The net transport of water and solutes across the 
renal tubular epithelia occurs via two pathways: transcellular and paracellular 
transport (Muto et al.  2010,   2011  ) . The paracellular transport is governed partly by 
the TJ complex. 

 In general, the leakiness of the paracellular pathway largely depends on its ionic 
conductance between cells and across the TJs and decreases along the nephron from the 
proximal tubule (the leakiest) to the collecting ducts (Muto et al.  2011  ) . However, 
knowledge about the detailed pro fi les is incomplete and controversy remains as con-
cerns the distribution of the different TJ proteins. Several studies analysed the 
expression of different type of CLDNs, but precisely how the CLDN subtypes are 
involved in paracellular electrical resistance and charge selectivity remains unclear. 
Immunolocalization studies have shown that multiple CLDNs are expressed at TJs of 



532 The Distribution of Tight Junctions and Junctional Proteins…

individual nephron segments in a nephron segment-speci fi c manner. For example, the 
glomerulus expresses CLDN1 (Kiuchi-Saishin et al.  2002  ) , the proximal tubule and the 
thin descending limb express CLDNs 2, 10 (Kiuchi-Saishin et al.  2002 ; Enck et al.  2001 ; 
Van Itallie et al.  2006  ) , the thick ascending limb expresses CLDNs 3, 16 (Kiuchi-Saishin 
et al.  2002 ; Haisch et al.  2011  )  and 19 (Angelow et al.  2007 ; Konrad et al.  2006  ) , the 
distal convoluted tubule expresses CLDNs 7 (Li et al.  2004  ) , 8 (Li et al.  2004  ) , 16 
(Haisch et al.  2011 ; Konrad et al.  2006  ) , and 19 (Konrad et al.  2006  ) , whereas the col-
lecting duct expresses CLDNs 4 (Kiuchi-Saishin et al.  2002  ) , 7 (Li et al.  2004  )  and 8 
(Li et al.  2004  ) . In the kidney tubules, CLDNs 16 and 19 share similar expression pat-
tern. Mutation in the CLDN16 gene causes a selective disturbance in renal Mg2+ and 
Ca2+ reabsorbtion in the thick ascending limb (Blanchard et al.  2001  ) . The importance 
of CLDNs 16 and 19 was emphasized by the discovery of mutations in these two mem-
bers of the CLDN family. Familial hypomagnesemia with hypercalciuria and nephrocal-
cinosis (FHHNC) is an autosomal recessive renal tubular disorder that typically presents 
with disturbances in Mg and Ca homeostasis, recurrent urinary tract infections, as well 
as consecutive polyuria and/or polydipsia. Multiple distinct mutations in the CLDN16 
gene have been found responsible for this disorder. In a subset of patients carrying this 
disease mutations in CLDN19 were also identi fi ed (Haisch et al.  2011  ) .  

    2.4.2   Tight Junctions in the Uterine Cervix 

 Cervical epithelia have numerous functions that include proliferation, differentiation, 
maintenance of  fl uid balance, protection from environmental hazards, and paracel-
lular transport of solutes via TJs (Timmons et al.  2007  ) . Several molecular changes 
have been described during the progression of cervical cancer, even from the early 
stage (Szabo et al.  2009  ) . Alterations of CLDN expression have been observed in 
cervical and endometrial cancers as well as premalignant lesion (Sobel et al.  2005, 
  2006  ) . By using in situ hybridization for the detection of CLDN1 expression Chen 
et al.  (  2003  )  detected low levels of CLDN1 in normal basal epithelial cells (Chen 
et al.  2003  ) . In a study by Sobel et al.  (  2005  ) , by analysing samples including cervi-
cal intraepithelial neoplasias (CINI-II-III), in situ carcinomas (CIS) and normal cer-
vical samples, it was demonstrated that occludin and CLDN2 colocalized in the 
normal cervical squamous epithelium. CLDNs 1, 4 and 7 were found coexpressed in 
the parabasal and intermedier layers in normal epithelia, whereas intensity of occlu-
din staining was decreased in CIN/CIS lesions. The authors detected CLDNs 1, 2, 4 
and 7 in the entire epithelium in CIN cases and denoted decreased expression of 
these proteins in CIS cases. They suggested that signi fi cant changes occur in the 
composition of TJ complexes even in early stages of cervical carcinogenesis (Sobel 
et al.  2005  ) . According to the data presented by Lee et al.  (  2005  ) , gradually increased 
expression of CLDNs 1 and 7 in accordance with progression from low grade intra-
epithelial lesion to high grade squamous intraepithelial lesion was observed (Lee 
et al.  2005  ) . Contrary to the data presented by Sobel et al.  (  2005  )  the group of Lee 
could not detect CLDNs 1 and 7 in normal cervical epithelia (Lee et al.  2005  ) .  



54 A.-M. Tokes et al.

    2.4.3   Tight Junctions in the Endometrium 

 In a relatively recent study by Gaetje et al.  (  2008  )  it is reported that the downregulation 
of various members of the CLDN family may contribute to endometrial cell detach-
ment and may increase the number of cells colonizing in pelvic organs (Gaetje et al. 
 2008  ) . In their study Gaetje R et al. analyzed the expression of 13 members of the 
CLDN family in the endometrium and peritoneum by microarray analysis and found 
diminished expression of CLDN3, 4 and 7 genes in ectopic endometrium. Altered 
expression of CLDNs 3 and 4 was also detected in ectopic endometrium in a study 
performed by Pan et al.  (  2008  ) . They found signi fi cantly lower CLDN3 and 4 
expressions in ectopic endometrium than in healthy controls both at RNA and 
protein level. In 2007, the same group found that CLDNs 3 and 4 were upregulated 
in endometrial atypical hyperplasia and endometroid adenocarcinoma, as compared 
with normal endometrium (Pan et al.  2007  ) . Sobel et al.  (  2006  )  differentiated endo-
metrial carcinoma on the basis of CLDN expression. Type I endometrial carcinoma 
and endometrial glandular hyperplasia expressed low levels of CLDN1 and high 
CLDN2 protein and mRNA expression. Type II (seropapillary, non-endometrioid) 
endometrial carcinoma showed high CLDN1 and low CLDN2 expressions. The 
same group described signi fi cantly higher CLDN3 expression in both types of car-
cinomas compared with the normal proliferative phase, as well as higher CLDN4 
expression in Type I carcinomas compared with the proliferative phase. They also 
suggested that CLDN1 may serve as a marker to differentiate Type I and Type II 
endometrial cancer (Sobel et al.  2006  ) .  

    2.4.4   Tight Junction Expression in Ovarian Cell Surface 
and Ovarian Cancer 

 Human ovarian surface epithelium is considered as a not fully developed epithelium 
made up of a single layer of mesothelial-type epithelial cells (Zhu et al.  2004  ) . This 
single layer of cells is considered to be the origin of approximately 90% of all ovar-
ian cancers. Incomplete TJ structure has earlier been demonstrated in the normal 
ovarian cell surface epithelium (OSE). The results of Zhu et al.  (  2004 ) showed that 
normal human OSE expresses ZO1, occludin, and CLDN1 localized to OSE cell 
borders both in ovarian biopsies and in cultured OSE. Later the same group, by 
investigating the distribution of CLDN1, 2, 3, 4 and 5 proteins in cultured OSE, 
normal ovarian, benign, borderline and ovarian cancer tissues found weak or absent 
expression of CLDNs 3 and 4 on the surface of OSE. They also described that 
CLDN3 was signi fi cantly increased in ovarian adenocarcinomas compared with 
benign and borderline-type tumors, whereas CLDN4 was signi fi cantly increased in 
both borderline-type and ovarian adenocarcinomas compared with benign tumors. 
They found no changes for CLDNs1 or 5. The authors concluded that CLDNs 3 and 
4 might be used as novel markers for ovarian tumors (Zhu et al.  2004,   2006  ) .  
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    2.4.5   Tight Junctions in the Prostate 

 Although it has been reported that several CLDN proteins are expressed in the prostate, 
little is known concerning the regulation of prostatic tight junctions and their potential 
role(s) in association with prostatic in fl ammation and other pathological conditions 
(Sakai et al.  2007  ) . 

 In a report by Krajewska et al.  (  2007  ) , who determined the pattern of CLDN1 
protein expression in normal prostate, preneoplastic prostatic tissue, and prostate 
adenocarcinomas (PCa) by using immunohistochemistry, it was found that in 
benign prostatic epithelium, pronounced CLDN1 expression was observed in the 
basal cell layer, showing cytosolic and membranous intracellular localization. 
They observed no staining in the luminal cells. Benign prostatic hyperplasia 
showed normal CLDN1 staining pattern. The authors found that the majority 
(98%) of prostate cancers were negative for CLDN1 expression, concluding there-
fore that CLDN1 expression is uniformly lost in prostate cancers (Krajewska et al. 
 2007  ) . Concerning the regulation of TJ functions in the prostate, Meng et al. 
 (  2011  )  hypothesized that testosterone regulates components of prostate tight junc-
tions. In their study the authors found that low serum testosterone is associated 
with reduced transcript and protein levels of CLDNs 4 and 8, resulting in defec-
tive tight junction ultrastructure in benign prostate glands, whereas testosterone 
supplementation in castrated mice resulted in re-expression of tight junction com-
ponents in prostate epithelium (Meng et al.  2011  ) . In another study by Zheng 
et al.  (  2003  )  it is demonstrated that CLDN7 has both structural and regulatory 
functions in the prostate. The group of Zheng described two forms of CLDN7: a 
full-length form with 211 amino-acid residues and a C-terminal truncated form 
with 158 amino-acid residues. The authors found that both forms of CLDN7 are 
expressed in human prostate, kidney and lung samples, however in some prostate 
samples from healthy individuals, the truncated form of CLDN7 was predomi-
nant. By analysing LNCaP prostate cell line, the authors found the followings: the 
two forms of CLDN7 are able to regulate the expression of the prostate-speci fi c 
antigen (PSA) and the expression of CLDN7 is responsive to androgen stimula-
tion in the LNCaP cell line, suggesting that this protein is involved in the regula-
tory mechanism of androgen (Zheng et al.  2003  ) . As described earlier in other 
cancers, TJ components varied according to tumor differentiation and tumor type. 
In a study by Bartholow et al.  (  2011  )  analysis of CLDN3 protein expression in 
benign prostatic hyperplasia (BPH), prostatic intraepithelial neoplasia (PIN), nor-
mal tissue adjacent to prostatic adenocarcinoma (NAC), primary prostatic adeno-
carcinoma (PCa), and metastatic prostatic adenocarcinoma (mPCa) revealed that 
PCa and mPCa presented higher CLDN3 expression. Both had signi fi cantly higher 
intensity staining than BPH and NAC. The authors found that PIN had a lower, 
non-signi fi cant staining score than PCa and mPCa, but a statistically higher score 
than both BPH and NAC (Bartholow et al.  2011  ) . In a very recent study by Szasz 
et al.  (  2010  )  the authors evaluated the expression of CLDNs 1, 2, 3, 4, 5, 7, 8 and 
10 on samples of patients who underwent radical prostatectomy for organ con fi ned 
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cancer (pT2N0M0), on samples of clinically advanced cancer cases, and in a control 
group with benign prostatic hyperplasia. They found that claudin-1 expression 
could be a novel prognostic marker to distinguish benign and malignant prostatic 
lesions and CLDN4 seems to be important in cellular differentiation with possible 
use as a marker of progression of prostatic adenocarcinomas in a clinical setting 
(Szasz et al.  2010  ) .  

    2.4.6   Tight Junctions in the Testis 

 In the testis, TJs are found between adjacent Sertoli cells at the level of the 
blood-testis barrier (BTB). The BTB physically divides the seminiferous epi-
thelium into a basal (where spermatogonia and early spermatocytes are found) 
and an adluminal compartment (where more developed germ cells are seques-
tered from the systemic circulation) (Dym and Fawcett  1970 ; Mruk and Cheng 
 2011  ) . 

 BTB is constituted by several different types of coexisting junctions: tight junc-
tions (TJs), basal ectoplasmic specializations (ES) and desmosome-gap junctions 
(Vogl et al.  2008  ) . For example, JAM-A and -B were found in Sertoli cells, local-
izing speci fi cally at the BTB (Gliki et al.  2004  ) , whereas JAM-A, -B and -C were 
present at the site of the apical basal ectoplasmic specializations (ES) (Gliki et al. 
 2004 ; Shao et al.  2008  ) . Of these molecules, JAM-A was also localized to the head 
and  fl agellum of the sperm (Shao et al.  2008  ) , whereas JAM-C was essential for the 
polarization of round spermatids during spermiogenesis and for fertility (Gliki et al. 
 2004  ) . CAR was also found to be expressed by Sertoli cells, localizing to the BTB 
and apical ES (Wang et al.  2007  ) . While the exact role of these molecules is not 
fully elucidated, interesting studies are presented about the eventual role of TJ 
proteins in the function of BTB. 

 Spermatogenesis takes place in the seminiferous tubules in the adult testes in 
which developing germ cells must traverse the seminiferous epithelium. It is 
highly accepted that this complex function involves extensive junction restructur-
ing particularly at the BTB. A cross-talk between TJs and anchoring junctions at 
the BTB was discussed in the studies of (Yan et al.  2008a,   b,   c  ) . 

 The data of Cyr et al.  (  2011  )  revealed that the epididymis is altered in infertile 
patients and mRNA levels of over 400 genes including CLDNs 1, 10 and ZO1 are 
also altered in infertile men. The same group demonstrated that downregulation of 
a single CLDN could alter the formation of TJs and is suf fi cient to compromise the 
blood-epididymis barrier (Cyr et al.  2011  ) . Nah et al.  (  2011  )  found that the expression 
of CLDN11, as a component of BTB, was increased in impaired spermatogenesis, 
including hypospermatogenesis and maturation arrest. They also described increased 
CLDN11 immunoreactivity at the inter-Sertoli tight junctions in maturation arrest 
(Nah et al.  2011  ) .       



572 The Distribution of Tight Junctions and Junctional Proteins…

   References 

    Alexandre MD, Lu Q, Chen YH (2005) Overexpression of claudin-7 decreases the paracellular 
Cl- conductance and increases the paracellular Na + conductance in LLC-PK1 cells. J Cell Sci 
118:2683–2693  

    Amasheh S, Meiri N, Gitter AH et al (2002) Claudin-2 expression induces cation-selective chan-
nels in tight junctions of epithelial cells. J Cell Sci 115:4969–4976  

    Amasheh S, Milatz S, Krug SM et al (2009) Tight junction proteins as channel formers and barrier 
builders. Ann NY Acad Sci 1165:211–219  

    Anderson JM, Van Itallie CM (2009) Physiology and function of the tight junction. Cold Spring 
Harb Perspect Biol 1:a002584  

    Angelow S, Kim KJ, Yu AS (2006) Claudin-8 modulates paracellular permeability to acidic and 
basic ions in MDCK II cells. J Physiol 571:15–26  

    Angelow S, El-Husseini R, Kanzawa SA et al (2007) Renal localization and function of the tight 
junction protein, claudin-19. Am J Physiol Renal Physiol 293:F166–F177  

    Balda MS, Matter K (2009) Tight junctions and the regulation of gene expression. Biochim 
Biophys Acta 1788:761–767  

    Balda MS, Flores-Maldonado C, Cereijido M et al (2000) Multiple domains of occludin are 
involved in the regulation of paracellular permeability. J Cell Biochem 78:85–96  

    Balda MS, Garrett MD, Matter K (2003) The ZO-1-associated Y-box factor ZONAB regulates 
epithelial cell proliferation and cell density. J Cell Biol 160:423–432  

    Bartholow TL, Chandran UR, Becich MJ et al (2011) Immunohistochemical pro fi les of claudin-3 
in primary and metastatic prostatic adenocarcinoma. Diagn Pathol 6:12  

    Bashir R, Fatima A, Naz S (2010) Mutations in CLDN14 are associated with different hearing 
thresholds. J Hum Genet 55:767–770  

    Bauer HC, Traweger A, Zweimueller-Mayer J et al (2011) New aspects of the molecular constitu-
ents of tissue barriers. J Neural Transm 118:7–21  

    Bazzoni G, Tonetti P, Manzi L et al (2005) Expression of junctional adhesion molecule-A prevents 
spontaneous and random motility. J Cell Sci 118:623–632  

    Bellizzi A, Mangia A, Chiriatti A et al (2008) RhoA protein expression in primary breast cancers and 
matched lymphocytes is associated with progression of the disease. Int J Mol Med 22:25–31  

    Benton R, St Johnston D (2003) A conserved oligomerization domain in drosophila Bazooka/
PAR-3 is important for apical localization and epithelial polarity. Curr Biol 13:1330–1334  

    Ben-Yosef T, Belyantseva IA, Saunders TL et al (2003) Claudin 14 knockout mice, a model for 
autosomal recessive deafness DFNB29, are deaf due to cochlear hair cell degeneration. Hum 
Mol Genet 12:2049–2061  

    Betanzos A, Huerta M, Lopez-Bayghen E et al (2004) The tight junction protein ZO-2 associates 
with Jun, Fos and C/EBP transcription factors in epithelial cells. Exp Cell Res 292:51–66  

    Blanchard A, Jeunemaitre X, Coudol P et al (2001) Paracellin-1 is critical for magnesium and 
calcium reabsorption in the human thick ascending limb of Henle. Kidney Int 59:2206–2215  

    Borka K, Kaliszky P, Szabo E et al (2007) Claudin expression in pancreatic endocrine tumors as 
compared with ductal adenocarcinomas. Virchows Arch 450:549–557  

    Brandner JM (2009) Tight junctions and tight junction proteins in mammalian epidermis. Eur J 
Pharm Biopharm 72:289–294  

    Brandner JM, Kief S, Grund C et al (2002) Organization and formation of the tight junction system 
in human epidermis and cultured keratinocytes. Eur J Cell Biol 81:253–263  

    Brandner JM, Kief S, Wladykowski E et al (2006) Tight junction proteins in the skin. Skin 
Pharmacol Physiol 19:71–77  

    Brennan K, Of fi ah G, McSherry EA et al (2010) Tight junctions: a barrier to the initiation and 
progression of breast cancer? J Biomed Biotechnol 2010:460607  

    Bruning A, Runnebaum IB (2003) CAR is a cell-cell adhesion protein in human cancer cells and 
is expressionally modulated by dexamethasone, TNFalpha, and TGFbeta. Gene Ther 
10:198–205  



58 A.-M. Tokes et al.

    Bruning A, Runnebaum IB (2004) The coxsackie adenovirus receptor inhibits cancer cell migration. 
Exp Cell Res 298:624–631  

    Cera MR, Fabbri M, Molendini C et al (2009) JAM-A promotes neutrophil chemotaxis by control-
ling integrin internalization and recycling. J Cell Sci 122:268–277  

    Chen Y, Miller C, Mosher R et al (2003) Identi fi cation of cervical cancer markers by cDNA and 
tissue microarrays. Cancer Res 63:1927–1935  

    Chen SP, Zhou B, Willis BC et al (2005) Effects of transdifferentiation and EGF on claudin 
isoform expression in alveolar epithelial cells. J Appl Physiol 98:322–328  

    Chlenski A, Ketels KV, Korovaitseva GI et al (2000) Organization and expression of the human 
zo-2 gene (tjp-2) in normal and neoplastic tissues. Biochim Biophys Acta 1493:319–324  

    Citi S, Paschoud S, Pulimeno P et al (2009) The tight junction protein cingulin regulates gene 
expression and RhoA signaling. Ann NY Acad Sci 1165:88–98  

    Colegio OR, Van Itallie CM, McCrea HJ et al (2002) Claudins create charge-selective channels in 
the paracellular pathway between epithelial cells. Am J Physiol Cell Physiol 283:C142–C147  

    Colegio OR, Van Itallie C, Rahner C et al (2003) Claudin extracellular domains determine paracel-
lular charge selectivity and resistance but not tight junction  fi bril architecture. Am J Physiol 
Cell Physiol 284:C1346–C1354  

    Comper F, Antonello D, Beghelli S et al (2009) Expression pattern of claudins 5 and 7 distin-
guishes solid-pseudopapillary from pancreatoblastoma, acinar cell and endocrine tumors of the 
pancreas. Am J Surg Pathol 33:768–774  

    Coyne CB, Bergelson JM (2005) CAR: a virus receptor within the tight junction. Adv Drug Deliv 
Rev 57:869–882  

    Coyne CB, Gambling TM, Boucher RC et al (2003) Role of claudin interactions in airway tight 
junctional permeability. Am J Physiol Lung Cell Mol Physiol 285:L1166–L1178  

    Cyr DG, Dube E, Dufresne J et al (2011) Development of biological tools to study claudins in the 
male reproductive tract. Methods Mol Biol 762:259–273  

    Daugherty BL, Mateescu M, Patel AS et al (2004) Developmental regulation of claudin localiza-
tion by fetal alveolar epithelial cells. Am J Physiol Lung Cell Mol Physiol 287:L1266–L1273  

    de Kort S, Keszthelyi D, Masclee AA (2011) Leaky gut and diabetes mellitus: what is the link? 
Obes Rev 12:449–458  

    Dos Reis PP, Bharadwaj RR, Machado J et al (2008) Claudin 1 overexpression increases invasion 
and is associated with aggressive histological features in oral squamous cell carcinoma. Cancer 
113:3169–3180  

    Du D, Xu F, Yu L et al (2010) The tight junction protein, occludin, regulates the directional migra-
tion of epithelial cells. Dev Cell 18:52–63  

    Dym M, Fawcett DW (1970) The blood-testis barrier in the rat and the physiological compartmen-
tation of the seminiferous epithelium. Biol Reprod 3:308–326  

    Eaton DC, Helms MN, Koval M et al (2009) The contribution of epithelial sodium channels to 
alveolar function in health and disease. Annu Rev Physiol 71:403–423  

    Enck AH, Berger UV, Yu AS (2001) Claudin-2 is selectively expressed in proximal nephron in 
mouse kidney. Am J Physiol Renal Physiol 281:F966–F974  

    Evans MJ, von Hahn T, Tscherne DM et al (2007) Claudin-1 is a hepatitis C virus co-receptor 
required for a late step in entry. Nature 446:801–805  

    Fasano A (2011) Zonulin and its regulation of intestinal barrier function: the biological door to 
in fl ammation, autoimmunity, and cancer. Physiol Rev 91:151–175  

    Fogg VC, Liu CJ, Margolis B (2005) Multiple regions of Crumbs3 are required for tight junction 
formation in MCF10A cells. J Cell Sci 118:2859–2869  

    Furuse M (2006) Molecular mechanism behind the barrier function of tight junctions. Seikagaku 
78:601–608  

    Furuse M, Moriwaki K (2009) The role of claudin-based tight junctions in morphogenesis. Ann 
NY Acad Sci 1165:58–61  

    Furuse M, Furuse K, Sasaki H et al (2001) Conversion of zonulae occludentes from tight to leaky strand 
type by introducing claudin-2 into Madin-Darby canine kidney I cells. J Cell Biol 153:263–272  

    Furuse M, Hata M, Furuse K et al (2002) Claudin-based tight junctions are crucial for the mam-
malian epidermal barrier: a lesson from claudin-1-de fi cient mice. J Cell Biol 156:1099–1111  



592 The Distribution of Tight Junctions and Junctional Proteins…

    Gaetje R, Holtrich U, Engels K et al (2008) Differential expression of claudins in human endometrium 
and endometriosis. Gynecol Endocrinol 24:442–449  

    Gliki G, Ebnet K, Aurrand-Lions M et al (2004) Spermatid differentiation requires the assembly of 
a cell polarity complex downstream of junctional adhesion molecule-C. Nature 431:320–324  

    Godfrey RW (1997) Human airway epithelial tight junctions. Microsc Res Tech 38:488–499  
    Gonzalez-Mariscal L, Betanzos A, Nava P et al (2003) Tight junction proteins. Prog Biophys Mol 

Biol 81:1–44  
    Gonzalez-Mariscal L, Lechuga S, Garay E (2007) Role of tight junctions in cell proliferation and 

cancer. Prog Histochem Cytochem 42:1–57  
    Gonzalez-Mariscal L, Tapia R, Chamorro D (2008) Crosstalk of tight junction components with 

signaling pathways. Biochim Biophys Acta 1778:729–756  
    Groschwitz KR, Hogan SP (2009) Intestinal barrier function: molecular regulation and disease 

pathogenesis. J Allergy Clin Immunol 124:3–20, quiz 21–22  
    Guillemot L, Hammar E, Kaister C et al (2004) Disruption of the cingulin gene does not prevent 

tight junction formation but alters gene expression. J Cell Sci 117:5245–5256  
    Gyorffy H, Holczbauer A, Nagy P et al (2005) Claudin expression in Barrett’s esophagus and 

adenocarcinoma. Virchows Arch 447:961–968  
    Haisch L, Almeida JR, Abreu da Silva PR et al (2011) The role of tight junctions in paracellular 

ion transport in the renal tubule: lessons learned from a rare inherited tubular disorder. Am J 
Kidney Dis 57:320–330  

    Halasz J, Holczbauer A, Paska C et al (2006) Claudin-1 and claudin-2 differentiate fetal and 
embryonal components in human hepatoblastoma. Hum Pathol 37:555–561  

    Helle F, Dubuisson J (2008) Hepatitis C virus entry into host cells. Cell Mol Life Sci 65:100–112  
    Hewitt KJ, Agarwal R, Morin PJ (2006) The claudin gene family: expression in normal and 

neoplastic tissues. BMC Cancer 6:186  
    Higashi Y, Suzuki S, Sakaguchi T et al (2007) Loss of claudin-1 expression correlates with malig-

nancy of hepatocellular carcinoma. J Surg Res 139:68–76  
    Hoevel T, Macek R, Mundigl O et al (2002) Expression and targeting of the tight junction protein 

CLDN1 in CLDN1-negative human breast tumor cells. J Cell Physiol 191:60–68  
    Hoevel T, Macek R, Swisshelm K et al (2004) Reexpression of the TJ protein CLDN1 induces 

apoptosis in breast tumor spheroids. Int J Cancer 108:374–383  
    Hoover KB, Liao SY, Bryant PJ (1998) Loss of the tight junction MAGUK ZO-1 in breast cancer: 

relationship to glandular differentiation and loss of heterozygosity. Am J Pathol 153:1767–1773  
    Huang GW, Ding X, Chen SL et al (2011) Expression of claudin 10 protein in hepatocellular 

carcinoma: impact on survival. J Cancer Res Clin Oncol 137:1213–1218  
    Huerta M, Munoz R, Tapia R et al (2007) Cyclin D1 is transcriptionally down-regulated by ZO-2 

via an E box and the transcription factor c-Myc. Mol Biol Cell 18:4826–4836  
    Hurd TW, Fan S, Liu CJ et al (2003) Phosphorylation-dependent binding of 14-3-3 to the polarity 

protein Par3 regulates cell polarity in mammalian epithelia. Curr Biol 13:2082–2090  
    Ikari A, Ito M, Okude C et al (2008) Claudin-16 is directly phosphorylated by protein kinase A 

independently of a vasodilator-stimulated phosphoprotein-mediated pathway. J Cell Physiol 
214:221–229  

    Ikenouchi J, Furuse M, Furuse K et al (2005) Tricellulin constitutes a novel barrier at tricellular 
contacts of epithelial cells. J Cell Biol 171:939–945  

    Ikenouchi J, Sasaki H, Tsukita S et al (2008) Loss of occludin affects tricellular localization of 
tricellulin. Mol Biol Cell 19:4687–4693  

    Ito T, Kojima T, Yamaguchi H et al (2011) Transcriptional regulation of claudin-18 via speci fi c 
protein kinase C signaling pathways and modi fi cation of DNA methylation in human pancre-
atic cancer cells. J Cell Biochem 112:1761–1772  

    Jovov B, Van Itallie CM, Shaheen NJ et al (2007) Claudin-18: a dominant tight junction protein in 
Barrett’s esophagus and likely contributor to its acid resistance. Am J Physiol Gastrointest 
Liver Physiol 293:G1106–G1113  

    Karanjawala ZE, Illei PB, Ashfaq R et al (2008) New markers of pancreatic cancer identi fi ed 
through differential gene expression analyses: claudin 18 and annexin A8. Am J Surg Pathol 
32:188–196  



60 A.-M. Tokes et al.

    Kausalya PJ, Phua DC, Hunziker W (2004) Association of ARVCF with zonula occludens (ZO)-1 
and ZO-2: binding to PDZ-domain proteins and cell-cell adhesion regulate plasma membrane 
and nuclear localization of ARVCF. Mol Biol Cell 15:5503–5515  

    Keay S, Kaczmarek P, Zhang CO et al (2011) Normalization of proliferation and tight junction formation 
in bladder epithelial cells from patients with interstitial cystitis/painful bladder syndrome by d-proline 
and d-pipecolic acid derivatives of antiproliferative factor. Chem Biol Drug Des 77:421–430  

    Kim KJ, Malik AB (2003) Protein transport across the lung epithelial barrier. Am J Physiol Lung 
Cell Mol Physiol 284:L247–L259  

    Kim TH, Huh JH, Lee S et al (2008) Down-regulation of claudin-2 in breast carcinomas is associ-
ated with advanced disease. Histopathology 53:48–55  

    Kirschner N, Bohner C, Rachow S et al (2010) Tight junctions: is there a role in dermatology? 
Arch Dermatol Res 302:483–493  

    Kiuchi-Saishin Y, Gotoh S, Furuse M et al (2002) Differential expression patterns of claudins, tight 
junction membrane proteins, in mouse nephron segments. J Am Soc Nephrol 13:875–886  

    Ko JA, Yanai R, Nishida T (2009a) Up-regulation of ZO-1 expression and barrier function in 
cultured human corneal epithelial cells by substance P. FEBS Lett 583:2148–2153  

    Ko JA, Murata S, Nishida T (2009b) Up-regulation of the tight-junction protein ZO-1 by substance 
P and IGF-1 in A431 cells. Cell Biochem Funct 27:388–394  

    Ko JA, Yanai R, Morishige N et al (2009c) Upregulation of connexin43 expression in corneal 
 fi broblasts by corneal epithelial cells. Invest Ophthalmol Vis Sci 50:2054–2060  

    Kojima T, Takasawa A, Kyuno D et al (2011) Downregulation of tight junction-associated 
MARVEL protein marvelD3 during epithelial-mesenchymal transition in human pancreatic 
cancer cells. Exp Cell Res 317:2288–2298  

    Kominsky SL, Argani P, Korz D et al (2003) Loss of the tight junction protein claudin-7 correlates 
with histological grade in both ductal carcinoma in situ and invasive ductal carcinoma of the 
breast. Oncogene 22:2021–2033  

    Kominsky SL, Vali M, Korz D et al (2004) Clostridium perfringens enterotoxin elicits rapid and 
speci fi c cytolysis of breast carcinoma cells mediated through tight junction proteins claudin 3 
and 4. Am J Pathol 164:1627–1633  

    Konopka G, Tekiela J, Iverson M et al (2007) Junctional adhesion molecule-A is critical for the 
formation of pseudocanaliculi and modulates E-cadherin expression in hepatic cells. J Biol 
Chem 282:28137–28148  

    Konrad M, Schaller A, Seelow D et al (2006) Mutations in the tight-junction gene claudin 19 
(CLDN19) are associated with renal magnesium wasting, renal failure, and severe ocular 
involvement. Am J Hum Genet 79:949–957  

    Krajewska M, Olson AH, Mercola D et al (2007) Claudin-1 immunohistochemistry for distin-
guishing malignant from benign epithelial lesions of prostate. Prostate 67:907–910  

    Kubo A, Nagao K, Yokouchi M et al (2009) External antigen uptake by Langerhans cells with 
reorganization of epidermal tight junction barriers. J Exp Med 206:2937–2946  

    Kulka J, Szasz AM, Nemeth Z et al (2009) Expression of tight junction protein claudin-4 in basal-
like breast carcinomas. Pathol Oncol Res 15:59–64  

    LaFemina MJ, Rokkam D, Chandrasena A et al (2010) Keratinocyte growth factor enhances 
barrier function without altering claudin expression in primary alveolar epithelial cells. Am J 
Physiol Lung Cell Mol Physiol 299:L724–L734  

    Lanigan F, McKiernan E, Brennan DJ et al (2009) Increased claudin-4 expression is associated 
with poor prognosis and high tumour grade in breast cancer. Int J Cancer 124:2088–2097  

    Lee JW, Lee SJ, Seo J et al (2005) Increased expressions of claudin-1 and claudin-7 during the 
progression of cervical neoplasia. Gynecol Oncol 97:53–59  

    Lelievre SA (2010) Tissue polarity-dependent control of mammary epithelial homeostasis and 
cancer development: an epigenetic perspective. J Mammary Gland Biol Neoplasia 15:49–63  

    Li WY, Huey CL, Yu AS (2004) Expression of claudin-7 and -8 along the mouse nephron. Am J 
Physiol Renal Physiol 286:F1063–F1071  

    Lodi C, Szabo E, Holczbauer A et al (2006) Claudin-4 differentiates biliary tract cancers from 
hepatocellular carcinomas. Mod Pathol 19:460–469  



612 The Distribution of Tight Junctions and Junctional Proteins…

    Mandell KJ, Parkos CA (2005) The JAM family of proteins. Adv Drug Deliv Rev 57:857–867  
    Mandell KJ, Babbin BA, Nusrat A et al (2005) Junctional adhesion molecule 1 regulates epithelial 

cell morphology through effects on beta1 integrins and Rap1 activity. J Biol Chem 
280:11665–11674  

    Martin TA, Watkins G, Mansel RE et al (2004) Loss of tight junction plaque molecules in breast 
cancer tissues is associated with a poor prognosis in patients with breast cancer. Eur J Cancer 
40:2717–2725  

    Martin TA, Harrison GM, Watkins G et al (2008) Claudin-16 reduces the aggressive behavior of 
human breast cancer cells. J Cell Biochem 105:41–52  

    Matsumoto K, Shariat SF, Ayala GE et al (2005) Loss of coxsackie and adenovirus receptor expres-
sion is associated with features of aggressive bladder cancer. Urology 66:441–446  

    Matter K, Balda MS (2003) Functional analysis of tight junctions. Methods 30:228–234  
    Mazzon E, Cuzzocrea S (2007) Role of TNF-alpha in lung tight junction alteration in mouse model 

of acute lung in fl ammation. Respir Res 8:75  
    Meertens L, Bertaux C, Cukierman L et al (2008) The tight junction proteins claudin-1, -6, and -9 

are entry cofactors for hepatitis C virus. J Virol 82:3555–3560  
    Mehta D (2004) p120: the guardian of endothelial junctional integrity. Am J Physiol Lung Cell 

Mol Physiol 286:L1140–L1142  
    Meng J, Mostaghel EA, Vakar-Lopez F et al (2011) Testosterone regulates tight junction proteins 

and in fl uences prostatic autoimmune responses. Horm Cancer 2:145–156  
    Mensa L, Crespo G, Gastinger MJ et al (2011) Hepatitis C virus receptors claudin-1 and occludin 

after liver transplantation and in fl uence on early viral kinetics. Hepatology 53:1436–1445  
    Merikallio H, Kaarteenaho R, Paakko P et al (2011) Impact of smoking on the expression of 

claudins in lung carcinoma. Eur J Cancer 47:620–630  
    Michl P, Barth C, Buchholz M et al (2003) Claudin-4 expression decreases invasiveness and 

metastatic potential of pancreatic cancer. Cancer Res 63:6265–6271  
    Mineta K, Yamamoto Y, Yamazaki Y et al (2011) Predicted expansion of the claudin multigene 

family. FEBS Lett 585:606–612  
    Mirza M, Raschperger E, Philipson L et al (2005) The cell surface protein coxsackie- and adeno-

virus receptor (CAR) directly associates with the Ligand-of-Numb Protein-X2 (LNX2). Exp 
Cell Res 309:110–120  

    Mitchell LA, Overgaard CE, Ward C et al (2011) Differential effects of claudin-3 and claudin-4 
on alveolar epithelial barrier function. Am J Physiol Lung Cell Mol Physiol 301:L40–L49  

    Miyamoto K, Kusumi T, Sato F et al (2008) Decreased expression of claudin-1 is correlated with 
recurrence status in esophageal squamous cell carcinoma. Biomed Res 29:71–76  

    Moldvay J, Jackel M, Paska C et al (2007) Distinct claudin expression pro fi le in histologic 
subtypes of lung cancer. Lung Cancer 57:159–167  

    Morita K, Tsukita S, Miyachi Y (2004) Tight junction-associated proteins (occludin, ZO-1, claudin-1, 
claudin-4) in squamous cell carcinoma and Bowen’s disease. Br J Dermatol 151:328–334  

    Mruk DD, Cheng CY (2011) An in vitro system to study Sertoli cell blood-testis barrier dynamics. 
Methods Mol Biol 763:237–252  

    Muto S, Hata M, Taniguchi J et al (2010) Claudin-2-de fi cient mice are defective in the leaky and 
cation-selective paracellular permeability properties of renal proximal tubules. Proc Natl Acad 
Sci USA 107:8011–8016  

    Muto S, Furuse M, Kusano E (2012) Claudins and renal salt transport. Clin Exp Nephrol 
16(1):61–67  

    Nah WH, Lee JE, Park HJ et al (2011) Claudin-11 expression increased in spermatogenic defect in 
human testes. Fertil Steril 95:385–388  

    Naik UP, Naik MU (2008) Putting the brakes on cancer cell migration: JAM-A restrains integrin 
activation. Cell Adhes Migr 2:249–251  

    Naik MU, Naik TU, Suckow AT et al (2008) Attenuation of junctional adhesion molecule-A is a 
contributing factor for breast cancer cell invasion. Cancer Res 68:2194–2203  

    Nakanishi K, Ogata S, Hiroi S et al (2008) Expression of occludin and claudins 1, 3, 4, and 7 in 
urothelial carcinoma of the upper urinary tract. Am J Clin Pathol 130:43–49  



62 A.-M. Tokes et al.

    Nakano Y, Kim SH, Kim HM et al (2009) A claudin-9-based ion permeability barrier is essential 
for hearing. PLoS Genet 5:e1000610  

    Nemeth Z, Szasz AM, Somoracz A et al (2009a) Zonula occludens-1, occludin, and E-cadherin 
protein expression in biliary tract cancers. Pathol Oncol Res 15:533–539  

    Nemeth Z, Szasz AM, Tatrai P et al (2009b) Claudin-1, -2, -3, -4, -7, -8, and -10 protein expression 
in biliary tract cancers. J Histochem Cytochem 57:113–121  

    Nemeth J, Nemeth Z, Tatrai P et al (2010) High expression of claudin-1 protein in papillary thyroid 
tumor and its regional lymph node metastasis. Pathol Oncol Res 16:19–27  

    Nguyen DA, Neville MC (1998) Tight junction regulation in the mammary gland. J Mammary 
Gland Biol Neoplasia 3:233–246  

    Niessen CM (2007) Tight junctions/adherens junctions: basic structure and function. J Invest 
Dermatol 127:2525–2532  

    Nolan ME, Aranda V, Lee S et al (2008) The polarity protein Par6 induces cell proliferation and is 
overexpressed in breast cancer. Cancer Res 68:8201–8209  

    Ohnemus U, Kohrmeyer K, Houdek P et al (2008) Regulation of epidermal tight-junctions (TJ) 
during infection with exfoliative toxin-negative Staphylococcus strains. J Invest Dermatol 
128:906–916  

    Okuyama M, Fujiwara Y, Tanigawa T et al (2007) Roles of ZO-1 and epidermal growth factor in 
esophageal epithelial defense against acid. Digestion 75:135–141  

    Osanai M, Murata M, Nishikiori N et al (2007) Occludin-mediated premature senescence is a fail-
safe mechanism against tumorigenesis in breast carcinoma cells. Cancer Sci 98:1027–1034  

    Pan XY, Wang B, Che YC et al (2007) Expression of claudin-3 and claudin-4 in normal, hyperplas-
tic, and malignant endometrial tissue. Int J Gynecol Cancer 17:233–241  

    Pan XY, Weng ZP, Wang B (2008) Expression of claudin-4 in eutopic and ectopic endometrium of 
women with endometriosis. Zhonghua Fu Chan Ke Za Zhi 43:418–421  

    Perou CM (2010) Molecular strati fi cation of triple-negative breast cancers. Oncologist 
15(Suppl 5):39–48  

    Piontek J, Winkler L, Wolburg H et al (2008) Formation of tight junction: determinants of 
homophilic interaction between classic claudins. FASEB J 22:146–158  

    Pitelka DR, Hamamoto ST, Duafala JG et al (1973) Cell contacts in the mouse mammary gland. I. 
Normal gland in postnatal development and the secretory cycle. J Cell Biol 56:797–818  

    Polette M, Gilles C, Nawrocki-Raby B et al (2005) Membrane-type 1 matrix metalloproteinase expres-
sion is regulated by zonula occludens-1 in human breast cancer cells. Cancer Res 65:7691–7698  

    Prat A, Perou CM (2011) Deconstructing the molecular portraits of breast cancer. Mol Oncol 
5:5–23  

    Prat A, Parker JS, Karginova O et al (2010) Phenotypic and molecular characterization of the 
claudin-low intrinsic subtype of breast cancer. Breast Cancer Res 12:R68  

    Pummi K, Malminen M, Aho H et al (2001) Epidermal tight junctions: ZO-1 and occludin are 
expressed in mature, developing, and affected skin and in vitro differentiating keratinocytes. 
J Invest Dermatol 117:1050–1058  

    Raleigh DR, Marchiando AM, Zhang Y et al (2010) Tight junction-associated MARVEL proteins 
marveld3, tricellulin, and occludin have distinct but overlapping functions. Mol Biol Cell 
21:1200–1213  

    Riazuddin S, Ahmed ZM, Fanning AS et al (2006) Tricellulin is a tight-junction protein necessary 
for hearing. Am J Hum Genet 79:1040–1051  

    Sakai N, Chiba H, Fujita H et al (2007) Expression patterns of claudin family of tight-junction 
proteins in the mouse prostate. Histochem Cell Biol 127:457–462  

    Secondulfo M, Iafusco D, Carratu R et al (2004) Ultrastructural mucosal alterations and increased 
intestinal permeability in non-celiac, type I diabetic patients. Dig Liver Dis 36:35–45  

    Shao M, Ghosh A, Cooke VG et al (2008) JAM-A is present in mammalian spermatozoa where it 
is essential for normal motility. Dev Biol 313:246–255  

    Smalley KS, Brafford P, Haass NK et al (2005) Up-regulated expression of zonula occludens 
protein-1 in human melanoma associates with N-cadherin and contributes to invasion and 
adhesion. Am J Pathol 166:1541–1554  



632 The Distribution of Tight Junctions and Junctional Proteins…

    Sobel G, Paska C, Szabo I et al (2005) Increased expression of claudins in cervical squamous 
intraepithelial neoplasia and invasive carcinoma. Hum Pathol 36:162–169  

    Sobel G, Nemeth J, Kiss A et al (2006) Claudin 1 differentiates endometrioid and serous papillary 
endometrial adenocarcinoma. Gynecol Oncol 103:591–598  

    Soini Y (2004) Claudins 2, 3, 4, and 5 in Paget’s disease and breast carcinoma. Hum Pathol 
35:1531–1536  

    Sourisseau T, Georgiadis A, Tsapara A et al (2006) Regulation of PCNA and cyclin D1 expression 
and epithelial morphogenesis by the ZO-1-regulated transcription factor ZONAB/DbpA. Mol 
Cell Biol 26:2387–2398  

    Steed E, Rodrigues NT, Balda MS et al (2009) Identi fi cation of MarvelD3 as a tight junction-
associated transmembrane protein of the occludin family. BMC Cell Biol 10:95  

    Stravoravdi P, Natsis K, Kirtsis P et al (1996) Ultrastructural study of the urothelial lysosomal 
system in patients with transitional cell carcinoma after transurethral resection and interferon 
therapy. J Exp Ther Oncol 1:222–225  

    Sugrue SP, Zieske JD (1997) ZO1 in corneal epithelium: association to the zonula occludens and 
adherens junctions. Exp Eye Res 64:11–20  

    Sung CO, Han SY, Kim SH (2011) Low expression of claudin-4 is associated with poor prognosis 
in esophageal squamous cell carcinoma. Ann Surg Oncol 18:273–281  

    Szabo I, Kiss A, Schaff Z et al (2009) Claudins as diagnostic and prognostic markers in gyneco-
logical cancer. Histol Histopathol 24:1607–1615  

    Szakal DN, Gyorffy H, Arato A et al (2010) Mucosal expression of claudins 2, 3 and 4 in proximal 
and distal part of duodenum in children with coeliac disease. Virchows Arch 456:245–250  

    Szasz AM, Nyirady P, Majoros A et al (2010) beta-catenin expression and claudin expression 
pattern as prognostic factors of prostatic cancer progression. BJU Int 105:716–722  

    Szasz AM, Nemeth Z, Gyorffy B et al (2011a) Identi fi cation of a claudin-4 and E-cadherin score 
to predict prognosis in breast cancer. Cancer Sci 102:2248–2254  

    Szasz AM, Tokes AM, Micsinai M et al (2011b) Prognostic signi fi cance of claudin expression 
changes in breast cancer with regional lymph node metastasis. Clin Exp Metastasis 28:55–63  

    Timmons BC, Mitchell SM, Gilpin C et al (2007) Dynamic changes in the cervical epithelial tight 
junction complex and differentiation occur during cervical ripening and parturition. 
Endocrinology 148:1278–1287  

    Tokes AM, Kulka J, Paku S et al (2005) Claudin-1, -3 and -4 proteins and mRNA expression in 
benign and malignant breast lesions: a research study. Breast Cancer Res 7:R296–R305  

    Tőkés AM, Szász AM, Zuhást E (2012) Expression of tight junction molecules in breast carcino-
mas analysed by array PCR and immunohisto chemistry. Path Omc Res 18:593–606  

    Torzsok P, Riesz P, Kenessey I et al (2011) Claudins and ki-67: potential markers to differentiate low- and 
high-grade transitional cell carcinomas of the urinary bladder. J Histochem Cytochem 59:1022–1030  

    Traweger A, Fuchs R, Krizbai IA et al (2003) The tight junction protein ZO-2 localizes to the 
nucleus and interacts with the heterogeneous nuclear ribonucleoprotein scaffold attachment 
factor-B. J Biol Chem 278:2692–2700  

    Traweger A, Lehner C, Farkas A et al (2008) Nuclear Zonula occludens-2 alters gene expression 
and junctional stability in epithelial and endothelial cells. Differentiation 76:99–106  

    Troy TC, Rahbar R, Arabzadeh A et al (2005) Delayed epidermal permeability barrier formation 
and hair follicle aberrations in Inv-Cldn6 mice. Mech Dev 122:805–819  

    Tserentsoodol N, Shin BC, Suzuki T et al (1998) Colocalization of tight junction proteins, occlu-
din and ZO-1, and glucose transporter GLUT1 in cells of the blood-ocular barrier in the mouse 
eye. Histochem Cell Biol 110:543–551  

    Tserentsoodol N, Shin BC, Koyama H et al (1999) Immunolocalization of tight junction proteins, 
occludin and ZO-1, and glucose transporter GLUT1 in the cells of the blood-nerve barrier. 
Arch Histol Cytol 62:459–469  

    Tsukita S, Furuse M, Itoh M (2001) Multifunctional strands in tight junctions. Nat Rev Mol Cell 
Biol 2:285–293  

    Tunggal JA, Helfrich I, Schmitz A et al (2005) E-cadherin is essential for in vivo epidermal barrier 
function by regulating tight junctions. EMBO J 24:1146–1156  



64 A.-M. Tokes et al.

    Turksen K, Troy TC (2002) Permeability barrier dysfunction in transgenic mice overexpressing 
claudin 6. Development 129:1775–1784  

    Tzelepi VN, Tsamandas AC, Vlotinou HD et al (2008) Tight junctions in thyroid carcinogenesis: 
diverse expression of claudin-1, claudin-4, claudin-7 and occludin in thyroid neoplasms. Mod 
Pathol 21:22–30  

    Van Itallie CM, Anderson JM (2006) Claudins and epithelial paracellular transport. Annu Rev 
Physiol 68:403–429  

    Van Itallie CM, Fanning AS, Anderson JM (2003) Reversal of charge selectivity in cation or anion-
selective epithelial lines by expression of different claudins. Am J Physiol Renal Physiol 
285:F1078–F1084  

    Van Itallie CM, Rogan S, Yu A et al (2006) Two splice variants of claudin-10 in the kidney create para-
cellular pores with different ion selectivities. Am J Physiol Renal Physiol 291:F1288–F1299  

    Vogl AW, Vaid KS, Guttman JA (2008) The Sertoli cell cytoskeleton. Adv Exp Med Biol 
636:186–211  

    Wang CQ, Mruk DD, Lee WM et al (2007) Coxsackie and adenovirus receptor (CAR) is a product 
of Sertoli and germ cells in rat testes which is localized at the Sertoli-Sertoli and Sertoli-germ 
cell interface. Exp Cell Res 313:1373–1392  

    Watson RE, Poddar R, Walker JM et al (2007) Altered claudin expression is a feature of chronic 
plaque psoriasis. J Pathol 212:450–458  

    Yan HH, Mruk DD, Cheng CY (2008a) Junction restructuring and spermatogenesis: the biology, 
regulation, and implication in male contraceptive development. Curr Top Dev Biol 80:57–92  

    Yan HH, Mruk DD, Lee WM et al (2008b) Cross-talk between tight and anchoring junctions-
lesson from the testis. Adv Exp Med Biol 636:234–254  

    Yan HH, Mruk DD, Lee WM et al (2008c) Blood-testis barrier dynamics are regulated by testos-
terone and cytokines via their differential effects on the kinetics of protein endocytosis and 
recycling in Sertoli cells. FASEB J 22:1945–1959  

    Yeo NK, Jang YJ (2010) Rhinovirus infection-induced alteration of tight junction and adherens 
junction components in human nasal epithelial cells. Laryngoscope 120:346–352  

    Yoshida Y, Morita K, Mizoguchi A et al (2001) Altered expression of occludin and tight junction 
formation in psoriasis. Arch Dermatol Res 293:239–244  

    Zadori G, Gelley F, Torzsok P et al (2011) Examination of claudin-1 expression in patients undergo-
ing liver transplantation owing to hepatitis C virus cirrhosis. Transplant Proc 43:1267–1271  

    Zheng JY, Yu D, Foroohar M et al (2003) Regulation of the expression of the prostate-speci fi c 
antigen by claudin-7. J Membr Biol 194:187–197  

    Zhu Y, Maric J, Nilsson M et al (2004) Formation and barrier function of tight junctions in human 
ovarian surface epithelium. Biol Reprod 71:53–59  

    Zhu Y, Brannstrom M, Janson PO et al (2006) Differences in expression patterns of the tight 
junction proteins, claudin 1, 3, 4 and 5, in human ovarian surface epithelium as compared to 
epithelia in inclusion cysts and epithelial ovarian tumours. Int J Cancer 118:1884–1891      



65T.A. Martin and W.G. Jiang (eds.), Tight Junctions in Cancer Metastasis, 
Cancer Metastasis - Biology and Treatment 19, DOI 10.1007/978-94-007-6028-8_3, 
© Springer Science+Business Media Dordrecht 2013

  Abstract   A cell in the ocean exchanges with a constant reservoir, that is not 
exhausted of nutrients consumed by the cell nor polluted by the wastes it excretes. 
On the contrary, when a cell belongs to a metazoan, the situation is completely 
 different, as the ocean is now replaced by an extracellular milieu less than one 
micron thick, that would be quickly exhausted and spoiled, were it not by a circula-
tory apparatus that continuously carries nutrients and wastes to and from to enormous 
areas of epithelia, where the exchange with the extracellular environment actually 
takes place. Thanks to this continuous puri fi cation and stability of the internal milieu 
performed mainly by “ transporting epithelia ”, metazoan cells can enormously 
 simplify their housekeeping efforts, and engage instead in differentiation and 
 multiple forms of organization (tissues, organs, systems) that enable them produce 
an astonishing diversity of higher organisms. Metazoan exist thanks to transporting 
epithelia.

This chapter summarizes the main methods to study the structure and function of 
the tight junctions, with natural epithelia, as well as monolayers of cell lines grown 
 in vitro  on permeable supports.    
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     3.1   Introduction 

 Transporting epithelia are vast areas of cells (e.g. 90 m 2  of lung, and 270 m 2  of intes-
tinal mucosa in humans) that have two basic differentiated features: (1)  Tight junc-
tions  (TJs), that form a continuous belt of intramembrane  fi bers that seals the outermost 
end of the lateral intercellular space, completely surrounds the cells, and transforms 
the layer of epithelial cells into an effective permeability barrier (Fig.  3.1a ,  red ). And 
(2)  Polarity  of the cells, consisting in having an apical domain (Fig.  3.1a ,  magenta ) in 
contact with the external milieu, and a basolateral domain (Fig.  3.1a ,  gray ) in contact 
with blood through the interstitial  fl uid. The apical and basolateral domains have dras-
tically different anatomical, molecular and physiological properties, that constitute the 

  Fig. 3.1     The “transporting epithelial phenotype” . ( a ) Epithelial cells form layers with an apical 
( magenta ) and a basolateral side ( gray ). The intercellular space is closed on its outermost end by 
tight junctions (TJs) observed in freeze fracture replicas as a continuous belt of anastomosing 
intramembrane  fi brils ( red ), and in transmission electron microscopy as a fusion of the outer lea fl et 
of the plasma membrane, that together with the submembrane cytoskeleton and speci fi c molecules 
form an obscure, osmium stained spot ( black ) (see also Fig.  3.2a, b ). ( b ) The model of Koeffoed-
Johnson and Ussing (KJU) proposes a  fi rst step “1” of penetration of Na +  ( yellow ), down its gradi-
ent from the outer milieu into the cytoplasm, followed by its extrusion “2” towards the internal 
milieu. This step is operated by the Na + ,K + -ATPase (P  red ). ( c ) Permeating substances traverse the 
epithelium through a transcellular route, as proposed by the KJU model, plus a paracellular route 
that crosses the TJ and proceeds through the intercellular space. ( d ) As long as the pump keeps the 
concentration of Na at a low level, this ion is continuously entering the cytoplasm through the apical 
membrane. Nature uses this Na-gradient to drive counter-transporters and co-transporters       
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structural basis that allow cells to transport substances vectorially, i.e. in a net amount 
towards the outer or the internal milieu (Cereijido et al.  1988  ) .  

 Given that 90% of the cancers in mature humans start or compromise an epithelium, 
we expect a strong correlation between cancers and altered TJs (Chen et al.  2006 ; 
Martin et al.  2011 ; Cereijido et al.  2000,   2007 ; Escudero-Esparza et al.  2011  ) . 
Several claudins, proteins of the tight junction have been evaluated in primary 
human tumors to examine their expression levels and cancer progression. For exam-
ple, claudin-1 exhibits a consistent elevation in colon carcinoma (Miwa et al.  2001 ; 
Dhawan et al.  2005  ) . Yet claudin-3 and -4 are frequently overexpressed in ovarian, 
breast, pancreatic, and prostate cancers (Morin  2005   ; Hewitt et al.  2006  ) . Down 
regulation of claudins could contribute to epithelial transformation by increasing the 
paracellular permeability of nutrients and growth factors to cancerous cells. For example, 
claudin-11 decreases the invasiveness of bladder cancer cell (Awsare et al.  2011  ) , 
Claudin-7 decreases or disappears in breast cancer, and head and neck squamous 
cell carcinoma (Kominsky et al.  2003 ; Al Moustafa et al.  2002  ) . On the other hand, 
the barrier function of neoplastic cells could also be altered. At this moment, it is not 
easy to predict whether this correlation will involve causality, i.e. a cancer would 
interfere with the normal expression of a TJ or, conversely, alterations of the TJ 
would cause or favor the development of a cancer, or interfere with pharmacologic 
treatment of a cancer. This may be the case of a cancer of the nervous system, when 
it cannot be reached by pharmaceutical agents because of the blood/brain barrier. 
It is in this case that one would wish that knowledge of the modulation of TJs would 
afford a way of circumvent the hermeticity of this structure. 

 In this chapter we will focus on TJs, and the main technical procedures and 
protocols to study them.  

    3.2   The Tight Junction (TJ) in Retrospect 

 It takes a good microscope to –scarcely- see a TJs, that is why this structure only 
started to be mentioned in biomedical publications in the second half of the nine-
teenth century, under a wide variety of names, all of them pejorative, as cell contacts 
were regarded as little more than neutral bolts and fasteners that secured the frame-
work of the tissue, lest it would disintegrate on deformation. Even a century later the 
TJ continued to be disregarded, and was not even represented in the seminal model 
put forward by Koeffoed-Johnson and Ussing  (  1958  )  that served as fertile blueprint 
for all transporting epithelia (Fig.  3.1b ) (Koefoed-Johnsen and Ussing  1958  ) . This 
disregard was due to the fact that in those days it was taken for granted that substances 
only cross an epithelium through the so called “transcellular route”, in two successive 
steps: a  fi rst one to penetrate from the external milieu into the cytoplasm of epithelial 
cells, and a second one to exit from the cytoplasm towards the internal milieu. 

 Later on, several circumstances brought TJs to the forefront: (1) epithelia with 
an exclusive transcellular route (“tight epithelia”) are an extreme case, as most 
natural epithelia have also a “paracellular route” that does not cross through the 
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cytoplasm of the cells (Fig.  3.1c ,  lilac ). (2) the structure that determines whether 
the paracellular route is important or negligible is, precisely, the TJ. (3) the overall 
permeability (transcellular  plus  paracellular) is re fl ected by the transepithelial 
electrical resistance (TER) of the epithelium, so this parameter is widely used, as 
it is also an easy to measure one ( see below ). Epithelial TER ranges from a mere 
8–10  W .cm 2  as in the proximal tube of the nephron, to hundreds of thousands as in 
epithelia like the urinary bladder. (4) A given TJ does not have a constant structure 
nor TER, as these are adjusted to physiological conditions, hormones and pharma-
cological challenge. When required, the TJ can relax its hermeticity enough to 
allow the passage of an entire cell, as it is the case of macrophages en route to a 
spot invaded by microorganism. (5) The TJ is formed by more than 50 different 
species of proteins, most of them so speci fi c that are used as markers of this cell 
contact. Some of them are membrane proteins exposed to the intercellular space 
and contact with analogous proteins belonging to a neighboring cell (e.g. occludin, 
claudins, JAMs). There is a group of TJ-proteins that form the submembrane 
scaffold (e.g. ZO-1, ZO-2, ZO-3, ZONAB). There is another a group of proteins 
that relate the TJ to the cytoskeleton (e.g. cingulin); (6) some of these peptides 
exist in several chemical states, because they undergo a variety of phosphoryla-
tions, and are governed by several routes of intracellular signaling, a scenario that 
seems far too complex to ful fi ll the humble role of neutral bolt that secures the 
epithelial framework (Turksen and Troy  2004  ) . (7) There is an ever growing body 
of evidence that the TJ is involved in some grave human diseases; in particular those 
associated to auto-immunity. Thus one century ago, sages of the stature of Paul 
Ehrlich regarded the intestinal  fl ora as a nuisance that intoxicated the organism, to 
the point that some enthusiastic followers resorted to abdominal surgery to remove 
large segments of gross intestine, hoping to favor a longer and healthier life. 
Today the intestinal fauna is considered instead a quasi-organ, whose cells can 
even transiently penetrate into the epithelial mucosa to participate in a now re-
assessed collaboration. (8) The intestinal fauna exchanges substances and signals 
with the rest of the organism. (9) Yet if for some abnormal reason (e.g. a molecular 
defect in a molecule constituting the TJ) some of the peptides produced by the  fl ora 
gain access to the blood, the immune system may generate antibodies that also 
attack normal proteins in the thyroid gland, the brain, pancreas, etc. thereby trig-
gering terrible diseases such as Hashimoto’s thyroiditis, multiple sclerosis, diabe-
tes, Crohn disease, etc. (Cereijido et al.  2007  ) .  

    3.3   The Ability of the TJ to Adjust Its Hermeticity 
to Physiological Needs 

 The  fl uid just  fi ltered in the renal glomerulus has virtually the same composition of 
water, amino acids, glucose, urea, and ions than plasma; therefore the chemical 
gradient across the walls of the proximal tubule is not sharp, and the hermeticity of 
the epithelial wall is indeed very low (some 8–10  W .cm 2 ). Yet as the  fl uid in the 
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lumen  fl ows towards more distal parts of the nephron, the active removal of chemi-
cal components (e.g. sugars, vitamins, amino acids) and the addition of some others 
(e.g. urea, urobilin, certain ions such as potassium, hydrogen ions), make the tubular 
 fl uid more and more different from plasma, requiring tighter TJs to withstand the 
now sharp gradients between the lumen and the interstitial  fl uid. Accordingly, the 
value of TER across the wall of the urinary tract increases, reaching 1,000  W .cm 2  in 
the distal nephron, 2,000 in the collecting tube, and 60,000–100,000  W .cm 2  in the 
urinary bladder. 

 While this is teleologically sound, we still ignore the mechanisms that sense the 
asymmetry of composition and adjust TER accordingly. This information would be 
very valuable, as it may help to develop molecular tools to correct the leakiness of 
the TJs (Flores-Benitez et al.  2009 ; Contreras et al.  2006  )  that, as mentioned above, 
is deemed responsible for many autoimmune diseases. 

    3.3.1   Speci fi c Techniques an Approaches to Study TJs 

 This description will be based on the rational as well as use of a given technique, not 
in the detailed protocol to really use it in a given experiment. These are provided in 
the Methods section of the references to a publication that uses it. 

    3.3.1.1   Transmission Electron Microscopy (TEM) 

 The religious tradition of body/soul, as well as the nineteenth century idea that life 
consists in structures that function, are misleading and unsuited to understand life at 
the atomic, molecular and organelle levels, as function comports a change in struc-
ture, and  vice versa : changes of structure have functional consequences. Therefore, 
in order to “see”a TJ its function must be suddenly stopped with extremely low 
temperature and quickly penetrating  fi xatives that crosslink its proteins, so that in 
spite of being now dead, its structure resembles one of the con fi gurations it had 
when it was alive. In spite of the fact that water constitutes up to 70–90% of the 
substance of a cell, it must be totally removed while preserving the micro-anatomy 
of the epithelium. Then another problem is in line: an epithelium is too thick to 
permit the passage of the electron beam of the ultramicroscope. Therefore the prep-
aration has to go to several steps of dehydration, while it is in fi ltrated by embedding 
resins, again, without distorting the ultramicroanatomy of the TJ, so that the epithe-
lium becomes rock-hard and can be cut with a diamond knife in ultrathin layers that 
will allow the passage of the electron beam. A third dif fi culty arises from the fact 
that the plasma membrane offers almost no resistance to the passage of the electron 
beam, is invisible, and therefore one cannot see how does it form a TJ. Nevertheless 
a treatment with OsO 

4
  binds Os to the two lipid lea fl ets of the plasma membrane, 

that now can be seen as a double line resembling the track of a railroad (Fig.  3.2b ). 
Therefore when the plasma membrane of neighboring cells approach each other, 
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one can see four dark lines but, at the TJ itself, their outermost dark lines fuse, so 
the TJ appears as trilaminar dark tracks (3 dark lines instead of the 2 + 2 = 4, 
Fig.  3.2a ). But after this trilaminar contact the plasma membranes separate and join 
again, repeating this separation/fusion several times in a short distance, conferring 
to the TJ a “punctate” appearance (these contacts are often called “kisses”). When 
an optically dense substance such as ferritin, horse radish peroxidase, or lanthanum 
is added to one side of the epithelium, it penetrates in between the cells, but is 
stopped at the TJ, revealing that this is the structure responsible for restricting the 
diffusion of substances through the paracellular route (Fig.  3.2b ).   

  Fig. 3.2     The ultrastructure of the TJ: freeze fracture and transmission electron microscopy.  
 Above : a micelle is a group of lipid molecules suspended in water ( W light blue ). When water 
abounds polar groups ( blue spheres ) hide the hydrophobic chain of the lipids in the interior of the 
micelle. When water is instead relatively scarce the micelle arranges in just the opposite way. Instead 
of spherical micelles they can also form cylindrical structures perpendicular to the plane of the page. 
Lipids of a plasma membrane cannot hide their hydrophobic chains in micelles nor cylinders, and 
the energetic balance of forces favors the formation of bilayers.  Middle : a TJ is a long cylindrical 
micelle perpendicular to the page, which is sandwiched between the two lea fl ets of the plasma 
membrane. Once the epithelium is deep frozen, it can be split with a special knife ( red ), and the 
plane of cleavage separates two lea fl ets, one with ridges and the other with grooves. These halves 
can be treated with several techniques, such as shadowing with vapors of platinum and carbon, 
antibodies against TJ proteins containing an electron dense gold particle, etc.  Right : A TJ is formed 
at the outermost end of the intercellular space, when the outer lea fl ets of the plasma membranes 
approach and fuse ( a ). This occurs successively several times in punctuated points called “kisses”. 
Ruthenium red added from the basolateral side ( below ) can only penetrate to this point ( b )       
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    3.3.1.2   Freeze-Fracture Electron Microscopy (FF) 

 A typical micelle is a small sphere formed by amphiphilic lipids (loving both, water 
and oil, albeit at different parts of the molecule) with their polar groups (Fig.  3.2  
 blue ) in contact with the surrounding water (W  blue ) and hydrophobic chains hiding 
at the center (Fig.  3.2   yellow ). Yet, when the water is too scarce, the micelle can be 
inside-out, water at the center and hydrophobic chains pointing outwards. When 
lipid molecule contains more than one hydrophobic chain and, in particular, when 
these are long and bulky, the micelle con fi guration cannot hide them from water. 
This forces lipid molecules to form instead bilayers, in contact with water on both 
sides and hydrophobic chains hiding between the two lea fl ets. This is, precisely, the 
typical situation at the plasma membrane. Yet crystallographic studies have shown 
that the spherical micelle and the bilayer are two extremes con fi gurations, but there 
are other arrangements that depend on the structure of the lipid molecule, the nature 
of the polar group, whether the hydrophobic chains are saturated or unsaturated, 
the nature of mobile ions present in the water phase and, above all, when there is a 
diversity of lipid species. Micelles do not need to be spherical, but can also be 
elongated forming cylinders with polar heads toward surrounding water, or inward 
when the cylindrical micelles are surrounded by lipids, as indicated in Fig.  3.2  
( center ). Furthermore, these studies show that these lipid/water structures can 
coexist. These cylinders establish a belt-like mesh sandwiched between the outer 
and the inner lipid lea fl ets of the plasma membrane, that surrounds epithelial cells 
at the apical/lateral junction. 

 The monolayer of epithelial cells to be studied by FF should be rapidly frozen at 
−196°C. This requirement stems from the fact that the molecular assembly of the TJ 
is extremely weak, as it depends on hydrogen and hydrophobic bonds, as well as 
electric forces and salt linkages that are irreversibly distorted by even mild tempera-
ture vibrations. Actually one cannot freeze the monolayer directly in liquid nitrogen 
(−186°C) because the thermal conductivity of liquid nitrogen is not fast enough. 
Thermal conductivity is fast in Freon 22, but the temperature of this lique fi ed gas is 
not cold enough (−70°C). These problems are circumvented by cooling Freon to 
−196°C with liquid nitrogen. When this rock-solid piece of frozen epithelium is 
broken with a knife (Fig.  3.2   red ), the plane of cleavage passes through the weakest 
points that happens to be in between the end of the tails of the hydrophobic chains 
of the lipids forming the plasma membrane. Since this plasma membrane is a bilayer, 
it splits into an external lea fl et that is in contact with the extracellular space, and an 
inner one that is in contact with the cytoplasm. At this time these lea fl ets may be 
handled in several ways, such as a  fi ne spray with platinum/carbon from above, 
digested with acid or sodium dodecylsulphate, treatment with antibodies prepared 
against proteins belonging to the TJ that carry a ultra-thin sphere of gold whose 
position with respect to the junctional strands can be then studied with a scanning 
electron microscope, etc. (Andersson Forsman and Pinto da Silva P  1988 ; Dinchuk 
et al.  1987 ; Gruijters et al.  1987  ) .  
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    3.3.1.3   Flux of Dextran 

 A  fl ux is the amount of a given substance that crosses an epithelium per unit time 
and unit area, and is usually expressed as  m mole.h −1 .cm −2 . It can be measured under 
a mindboggling variety of conditions: e.g. as a function of the concentration of the 
substance, in the presence of competing analog molecules, in epithelia treated with 
all sort of inhibitors, etc. One usually starts with the measurement of a small inert 
molecule that would serve as comparison for the  fl ux of other substances, or the  fl ux 
of the same substance but in a variety of epithelia (e.g. ileum mucosa, gallbladder 
epithelium), or the same epithelium but from different animal species. Although we 
will illustrate the measurement with Dextran, it can be substituted by any other 
substance that would not damage the cells. 

 Dextran is a complex, branched polysaccharide made of many glucose 
molecules, that are available in chains of the desired length and molecular weight. 
The permeability of electrically neutral molecules across the TJ is measured with 
dextran of some 3 kDa, that it is too big to cross through the transcellular route, a 
circumstance that makes it ideal to study the paracellular one. To make its  fl ux easy 
to measure, Dextran is commonly bound to  fl uorescent tags, e.g. FITC-Dextran. 
A freshly prepared solution with 10  m g/ml of FITC-Dextran is dissolved in 
P-buffer, and placed in the chamber in contact with the apical compartment. The 
one in contact with the basolateral side only contains P-buffer with or without the 
drug whose effect on TJs is investigated (e.g. 10 nM ouabain). After 1 h incubation 
at 37°C, the basal medium is collected, and the  fl uorescence of the transported 
FITC-Dextran is measured with a  fl uorescence spectrometer at 492 nm (excitation) 
and 520 nm (emission). The quantity of FITC is calculated by comparing with a 
standard curve. The unidirectional  fl ux of Dextran from the apical to the basolateral 
direction (J 

DEX
  in ng.cm −2 .h −1 ) is calculated by dividing the  fl uorescence intensity 

of a given sample of the bottom solution by the corresponding value of the upper 
solution conveniently diluted.  

    3.3.1.4   Transepithelial Electrical Resistance (TER) 

 The degree of sealing of TJs can be assessed by measuring the TER of the mono-
layer as depicted in Fig.  3.3 . A small current (20  m A.cm −2 ) causes a voltage de fl ection 
which is measured with a voltohmeter (EVOM) and an EndOhm-6 systems (World 
Precision Instruments, Sarasota, FL). Ohm’s Law is then used to calculate an overall 
TER, and the component due to the resistance of monolayer itself can be obtained 
by subtracting the resistance of the bathing solution and the empty support. Results 
are expressed as  W  cm 2 . The speci fi c conductance of the TJ to a given ion can be 
studied by substituting control ions (usually Na + , K + , or Cl −  by other univalent 
cations and anions (Larre et al.  2010,   2011 ; Cereijido et al.  1978  )) .  

 Frömter and coworkers have used a more re fi ned procedure based on impedance 
measurement (see (Kottra et al.  1989,   1996  ) ).  
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  Fig. 3.3     The relationship between junctional structure, TER and permeability of the TJ . 
( a ) TJs ( red ) vary in the number of strands ( n ). ( b ) If strands were simple ohmic resistors, then TER 
would increase with  n  in a linear manner ( dashed black line ). Yet experimental measurements in a 
wide variety of epithelia, show that TER increases exponentially with  n  ( red circles ). ( c ) Flickering 
channels ( 1 ,  2 ,  3  and  4 ) that alternatively switch from an open to a closed state would not explain 
the discrepancy between TER and permeation studies though, because ions may cross a given 
strand ( red lines ) by any channel that happens to be open at the time. ( d ) Yet strands have frequent 
anastomoses and trabeculae that compartmentalizes the TJ, so that for electric current to  fl ow 
across the whole TJ it is necessary that channels in the upper and lower strands be open simultane-
ously. Only compartment 4 would be conducting in this example. ( e ) Permeation would instead 
obey a different set of rules. Thus a diffusing substance like mannitol or dextran ( pink ) may  fl ow 
into compartments 1 and 2 in spite of the lower channel being open (1) or closed (4). ( f ) When 
channels in the lower strand open, the solute would leave the compartment regardless of whether 
the channel in the above strand remains open or closed. Therefore, in a segment of TJ with com-
partments imposed by the presence of trabeculae, only those compartments with channels in the 
open state in the upper  and  the inner strand will let the electric current through ( d  # 4, and  f  # 4). 
On the contrary, in a study of permeation to a given substance, this substance will enter the com-
partment whenever the channel in the upper strand is open, and will proceed its movement towards 
the basal side of the epithelium whenever the channel in the lower strand is in the open state. In 
summary, the difference between electrical measurements and solute permeability studies is that, 
while the  fi rst requires that all channels in the series should be simultaneously in the open state, 
solute permeation does not       
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    3.3.1.5   Electric Current Paths Through an Epithelium 

 When an electric current is applied through an epithelium it can follow several 
paths. If the epithelium is a very tight one, current will only successively  fl ow 
through the apical and the basolateral domain of the plasma membrane of the cells. 
But it can in principle  fl ow through spurious paths. The most common one would be 
 edge damage , i.e. the points where the pressure of the rim of the Lucite chamber 
would destroy cells at the perimeter of the exposed area (Fig.  3.3f ). Yet today these 
nuisances are avoided by a suitable design (e.g. rubber O-rings), greasing the halves 
of the chamber, etc. The other potential source of artifacts would be damaged or 
dying cells. Yet the adherence of cells to a solid support entails a very competitive 
process; as cells continuously strive to adhere to a larger area of support, including 
the formation of an actin ring that effectively deprives the unhealthy cell of attach-
ment to the support, as well as interrupts the access of nutrients coming from the 
organism through the basolateral side (Peralta Soler et al.  1996  ) . Eventually, 
unhealthy cells are forced to abandon the monolayer and are discarded towards the 
lumen. In a natural tissue, this is the usual destiny of aging cells. 

 Apart from these spurious paths due to technical inef fi ciencies, in epithelia or 
monolayers with low TER (usually below 2,000  W .cm 2 ) more than 98% of the 
applied current follows the paracellular route, that is one of the reasons that TER is 
routinely used to gauge the hermeticity of the TJ (Cereijido et al.  1984   )   . 

 Frömter and Diamond  (  1972 ; Frömter  1972  ) , and Steffani and Cereijido  (  1983  )  
have develop  ad hoc  procedures in which a glass microelectrode is used to scan the 
surface of an epithelium, to detect the points where current  fl ows through the epi-
thelium of the gall bladder. Invariably these coincide with the intercellular space.  

    3.3.1.6   “Discrepancies” Between Permeability and TER 

 The electrical resistance of an epithelium measures how easily an ion can cross it. 
Yet at times resistance measurements indicate that an ion crossing the epithelium 
meets a relatively high degree of dif fi culty, while its permeability, measured through 
the  fl ux of a tracer (e.g. a radioisotope) is nevertheless high. This puzzling result 
entails no discrepancy and, in fact, is quite common. Imagine this analogy:  fi ve 
persons open the front door, enter into the living room, close the door behind them, 
and proceed likewise to the dining room, the kitchen, the back room: they would 
“ fl ow” through the entire house, i.e. the house is “permeable” to people. This compares 
to the  fl ux of a substance that penetrates a route of compartments in series, each one 
limited by  fl ickering channels (Fig.  3.4e, f ). On the contrary, the measurement of the 
electrical conductance/resistance requires instead that doors be simultaneously 
open. Solving this “discrepancies” between conductance (or resistance) and  fl ux 
measurements may afford information on the TJ.  

 Since each TJ strand is a resistor, one would expect that TER would increase lin-
early with the number of strands (Fig.  3.4a, b ). Yet in natural epithelia TER increases 
exponentially with the number of strands, as indicated in Fig.  3.4a, b . This situation 
is also explained by the existence of trabeculae that compartmentalize the TJ.  
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    3.3.1.7   Monolayers of Epithelial Cell Lines Cultured on a Permeable 
Support 

 By the end of the decade of 1960 TJs and polarity were suf fi ciently characterized, and 
their basic properties as well as physiological role were reasonably understood, 
and the next step was to study when, how and why these structures are synthesized, 
assembled and become ready to function (Cereijido et al.  2008  ) . It was not possible 
to learn about the mechanisms involved using natural epithelia as model systems, 
because these have TJs and polarity already established. In this respect, a great 
breakthrough was made by using epithelial cell lines cultured on permeable 
supports (Cereijido et al.  1978,   2004  ) . These cell lines can be mass cultured in 
bottles, harvested with trypsin-EDTA and plated at con fl uence on a Nitex cloth 

  Fig. 3.4     An epithelial model system : Epithelial cells can be cultured as monolayers that resemble 
natural epithelia and offer a series of experimental advantages. ( a ) Disks are cut out of nylon 
cloth with square windows of 100  m m on the side, which is coated with collagen and sterilized. 
( b ) MDCK cells (epithelial from dog kidney) are mass-cultured in plastic bottles, harvested with 
trypsin-EDTA, and ( c ) plated at saturating density on the collagen coated disc. ( d, e ) Alternatively, 
monolayers can be prepared in a Transwell assembly. ( f ) The disk with the monolayer is mounted 
as a  fl at sheet between two Lucite chambers with Ringer solution, a current of 20 A.cm −2  is passed 
and the voltage de fl ection measured. These parameters are used to calculate TER with Ohm’s Law       
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coated with collagen, or on Millipore  fi lters (Fig.  3.3d ). This harvesting is so harsh 
that makes cell lose their TJs and polarity. Yet upon re-seeding, cells re-establish 
these features under culturing conditions amenable for experimental control, e.g. in the 
presence of inhibitors of the synthesis of proteins, DNA, RNA, glycosylation, 
and assembly of microtubules and micro fi laments. There are  fi ner procedures to 
block protein synthesis more speci fi cally, resorting to RNA interference (RNAi), or 
force the cell to express an engineered version of a given molecule, block phos-
phorylation, or mutate a given amino acid suspected to be crucial in the making of 
a TJ or during the process of polarization. Monolayers prepared in this way can be 
then inspected by a variety of electron microscope techniques, epi fl uorescence with 
tagged molecules, etc. 

 Cells can be plated at low density, followed by waiting until they proliferate and 
achieve con fl uence. This protocol has the disadvantage of mixing cells that are still 
engaged in proliferation, with those that in the meanwhile have recovered from 
trypsin, contacted several neighboring cells and are ready to synthesize and assem-
ble TJs. Most often instead, cells are plated at saturating density and allowed to 
attach for 20–30 min, followed by a change to a bathing medium without cells. This 
protocol has the advantage of removing cells that were unable to  fi nd room in the 
support, and those that did attach would not waste time in proliferation.  

    3.3.1.8   The Calcium Switch 

 The procedure described in the previous paragraph can be perfected in still 
another way, based on the observation that removal and restoration of Ca 2+  opens 
and reseal TJs (Cereijido et al.  1978  ) . Thus Fig.  3.5  ( left ) shows two sort of 
monolayers; the  fi rst is basically the one described in the previous paragraph 
( open circles ), but in the second the assembly of TJs as well as polarization are 
arrested by the removal of Ca 2+  30 min after cell attachment to the support (  fi lled 
circles ). If this ion is re-admitted at the 20th hour ( blue arrow ), TER is observed 
to increase with a much faster kinetics, because cells are already recovered from 
trypsination and had adjusted their borders to each other. This assembly and seal-
ing can be so abrupt, that a fraction of Na + ,K + -ATPase, that in mature monolayers 
of MDCK cells only occupy the basolateral side can be trapped on the apical 
(wrong) side as well. Even the observation of the fate of these misplaced sub-
population of the enzyme provides valuable knowledge on the removal and relo-
cation of membrane molecules during polarization. (Contreras et al.  1989 ; 
Shoshani et al.  2005  )   

 Besides of being a useful technical procedure to observe the kinetics of TJs assem-
bly and polarization, this technique provided a way to study some intricacies of the 
mechanism triggered by Ca 2+ , that results in the development of the two basic charac-
teristics of the “epithelial transporting phenotype”. Cells incubated overnight in the 
absence of Ca 2+  lose this ion, that achieves a very low concentration in the cytoplasm, 
and markedly increase their speci fi c Ca 2+ -permeability. Hence 20 h later, when this 
ion is restored to the bathing  fl uid, it rapidly penetrates into the cells and increases its 
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concentration in the cytoplasm. For a while this penetration mislead research workers 
that investigated the role of  intracellular  Ca 2+ , and resorted to prevent the increase 
concentration in the cytoplasm by, for instance, using Ca-buffers. On the contrary, 
Contreras et al.  (  1992  )  and González-Mariscal et al.  (  1990  )  demonstrated that it is 
instead the  extracellular  Ca 2+  that triggers junction formation and polarization. The 
demonstration is as follows: (1) the concentration of Ca 2+  necessary to promote TJ 
formation and polarization is so low, that it may trigger these processes without modi-
fying the concentration of calcium in the cytoplasm (Nigam et al.  1992  ) . (2) The 
penetration of Ca 2+  can be blocked by Cd 2+  or La 3+  that are nevertheless unable to trig-
ger differentiation. Put in other words, Ca 2+  triggers the making of TJs and polariza-
tion from outside of the cytoplasm. (3) In spite of their af fi nity for the mechanisms 
used by Ca 2+  to penetrate, Cd 2+  and La 3+  cannot substitute calcium in triggering TJ 
formation and polarization. (4) Later on it was found that extracellular Ca 2+  acts on the 
extracellular domain of E-cadherin, at the joins between the  fi ve repeats in the extra-
cellular segment of this molecule (Fig.  3.5   right ) (Ringwald et al.  1987  ) . This causes 
this molecular segment to straighten, and attach to similar segments in neighbor 

  Fig. 3.5    ( left ) Monolayers of MDCK cells progressively assemble and seal TJs, a process that can 
be followed by the value of TER (open circles). Monolayers of cells plated in the presence of Ca2+, 
are allowed to attach for 20–40 min, switched to a medium without this ion and incubated over-
night, have a negligible TER at the 20th hour. At this time the restoration of Ca2+ triggers a fast 
assembly and sealing of TJs (  fi lled circles ). This maneuver can be performed under a variety of 
experimental conditions, such as the presence of inhibitors of RNA or protein synthesis, glycosyla-
tion, the presence of competing cations such as Cd2+ and La3+. ( right ) Two neighboring epithelial 
cells showing that Ca2+ acts primarily on the extracellular segment of E-cadherin, making this seg-
ment straight so that it can interact with other E-cadherin molecules located on the same cell 
membrane. Once in this position, extracellular segments can interact through van der Waals’ 
forces, that decay with the 5th power of distance. Since these events are occurring in the neighbor-
ing cell as well, straightened molecules of E-cadherin can reach those on the other side of the 
intercellular space and establish a  fi rm cell-cell adhesion (see text)       
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E-cadherin molecules in  cis  position, i.e. in molecules in the plasma membrane of the 
same cell. This enables the group of E-cadherins to bind to those present in the  trans  
position in the plasma membrane of a cell placed on the opposite side of the extracel-
lular space. These processes in the extracellular segment of E-cadherin cause the cyto-
plasmic end of the molecule to release the  g -subunit of catenins, and replace it with 
 b -ones. This exchange leads the  a -subunit to bind vinculin and trigger the formation 
of a scaffold of actin. Once the two neighboring cells approach to a suitable distance, 
contact receptors convey the information of the attachment through two different iso-
forms of G-proteins, causing PLC to split PiP 

2
 , and release DAG, that activates PKC, 

a reaction that starts a lightening of phosphorylations among molecules that belong 
speci fi cally to the TJ ( see  (Balda et al.  1991  ) ).        
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  Abstract   Tumor vessels are structurally and functionally abnormal. The heterogeneity, 
irregularity as well as the leakiness of the tight junctions of tumor vasculatures are 
potential targets for anti-cancer therapy. Early in 1980s Yasuhiro Matsumura and 
Hiroshi Maeda described the enhanced permeability and retention (EPR) effect. 
EPR effect is a unique tumor vascular phenomenon; central to it is the abnormal 
structure and function of endothelial tight junctions in the developing irregular 
tumor vasculatures that allows for selective concentration of Nanosize molecules in 
tumor tissues. Nanomedicine that emerged in parallel to the recent advance in 
Nanotechnology can concentrate in tumors due to EPR effect. The main advantage 
offered by the EPR effect for Nanomedicine is superior pharmacokinetics with pro-
longed drug circulatory half-life and improved biodistribution to tumor tissues. The 
EPR effect served as the bridge through which Nanotechnology found appropriate 
application in treatment of cancer. In this chapter, we discuss the principles and 
factors involved in EPR mechanism, the opportunities, and the challenges that face 
this cancer treatment strategy.  
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    4.1   Introduction 

 Cancer remains a major challenge to the human kind, both the scienti fi c community 
and cancer patients. By 2011, more than 3.8 million research articles have been 
published with cancer as a keyword. Conversely, WHO has predicted that global 
cancer mortality will increase by 50% by the year 2020, claiming the lives of 50 
million patients worldwide (World Health Organization  2003  ) . Clearly, this indi-
cates the need for the scienti fi c community to devise new strategies for more effec-
tive cancer management. 

 A major focus in cancer research concerns the unique characteristics of tumor 
cells or tumor tissues. Understanding these characteristics will aid development of 
strategies for selective destruction of abnormal cancer cells without harm to normal 
structures and hence less toxicity to the patients. Tumor vasculature is an ideal tar-
get for such strategies because it demonstrates extensive abnormalities clearly 
de fi ning them from vessels in normal tissues or organs. Such features of vascular 
abnormalities rely largely on the alteration of the properties of tight junctions. 
Compared with the vasculature of normal tissue where the endothelium forms a 
continuous monolayer and diffusion of plasma solutes or extravasation of 
in fl ammatory cells is controlled, to a considerable extent, by tight junction perme-
ation (Satoh et al.  1996  ) . The tumor vasculature is markedly disorganized, hetero-
typic and highly permeable to solutes and potential metastatic cells (Bazzoni and 
Dejana  2004  ) . Subsequently, tumor vasculature exhibit different  fl uid and molecular 
transport dynamics to meet an ever-increasing demand for nutrients and oxygen to 
the cancer cells. Among these hallmark characteristics is the enhanced permeability 
and retention (EPR) effect of macromolecular agents in solid tumors, or the EPR 
effects, which was described more than 20 years ago (Noguchi et al.  1998 ; 
Matsumura and Maeda  1986 ; Iwai et al.  1984  ) . By means of the EPR effects, accu-
mulation of macromolecules at the interstitium of tumor tissues is facilitated. One 
can take advantage of this macromolecular accumulation, via the EPR effect, for the 
delivery of macromolecular drugs or Nano-carriers. In this chapter, we will  fi rst 
describe the basic mechanism and the factors that contribute to it, followed by the 
strategies that can be used to further enhance this effect in solid tumors and  fi nally 
discuss the challenges that face this cancer treatment strategy.  

    4.2   Historical Prospective 

 Paul Ehrlich at the turn of the twentieth century coined the term “magic bullet”. 
Even though the magic bullet was coined to describe a speci fi c antibiotic to target 
disease causing organism, the term caught the attention of cancer researchers, who 
sought methods to translate this concept in cancer treatment. In 1971, Judah Folkman 
described in the  New England Journal of Medicine  how survival of tumor tissues 
was dependent on its ability to develop its own new blood supply (Folkman  1971  ) . 
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This  fi nding established the  fi rst steps towards exploiting tumor vasculature for 
anticancer treatment. In the same year Folkman also described a factor that can 
enhance tumor vascular development which is now known as Vascular Endothelial 
Growth Factor (VEGF) (Folkman et al.  1971  ) . In 1973, Hans-Inge Peterson et al. 
conducted a systemic study to evaluate the uptake and later retention of labeled 
albumin and  fi brinogen in a transplantable rat tumor compared to various normal 
tissues of the rat. They found high uptake and retention of both proteins in tumor as 
compared to normal tissues and attributed this phenomenon to high tumor capillary 
permeability for large protein molecules (Peterson and Appelgren  1973  ) . In early 
1980s Hiroshi Maeda invented the  fi rst known anticancer Nanomedicine Styrene 
co-maleic acid conjugated NeoCarzinoStatin (SMANCS). The drug design was 
mainly in fl uenced by the then newly developing theory of enhanced tumor perme-
ability (Iwai et al.  1984  ) . Maeda and his colleagues further studied this phenomenon 
and extensively analyzed the different factors that contribute to it for over 20 years. 
Maeda’s EPR principle now constitutes the golden standard for the design of many 
anticancer Nanocarriers.  

    4.3   Role of Tight Junction in the Vasculature 

 The main functions attributed to tight junctions are the regulation of the paracellular 
permeability or barrier function and the formation of a paracellular seal or fence 
preventing diffusion of lipids and proteins to maintain cell polarity. Evidence for the 
barrier functions of tight junctions was shown by early electrophysiological 
approaches and tracer barrier assays, suggesting the existence of paracellular aqueous 
pores or channels within the tight junctions (Gumbiner  1993 ; Diamond  1977 ; 
Claude  1978  ) . Additional studies have shown the large contribution of the paracellular 
permeability to ions and solutes (perm-selectivity), compared to the transcellular 
transport in epithelial cells and endothelial cells, is largely dependent on the nature 
of the cells involved and can be modi fi ed in an organ-speci fi c manner (Van Itallie 
et al.  2003  ) . Movement of material across cell membranes occurs in an energy 
dependent manner and involves a speci fi c channel, pump or transporter. In contrast, 
the paracellular transport results from the passive movement of material down an 
electrochemical gradient created by the active transcellular transport or by an external 
driving force (Van Itallie and Anderson  2006  ) . 

 Tight junctions are intercellular topical junctional complexes found in epithelial 
and endothelial cells (Gow et al.  1999  ) . They are one of the two main adhesive 
structures responsible for cell-cell contact along the lateral membrane in endothelial 
cells, the other being adherens junctions. Whereas the tight junctions control the 
paracellular pathway, the adherens junctions maintain cellular proximity. In addi-
tion to cell-cell adhesion, another type of junction, the gap junction mediates cell-cell 
communication (Yin and Green  2004 ; Perez-Moreno et al.  2003 ; Matter et al.  2005 ; 
Farquhar and Palade  1963  ) . Tight junctions in the endothelium control different 
features of vascular homeostasis and show considerable variability across the 
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vascular tree (Bazzoni and Dejana  2004  ) . The variability of the composition of the 
tight junctions affects the permeability to plasma solutes as well as leukocyte 
extravasation and in fi ltration into areas of in fl ammation. In large arteries, tight 
junctions are abundant and well developed, creating a dynamic seal characterized 
by a low permeability. Within the microvasculature, tight junctions are more abundant 
in the arterioles compared to the capillaries, but both display high transendothelial 
resistance (Aird  2007  ) . In contrast, post-capillary venules display poorly organized 
tight junctions which allow dynamic traf fi cking of circulating cells and plasma 
proteins (Aird  2007  ) . The tight junction permeability is also in fl uenced by the 
abundance of receptors such as histamine, serotonin and bradykinin at the site of 
extravasation (Aird  2007  ) . The abundance of tight junctions as well as their struc-
tural organization and composition has been implicated in the establishment of 
tightly regulated barriers such as the blood brain barrier (BBB) or blood retina 
barrier (BRB) where a strict control of the  fl uid dynamic is required to restrict the 
transport of solutes (Huber et al.  2001  ) . The blood brain barrier has involved highly 
specialized endothelial cells. Tight junctions separate the apical and the basal 
membrane domain leading to polarization of the endothelial cells and restriction of 
the paracellular pathway (Coisne and Engelhardt  2011  ) . Disruption of the structure 
and organization of the blood brain barrier tight junctions has been implicated in 
development and propagation of various tumors (Feng et al.  2011a ; Fazakas et al. 
 2011 ; Davies  2002  ) .  

    4.4   Tumor Vascular Permeability, the EPR Concept 

 As tumor cells reach the size of 150–200 um, they start developing their own blood 
supply and become dependent on neovasculature for their nutritional and oxygen 
supply (Wu et al.  1998  ) . Normal vasculature networks consist of arterioles, capillar-
ies and venules and form a well-organized network with dichotomous branching 
and hierarchic order (Herbert and Stainier  2011  ) . Newly formed tumor vessels are 
usually abnormal in form and architecture. They are dilated, saccular, poorly aligned 
and heterogeneous. Tumor vessels have defective endothelial cells with wide fenes-
tration, lacking smooth muscle layer, or enervation with wider lumen, and impaired 
functional receptors for angiotensin II. Furthermore, tumor tissues usually lack 
effective lymphatic drainage (Noguchi et al.  1998 ; Folkman et al.  1971 ; Folkman 
 1971  ) . Interestingly, in brain tumors similar to solid tumors, blood vessels charac-
teristically lose their blood-brain barrier properties resulting in an increase vascular 
permeability (Liebner et al.  2000  ) . All these factors lead to abnormal molecular and 
 fl uid transport dynamics especially for Nanosize anticancer drugs. The EPR effect 
is even more pronounced by pathophysiological factors involved in enhancement 
of extravasation of macromolecules (larger than 7 nm) in solid tumor tissues. 
For instance, vascular endothelial growth factor VEGF, bradykinin, nitric oxide/
peroxynitrite, prostaglandins, tumor necrosis factor and others (Wu et al.  1998 ; 
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Senger et al.  1983 ; Peterson and Appelgren  1973 ; Matsumura et al.  1988 ; Maeda 
et al.  1996 ; Folkman et al.  1971 ; Folkman  1971 ; Doi et al.  1996,   1999  ) . The EPR 
effect can be clearly demonstrated in rodent tumors by the intravenous injection of 
Evans blue dye (EBD), which complexes with albumin and produces an intense 
blue color in tumor tissues in great contrast with normal colored surrounding tissues 
(Matsumura and Maeda  1986  ) . Sat and Duncan have used HPMA copolymer-
doxorubicin conjugate (PK1) as a probe to investigate the extent of the EPR effect 
in different tumor models, and found that many mouse and human xenograft tumors 
displayed clear tumor size-dependent EPR-mediated targeting (from ~20% dose/g 
of tumor tissue in small tumors to 1–5% dose/g in large tumors). This result was 
consistent with their previous reports describing the accumulation and retention of 
 125 I-labelled HPMA copolymer in B16- F10 and sarcoma 180 tumors (Seymour 
et al.  1995 ; Duncan  1999  ) . Ohkouchi K et al., used a system composed of a Walker 
256 solid tumor with a supplying artery and a draining vein to study the extravasa-
tion characteristics of mitomycin C-dextran conjugates, where they were able to 
show the enhanced vascular permeability of macromolecular drugs in solid tumors 
(Ohkouchi et al.  1990  ) . 

 To accomplish the EPR effect-based cancer drug targeting, the plasma concen-
tration of the drug, generally measured by AUC, must remain high, preferably for 
more than 6 h (Matsumura and Maeda  1986  ) . Consequently, extravasations into 
tumor tissue increase progressively with time in a matter of several hours or days. 
Subsequently, the release of the active component or principle from Nano – carrier 
would proceed in tumor tissue to attain therapeutic concentration. For example, 
SMANCS in Lipiodol (SMANCS/Lipiodol) when administered interarterialy, is 
cleared very slowly from tumor (clearance takes several weeks). The activity of 
SMANCS was detected at 20–30  μ g/g tumor tissues even 2–3 months after arterial 
injection of 1 mg/ml (SMANCS/Lipiodol) (Konno et al.  1984  ) . This remaining 
activity was more than 100 times of the minimal inhibitory concentration against 
tumor cells in culture (i.e. SMANCS exhibited a minimum effective concentration 
below 0.05 ng/ml). This remarkable tumor selective accumulation of SMANCS 
resulted in unprecedented antitumor effect in treating patients with hepatocellular 
carcinoma in Japan.  

    4.5   Factors Contributing to Tumor Vascular Permeability 

 In 1907 E. Goldmann  (  1908  )  wrote the following in Lancet describing tumor vascu-
lature “The normal blood vessels of the organs in which the tumor is developing are 
disturbed by chaotic growth, there is a dilatation and spiraling of the affected ves-
sels, marked capillary budding and new vessel formation, particularly at the 
advanced border”. Essentially this phrase by this early pioneer summarizes our cur-
rent knowledge of the gross vascular abnormalities in many human tumors. 
Following are the main factors that are attributed to these vascular abnormalities; 
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    4.5.1   Alteration of Tight Junction in Tumor Vessel 

 Tight junctions are the most apical structure and govern the paracellular permeability 
of endothelial cells (Tsukita et al.  1996  ) . Aberration of the tight junction functions is 
a key event during neoangiogenesis of the tumor and may further promote the forma-
tion of metastases (See Fig.  4.1 ). There are more than 40 proteins identi fi ed within 
the tight junctions (Yamazaki et al.  2008 ; Tsukita et al.  2008 ; Schneeberger and 
Lynch  2004  ) , and the interactions and assembly between these components remains 
largely unknown. Tight junctions are composed of both transmenbrane proteins like 
claudins, occludin (Furuse et al.  1993  )  and junctional adhesion molecules (JAMs) 
(Bazzoni  2003  ) , and intracellular molecules implicated in scaffolding, cyto skeletal 
attachment, traf fi cking and cell signaling (González-Mariscal et al.  2003  ) . Several cytok-
ines involved in cancer cell proliferation and metastasis (Wu and Zhou  2010 ; 

  Fig. 4.1    Schematic representation of the tight junction organization between endothelial cells 
from a normal blood vessel ( a ) and from a tumor associated blood vessel ( b ). Tight junctions are 
the most apical structure and govern the paracellular permeability of endothelial cells. They are 
composed of both transmenbrane proteins like claudins, occludin and junctional adhesion 
molecules ( JAMs ), and intracellular molecules implicated in scaffolding, cytoskeletal attachment, 
traf fi cking and cell signaling. In tumors, the localization of these proteins at the endothelial tight 
junction is affected either by a decrease expression, increase degradation or mislocalization leading 
to increase permeability of the tight junction       

 



874 Enhanced Vascular Permeability in Solid Tumors…

Lichtenberger et al.  2010 ; Hosoda et al.  2011  )  affect the expression of proteins essential 
for the tight junction barrier function in endothelial cells (Table  4.1 ). Among those, 
hepatocytes growth factor/scatter factor (HGF/SF) is a known angiogenic cytokines 
associated with tumor growth and metastasis (Junbo et al.  1999 ; Gupta et al.  2008  ) . 
HGF/SF decreases the expression of occludin and promote a decrease of the transen-
dothelial resistance and increase of the paracellular permeability (Jiang et al.  1999 ; 
Martin et al.  2002  ) . Additional studies performed with different cytokines such as 
Interferon  γ  (Oshima et al.  2001  ) , Tumor necrosis factor (TNF) - α  (Wachtel et al. 
 2001  )  and VEGF (Wang et al.  2001  )  were also associated with a decrease in the 
expression of occludin and affected the transendothelial resistance. Most of the stud-
ies performed to determine the role of occludin were done in epithelial cells, never-
theless occludin knock-out mice have a complex phenotype, but they do not appear 
to have a defect of the intestinal transport or barrier function (Saitou et al.  2000 ; 
Schulzke et al.  2005  ) . A compensatory mechanism could be involved as tricellulin, a 
tight junction protein localized at tricellular junctions, may provide functional redun-
dancy (Ikenouchi et al.  2005  ) . Interestingly, the expression of occludin in the endothe-
lium correlates with the number of the claudin strands (Saitou et al.  1997  ) , the 
permeability and homeostasis along the vascular tree (Hirase et al.  1997  ) .   

 Furthermore, additional studies showed that HGF/SF also decreased the expres-
sion of other proteins involved in the endothelial tight junction complex such as 
ZO-1, claudin-1, promoting a decrease of the transendothelial resistance and stimulating 

   Table 4.1    Modi fi cation of tight junction protein complex in tumour associated endothelium   

 Cancer type  Protein 
 Change in 
expression  References 

 Gliosbalastoma  Hyperplastic 
vessel 

 Claudin-5, 
occludin 

 Down  Liebner et al.  (  2000  )  

 Glioblastoma  Interendothelial 
junction 

 Claudin 1  Down  Liebner et al.  (  2000  )  

 Angiosarcomas  Claudin-5  Down  Miettinen et al.  (  2011  )  
 Hemangioendotheliomas  Claudin-5  Down  Miettinen et al.  (  2011  )  
 Glioblastoma multiforme  Claudin-3  Down  Wolburg et al.  (  2003  )  
 Astrocytoma  Occludin  Down  Papadopoulos et al. 

 (  2001  )  
 Astrocytoma  ZO-1  Down  Sawada et al.  (  2000  )  
 Melanoma  Claudin-1  Down  Cohn et al.  (  2005  )  
 Hepatocarcinoma  Sinusoidal 

endothelium 
 Claudin-5  Down  Sakaguchi et al. 

 (  2008  )  
 Endometrial atypical 

hyperplasia 
 Claudin-3, -4  Up  Pan et al.  (  2007  )  

 Endometrioid 
adenocarcinoma 

 Claudin-3, -4  Up  Pan et al.  (  2007  )  

 Acute Leukemia  Occludin, 
ZO-1, 
claudin-5 

 Down  Feng et al.  (  2011b  )  

 Testicular carcinoma  ZO-1 and 
Z0-2 

 Down  Fink et al.  (  2006  )  
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the invasion of a metastatic breast cancer cell line MDA-MB-231 (Martin et al.  2002  ) . 
While ZO-1 appears to be critical for claudin localization and initiation of claudin 
polymerization (Itoh et al.  1999  ) , claudin-1 is a member of the large PMP22/EMP/
MP20/claudin mammalian superfamily. This family of proteins has emerged as the 
most critical protein complex for de fi ning tight junction selectivity. Claudins are 
essential for the correct assembly and functions of the tight junctions (Krause et al. 
 2008  ) . Immunohistological analysis performed on hepatocellular carcinoma 
specimens showed a decrease expression of the endothelial tight junction protein 
claudin-5. The protein is found in larger amount in the endothelial cells (Tsukita 
et al.  2001  ) . In claudin-5 de fi cient mice, a size-selective increase in the permeability 
of the tight junctions in blood vessels was observed with the blood brain barrier 
appearing to be leaky for small size particles (<800 Da) but no de fi ciency was 
observed for the transportation of larger molecules, suggesting that claudins can 
create variables pore sizes (Nitta et al.  2003  ) . Moreover in vitro work showed a 
selectivity of the porosity depending on the claudins expressed (Van Itallie et al. 
 2008  ) . Claudin-5 expression was found to be down-regulated in hepatocellular 
carcinoma and this may promote leakiness of blood vessels (Sakaguchi et al.  2008  ) . 
In cutaneous melanoma, a decrease of claudin-1 expression in the endothelium 
was associated with the acquisition of the metastatic phenotype (Cohn et al.  2005  ) . 
In glioblastoma multiform, the increase in microvascular permeability correlates 
with a modi fi cation of the ratio of expression of proteins involved in tight junction 
organization. Namely, claudin-1 expression was decreased while claudin-5 expression 
was not changed; such modi fi cation resulted in the alteration of tight junction 
particles distribution (Liebner et al.  2000  ) . 

 All together, these data suggest the implication of the tight junction in the devel-
opment and propagation of cancer. As the molecular mechanism and the structure 
of the tight junction of the tumor vasculature are progressively understood, these 
studies highlight the speci fi city of the tight junction components involved and their 
potential as a new target for drug delivery.  

    4.5.2   Anatomical Irregularities of Tumor Neoangiogenesis 

 The increased vascular density has been repeatedly documented in animal models; 
however, its role in human tumors has been debated. Many investigators have estab-
lished the presence of high vascular density in human cancers and correlated the 
vascular density with tumor metastasis, which can be linked to poor patient out-
come. In the  fi rst study of this type, Weidner et al.  (  1991  )  showed a direct correla-
tion between the vascular density (number of vessels per high-powered  fi eld) and 
the likelihood of metastasis in human breast cancer patients. This  fi nding is not 
limited to breast cancer but has been extended to several other tumors, including 
carcinoma of the prostate (Weidner et al.  1993 ; Brawer  1996  ) , lung (Yamazaki et al. 
 1994 ; Angeletti et al.  1996  ) , stomach (Maeda et al.  1995  ) , cervix (Wiggins et al. 
 1995  ) , ovary (Hollingsworth et al.  1995  ) , and in squamous cell carcinoma of the 
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head and neck (Gasparini et al.  1993  ) . Thus, for many tumors, increased vascular 
density is indicative of increased metastasis and decreased survival. High vascular 
density can ensure continuous blood supply to the rapidly growing and metaboli-
cally demanding tumor cells. Further it provides a channel for communication 
between the external body environment with its cellular and chemical signals (e.g. 
macrophages, and growth factors). Eventually tumor cells utilize this extensive vas-
cular network to extravasate into the blood stream in order to establish secondary 
niche in distant organs. Interestingly, a recent study shows that inhibition of claudin-5 
expression suppresses angiogenesis both in vitro and in vivo in a retinal neovascu-
larization model (Chen et al.  2011  ) , suggesting a role of claudin-5 in promoting 
neovascularization and more speci fi cally, sprouting of blood vessels during devel-
opment and in pathological conditions(Chen et al.  2011  ) . This study suggests that 
regulation of claudin-5 expression and localization by post translational modi fi cation 
involving the Wnt pathway, a pathway known to promote tumor development 
(Dejana  2010 ; Giles et al.  2003  ) , potentially affects the permeability of the tight 
junction, but may also promote tumor angiogenesis and vascular density. 

 Even though this hypervasculature seems to be to the advantage of rapidly grow-
ing tumor cells, it can be utilized to deliver anticancer drugs with high af fi nity to 
tumor cells. In addition to high vascular density in tumor tissues, vascular pore size 
in tumor vasculatures exhibits drastic difference from normal blood vessels. Yuan 
et al.  (  1995  )  measured the size of tumor vessels pores in LS 147 human colon 
adenocarcinoma implanted in dorsal skin fold chamber in severe combined 
immunode fi ciency (SCID) mice and its relation to macromolecular transport into 
tumor tissues. They demonstrated that the tumor vascular pore could be as large as 
0.4 um in diameters. In another study by Hashizume et al.  (  2000  )  using electron 
microscopy, they were able to identify structural abnormalities in the endothelium 
of tumor blood vessels due to intercellular openings having a mean diameter of 
1.7  μ m (range, 0.3–4.7  μ m) and transcellular holes with a mean diameter 0.6  μ m in 
mouse mammary carcinomas. These large vascular pores can, in part, explain the 
ability of tumor cells of several um diameter, to squeeze itself in its journey for 
metastasis. 

 Fortunately, this large pores can provide selective targeting opportunity for 
Nano-size drug carriers (7–100 nM), as carriers with this size will escape clearance 
through globular  fi ltration, which have a threshold of 5–7 nm. Thus, they can con-
centrate into tumor tissues with its wide fenestration more preferentially than small 
size molecules of classical anticancer chemotherapy. The third element in EPR 
anatomical abnormality triad is the lack of functional tumor lymphatics. According 
to EPR theory, molecules of size larger than 5–7 nm cannot pass through the renal 
glomerular cells, hence it can concentrate preferentially where the endothelial gaps 
in small blood vessels allows for its extravasation. This means tumor tissue is a 
prime target for this concentration due to the wide gaps present in its ill-developed 
vasculature as described above. Further, the lack of functional lymphatics will 
lead to the accumulation (retention) of these extravasated Nanosize molecules. 
This notion of the absence of lymphatics in tumor was derived from the long held 
belief that tumors lack lymphatic vessels. In 1955 Irving Zeidman et al. injected 
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radiolabeled gold and berlin blue dye tracer substance into the same afferent 
lymphatic that previously carried VX-II tumor-cell emboli to the lymph node, 
thereby assuring injection of the proper lymphatic vessels. This experiment showed 
that tumor cells developed by the tumor emboli injection did not take any of the 
tracers, even under high pressure injection to exclude the presence of occluded or 
collapsed blunt end lymphatic (Zeidman et al.  1955  ) . However, this long held view 
was challenged recently, partially due to the development of new techniques to 
trace and identify lymphatic endothelial cells. These include molecules such as 
lymphatic vessel endothelial hyaluronan receptor-1, Prox-1, podoplanin, and 
vascular endothelial growth factor receptor (VEGFR)-3 (Wigle and Oliver  1999 ; 
Soker et al.  1998 ; Breiteneder-Geleff et al.  1999 ; Banerji et al.  1999  ) . In addition, 
vascular endothelial growth factor (VEGF)-C and -D, which are members of VEGF 
family, have been reported as lymphatic-speci fi c growth factors (Orlandini et al. 
 1996 ; Joukov et al.  1996  ) . 

 Despite the success of the current research strategies in identifying the presence 
of speci fi c tumor induced lymphatic endothelial cell growth, the functionality of 
these lymphatic vessels remains essentially unproved in most experimental animal 
studies as well as in human tumor tissues specimens (Pepper  2001 ; Padera et al. 
 2002  ) .  

    4.5.3   Vascular Endothelial Growth Factor (VEGF) 

 VEGF was  fi rst named vascular permeability factor by Dvorak because of its potent 
stimulatory effect on the permeability of the tumor microvasculature (Senger et al. 
 1983  ) . Leung et al.  (  1989  )  coined the term VEGF to describe a mitogenic factor that 
selectively stimulated endothelial cell proliferation and angiogenesis. This was 
con fi rmed by Connolly et al.  (  1989  ) , who reported that vascular permeability factor 
was mitogenic for endothelial cells and had the capacity to stimulate vascular 
proliferation. Recently, the VEGF family of growth factors has expanded with the 
addition of four new molecules: placenta growth factor (PlGF), VEGF-B, VEGF-C, 
and VEGF-D (Yamada et al.  1997 ; Olofsson et al.  1996 ; Maglione et al.  1991 ; Kukk 
et al.  1996  ) . VEGF-C and VEGF-D have a speci fi c lymphatic endothelial cells 
growth stimulatory role as described earlier (Orlandini et al.  1996 ; Joukov et al. 
 1996  ) . VEGF comprises four main isoforms produced by alternative splicing of 
mRNA: VEGF-121, VEGF-165, VEGF-189, and VEGF-206 (Wei et al.  1996 ; 
Ferrara and Davis-Smyth  1997  ) . VEGF is the major player in neoangiogenesis, both 
in physiological wound healing or in support of tumor growth. 

 VEGF stimulates the migration and proliferation of arterial, venous, and micro-
vascular endothelial cells as well as angiogenesis in vivo and in vitro (Plouet et al. 
 1989 ; Leung et al.  1989 ; Ferrara and Davis-Smyth  1997 ; Connolly et al.  1989  ) . In 
addition, VEGF promotes the balanced degradation of the extracellular matrix 
around the sprouting endothelium by inducing the expression of urokinase-type 
plasminogen activator, tissue type plasminogen activator (Pepper et al.  1991 ; 
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Folkman  1990  )  and interstitial collagenase (Unemori et al.  1992  ) . By enhancing the 
permeability of venules to circulating proteins including  fi brinogen, VEGF is 
believed to facilitate the perivascular deposition of  fi brin, which further potentiates 
angiogenesis (Dvorak et al.  1995  ) . Through its capacity to induce nitric oxide, 
VEGF may also mediate the vasodilation and increased blood  fl ow that precede 
angiogenesis. 

 Though VEGF function is indispensable to wound healing to support new tissue 
formation after discontinuation of various tissue layers due to injury, tumor cells 
have exploited this mechanism for its own growth and spread. Masood et al. mea-
sured the VEGF level of expression in 10 different human cell lines in comparison 
to the nil level of expression expected in stable cells. They found that most tumor 
cells overexpress VEGF with the range of 419–1,476 pg/10 6  cells. Further they 
demonstrated that VEGF can function as tumor growth factor, where its inhibition 
can result in tumor cell growth inhibition (Masood et al.  2001  ) . In addition, VEGF 
increases the barrier permeability of endothelial cells through destabilization of the 
intermingled adherens junction and tight junction, characteristic of endothelial cells. 
VEGF triggers endocytosis of VE-cadherin present in adherens junctions (Gavard 
and Gutkind  2006  ) , as well as occludin in tight junctions through phosphorylation 
by activation of protein kinase C (PKC) (Erickson et al.  2007 ; Harhaj et al.  2006  )  
and ubiquitination (Murakami et al.  2009  ) . VEGF as such can be considered as 
the most prominent player in neoangiognesis development as well as its enhanced 
 leakiness . Currently there are over 60 angiogenesis inhibitors in clinical trials for 
various cancer treatments (Lenz  2005 ; van Moorselaar and Voest  2002  ) . 

    4.5.3.1   Other Mediators Involved in Enhanced Tumor Permeability 

 Besides VEGF, the EPR effect is further ampli fi ed by numerous other vascular 
mediators which include angiotensin II (AT II), bradykinin (BK), nitric oxide (NO), 
peroxynitrite (ONOO − ), matrix metalloproteinase (MMP) (or collagenase), prosta-
glandins (PGs), among others (Wu et al.  1998,   2001 ; Suzuki et al.  1981 ; Okamoto 
et al.  2001 ; Matsumura et al.  1988 ; Maeda et al.  1996  ) . As discussed earlier, tumor 
blood vessels are deranged and as such they lack smooth muscle layer resulting in 
its lack of response to vasoconstrictors. Therefore, administration of a vasoconstric-
tor such as AT II that affects normal vessels and increases blood pressure would be 
expected to have no effect on tumor vessels. However, hypertension, induced by AT 
II, would have mechanical effects and cause dilation of tumor vasculature in a pas-
sive manner. Hori et al.  (  1991  )  showed clearly in a window model of solid tumor 
that some tumor vessels cannot be seen under normotensive conditions but can be 
visualized when an AT II induced hypertensive state is generated. They showed that 
apparently avascular tumor tissue actually does have vessels but that they are visible 
or functional sporadically, e.g. once every 15 or 25 min. However, the absence of 
smooth muscle in tumor vessels accounted for a three- to  fi vefold increase in blood 
 fl ow volume under conditions of induced hypertension, when systolic pressure 
increased from 100 to 160 mmHg by infusion of AT II, which consequently enhanced 
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macromolecular drug delivery. In contrast to macromolecular drugs, when [ 14 C] 
methylglucose, a representative low-molecular-weight drug mimic, was studied 
under hypertensive condition, accumulation of this agent in tumor was much less 
than that of polymeric drugs and lasted no longer than 10 min (Li et al.  1993  ) . Such 
low-molecular weight drugs seem to be washed out rapidly into the general circula-
tion and are excreted via the urine. 

 In a converse approach, vasodilators, such as the NO-releasing agent isosorbide 
dinitrate (ISDN; Nitrol), were utilized to enhance the EPR effect via widening the 
tumor-feeding artery. This result was accomplished by local arterial infusion of 
ISDN by catheter (Greish et al.  2003 ; Greish  2007  ) . 

 Another vascular mediator that greatly in fl uences the EPR effect is bradykinin, 
which induces intense pain as well as increases vascular permeability. The increase 
of vascular permeability is associated with a down-regulation of the expression of the 
tight junction proteins, claudin-5, ZO-1 and occludin and a rearrangement of F-actin 
in a blood tumor barrier model (Liu et al.  2008  ) . Furthermore, bradykinin cross-talks 
with prostaglandin and NO, resulting in greater vasodilatation as well as angiogen-
esis. A signi fi cant activation of the bradykinin generating cascade in the tumor com-
partment was reported, as well as [ 3 hydroxyprolyl] bradykinin. Further, BK was 
found to be involved in the accumulation of malignant ascetic and pleural  fl uid 
(Matsumura et al.  1988,   1991 ; Maeda et al.  1988  ) . Angiotensin-converting enzyme 
(ACE) inhibitors such as enalapril and other similar agents can inhibit degradation of 
bradykinin in vivo and lead to higher bradykinin concentrations at sites of tumor and 
infection, because of an amino acid sequence homology to that of bradykinin near 
the C-termini. Consequently, ACE inhibitors did enhance the EPR effect (Matsumura 
et al.  1988,   1991 ; Hori et al.  2000  )  mediated by either bradykinin or NO. Therefore, 
increasing the local concentration of bradykinin by means of ACE inhibitors, and 
thereby improving tumor-selective delivery of macromolecular drugs would be pos-
sible. Interestingly, ACE inhibitors were found to bene fi cial on treatment of hepato-
cellular carcinoma (Noguchi et al.  2003  )  and prostate cancer (Uemura et al.  2005  ) . 

 Another important mediators for EPR effect are prostaglandins (PGs) particu-
larly PG 

E2
 , generated via cyclooxygenase isozymes (COX 2), which is markedly 

elevated in in fl ammatory and cancer tissues. These increased levels of PGs can also 
enhance vascular permeability in solid tumor, as evidenced by signi fi cant suppres-
sion of vascular permeability in sarcoma 180 and other solid tumor models by the 
COX inhibitors indomethacin and salicylic acid (Wu et al.  1998 ; Maeda et al. 
 1996  ) . It was found that a PG  

I2
  analogue (beraprost sodium) with a much longer 

in vivo half-life (about 30 min vs. 3 s for PG  
I2
 ) was useful for the delivery of mac-

romolecules (Tanaka et al.  2003  ) ; although a therapeutic advantage of beraprost 
sodium needs to be demonstrated. Prostaglandin E2 reverses the effect of the epi-
dermal growth factor in epithelial cells and increases the permeability (Flores-
Benitez et al.  2009  ) . 

 Another potential modulator of the EPR effect is hydrogen peroxide. The role 
of hydrogen peroxide in regulating vascular permeability is currently attracting 
the interest of many researchers. Several studies have shown that H 

2
 O 

2
  is involved 
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in the increase of the vascular permeability in various types of cells (Meyer et al. 
 2001 ; Jepson  2003  ) . Hydrogen peroxide increases paracellular permeability by 
affecting the expression and localization of occludin and ZO-1 (Lee et al.  2004  ) . 
Drummond et al.  (  2000  )  have discovered a role of hydrogen peroxide in transcrip-
tional and posttranscriptional regulation of endothelial NO synthases expression 
by endothelial cells. Direct addition of 100 and 150 mmol/l H 

2
 O 

2
  caused increases 

in bovine aortic endothelial cell eNOS mRNA that were time and concentration 
dependent (i.e. 3.1- and 5.2-fold increases), and elevated eNOS protein expres-
sion and enzyme activity, accordingly. In other studies, it had been found that 
elevated levels of H 

2
 O 

2
  cause calcium dependent release of NO from the endothe-

lium and potassium channel-dependent relaxation of vascular smooth muscles 
(Weir and Archer  1995 ; Yang et al.  1999  ) . In addition, H 

2
 O 

2
  was reported to stimulate 

multiple forms of vascular phospholipases and directly modify lipids to species 
that are vasoactive (Rao et al.  1995 ; Natarajan et al.  1998  ) . Cseko et al.  (  2004  )  
proposed that H 

2
 O 

2
  in a concentration dependent manner activates several endothelial 

and smooth muscle pathways, resulting in biphasic changes on the diameter and 
myogenic tone of isolated skeletal muscle arterioles. The constrictions induced by 
H 

2
 O 

2
  are mediated by endothelial PGH2/TxA2, whereas the dilations are caused 

primarily by the activation of both endothelial NO synthase and various Kþ chan-
nels in vascular smooth muscle cells. It seems plausible that exogenous adminis-
tration of H 

2
 O 

2
  upstream into a tumor feeding artery could enhance the anticancer 

drug delivery, similar to the effect produced by ISDN, however this needs to be 
veri fi ed. Maeda’s group have demonstrated the role of H 

2
 O 

2
  in enhancing the EPR 

effect utilizing polyethylene glycol conjugated  d -amino acid oxidase, which 
can selectively produce H 

2
 O 

2
  in tumor tissues upon injection of  d -proline (Fang 

et al.  2002  ) . 
 Photodynamic therapy, in which a photosensitizer is administrated systemi-

cally or locally and subsequently activated by illumination with visible light, 
leading to the generation of cytotoxic reactive oxygen species in the presence of 
oxygen, has been identi fi ed to have an active role in enhancing tumor vascular 
permeability (Fingar  1996 ; Dougherty et al.  1998  ) . Chen et al.  (  2006  )  found that 
the concentration of 2,000-kDa FITC-dextran were  fi vefold higher in orthotropic 
MatLyLu rat prostate tumors treated with vascular-targeting photodynamic ther-
apy vertepor fi n, at 15 min following light irradiation, compared to non-irradiated 
control group. When they studied the effects of vertepor fi n photosensitization on 
endothelial cell morphology, and cytoskeleton, they found that photosensitization 
causes endothelial cell microtubule depolymerization and induces the formation 
of actin stress  fi bers. Thus, endothelial cells were found to retract, disrupting the 
tight junctions and leading to the formation of intercellular gaps, which result in 
enhanced vascular permeability. In addition, endothelial cell damage leads to the 
establishment of thrombogenic sites within the vessel lumen and this initiates a 
physiological cascade of responses including platelet aggregation, the release of 
vasoactive molecules, leukocyte adhesion and increases in vascular permeability 
(Fingar  1996  ) .    
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    4.6   Capillary Fluid Transport at Tumor Vasculature 

 Physiologists have studied  fl uid dynamics in normal tissue for centuries. Markwalder 
and Starling  (  1914  )  referred to the constant blood volume between the arterial end 
and the venous end of a capillary under normal conditions. In both normal and tumor 
vessels, the difference between the hydrostatic and colloid osmotic pressures is 
known to affect the movement of  fl uid and solutes through the capillary vessel wall 
(Jain  1994 ; Guyton  2000  ) . In normal human tissue blood vessels, the arterial end of 
a capillary has an average hydrostatic positive pressure of about 25 mmHg. This 
value drops to about 10 mmHg at the venous end of the capillary, while the interstitial 
colloid osmotic pressures remain constant at both arterial and venous ends of the 
capillary. This pressure difference facilitates leakage of  fl uid and nutrients into 
the interstitial space at the arterial end of the capillary, and then reabsorption at the 
venous end. This continuous translocation of  fl uid from the arterial end to the venous 
end of capillary through the interstitial space ensures a continuous supply of oxygen 
and nutrients for cells, as well as an ef fi cient removal of metabolic waste products 
(Guyton  2000  ) . Tumor vessels, however, demonstrate two major differences com-
pared with normal vessels. First, signi fi cantly enhanced or almost unrestricted leak-
age of plasma proteins, from the luminal side of vessels into interstitial space, occurs 
because of the wide endothelial gap openings with large pore sizes estimated to be 
0.2–0.4 mm (Yuan et al.  1995 ; Davies et al.  2002  ) . Second, the lack of functional 
lymphatics in tumor tissue as described in an earlier section. This would lead to 
higher interstitial accumulation of macromolecules or Nanoparticles in tumor tissues 
than in normal tissue. In doing so, interstitial hydrostatic as well as colloidal pres-
sures are expected to rise. As can readily be perceived, the raised interstitial colloid 
osmotic pressure would facilitate transfer of low-molecular-weight components as 
well as macromolecules from tumor vessels into the interstitial space of the tumor 
tissues, due to the higher solute level there. While the increased interstitial hydro-
static pressure at the arterial end of the capillaries will drive low-molecular-weight 
components in  fl uid from the interstitial space into the venous end of the capillaries 
and back to the luminal circulation. Whereas small molecules can move into and out 
of blood vessels in both normal and tumor tissues freely, transfer of macromolecules 
to the luminal side of blood capillaries does not occur effectively (Maeda  2001 ; Hori 
et al.  1991  ) . Only the lymphatic system can clear macromolecules, Nanoparticles 
and lipids (Courtice  1968  ) , as discussed previously functional lymphatics are lacking 
in tumor tissues. In effect this results in pronounced accumulation and retention of 
anticancer Nanomedicines into tumor tissues. 

 Furthermore, the venous return in tumor tissues was found to be an order of 
magnitude lower than that of normal tissues (Jain  1988  ) . This condition is ideal for 
the accumulation of free drug liberated from drug carrier in the case of polymer 
conjugates or polymeric micelles delivering their cargo into the tumor interstitial 
space, in response to low pH environment or as a result of the equilibration dynam-
ics between the polymer form and free form of drug. Thus, the slow venous return 
can also account, in part, for the EPR.  



954 Enhanced Vascular Permeability in Solid Tumors…

    4.7   EPR Effect in Clinical Anticancer Management 

 Many different types of Nanomedicines have been designed and evaluated for drug 
targeting to tumors. Tumor–targeted Nanomedicines currently approved or tested in 
clinical trials are shown in Table  4.2 . Nanomedicines carriers are classi fi ed into 
liposomes, micelles, polymers and Nanoparticles. Among these compounds, lipo-
somal drugs and polymer-drug conjugates are two dominant classes, accounting for 
the majority of the products developed. These drugs could be used for either passive 
or active targeting. Active targeting is based on the molecular recognition of a 
speci fi c biomarkers found to be overexpressed at the surface of the tumor cells by a 
ligand combined to a molecule, a protein or nucleic acids attached to a delivery 
platform (Allen  2002 ; Shi et al.  2011  ) . The ligand moiety is constituted by antibod-
ies, antibody fragments or peptides and can facilitate the retention and cellular 
uptake via receptor mediated endocytosis (Table  4.2 ). Since the  fi rst description of 
targeted liposomes, only few targeted liposomal systems have made it to clinical 
trial such as MCC-465(Matsumura et al.  2004a  ) , MBP-426 (Sankhala et al.  2009  ) , 
SGT53-01 (Heath and Davis  2008  ) . More recently, self-assembly polymers 
Nanoparticles such as BIND-014 and CALAA-01 (Davis  2009  )  have been devel-
oped and are currently evaluated in phase I clinical trial (Table  4.2 ).  

 The exploitation of this EPR effect have led to the development of a few mole-
cules approved for clinical use such as Myocet (Swenson et al.  2003  ) , DaunoXome 
(FDA  1996  ) , Doxil (Gordon et al.  2001 ; James et al.  1994  ) , Depocyt (Chhikara and 
Parang  2010  ) , Genexol-PM (Oerlemans et al.  2010  ) , oncaspar (Dinndorf et al.  2007  )  
and abraxane (Gradishar  2006  ) . The liposomes were  fi rst described in 1965 
(Bangham et al.  1965  )  and represent the majority of the Nanomedicine systems 
developed (Table  4.2 ) (Lammers et al.  2008  ) . Liposomes are self-assembling col-
loid structure containing a single or multiple bilayered membranes composed of 
natural or synthetic lipids (Torchilin  2005  ) . The size of particle can range from few 
nanometers to micrometers. The liposome platforms signi fi cantly improved the 
pharmacokinetics and biodistribution of several drugs such as doxorubicin for 
Myocet and Doxil (Lammers et al.  2008  ) . Polymeric Nanoparticles used are either 
natural (albumin, chitosan, and heparin) or synthetic (for example polyethylene gly-
col (PEG) and polyglutamic acid (PGA)) polymers (Riggio et al.  2011  ) . These 
Nanoparticles are generally biodegradable and are formed by a self-assembly pro-
cess. The size of the particles is ranging from 10 to 1,000 nm in diameter (Riggio 
et al.  2011  ) . These polymeric Nanoparticles rely essentially on the EPR effect and 
have shown a drastic improvement of the conjugated drugs to the tumor site (Duncan 
 2006  ) . They are generally more stable than the liposomes which usually end up to a 
large extent in reticuloendothelial system. 

 The polymeric micelles are composed of amphiphilic molecules that self-assemble 
due to the energy minimization. These particles are generally biodegradable with a 
size between 10 and 200 nm. The hydrophobic core can be used to carry lipophilic 
drugs, making the particle highly suitable for  i.v.  injection. The stability of the 
micelles and the release of the drug is also conditioned by temperature and the 
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external pH (Riggio et al.  2011  ) . Genexol-PM is a polymeric micelle of paclitaxel 
approved for the treatment of metastatic breast cancer in South Korea (Oerlemans 
et al.  2010  ) . 

 The dendrimers are a new class of synthetic macromolecules with a well-de fi ned 
tree-like structure organized in a series of radially homocentric layers (Cheng et al. 
 2011  ) . Physiochemical properties of these dendrimers make them suitable for anti-
cancer drug delivery (Cheng et al.  2011  ) . Encapsulation of cisplatin within the den-
drimers demonstrated a higher accumulation within the solid tumor compare to the 
free drug (Malik et al.  1999  ) . Other Nanoparticle drug delivery platforms that have 
been extensively include metal Nanoparticle and molecular targeted Nanoparticles. 
Their ef fi cacy of drug delivery systems to enhance the pharmacokinetic properties 
of drugs has been con fi rmed in preclinical trials (Rippel and Seifalian  2011 ; Wang 
et al.  2008a  ) .  

    4.8   Challenges to the Enhanced Permeability Strategy 
to Target Nanosize Drug Carriers 

 Recognition of the EPR effect among researchers in drug delivery  fi eld resulted in a 
considerable momentum to the emerging  fi eld of Nanomedicine. The expectation 
for realization of a selective anticancer drug as a result of adapting the EPR effect in 
Nanotechnology was high, however as shown in Table  4.2 , only few Nanomedicine 
have found its way to the clinic (Duncan  2003  ) . Following we discuss some of the 
factors that might interfere with the full exploitation of EPR effect for anticancer 
speci fi c targeting. 

    4.8.1   EPR Effect in Animal Models 

 The EPR effect has been repeatedly proved in animal models through the use of 
Evans blue dye (EBD). EBD binds instantly to plasma albumin which results in 
large molecular weight complex about 7 nm in diameter that can simulate the effect 
of a Nanomedicine. After 6 h, usually there is a profound accumulation in tumor 
lesion compared to surrounding tissues. Similarly, many Nanomedicines have been 
proven to accumulate in tumor tissues compare to other organs, such as 11-fold 
higher concentration of SMA-doxorubicin micelle compare to free drug (Greish 
et al.  2004  ) . The question whether the results of EPR-based drug targeting results in 
animal models can be translated clinically remained unanswered. A great difference 
between the tumor models in animal and human is the progression rate; animals 
usually develop a large clinically relevant tumor (> 5 mm) 1 week after tumor cell 
inoculation subcutaneously, while such a tumor volume can take few years to 
develop in a human. This fast progression rate carries many confounding factors 
towards more effective EPR effect in animal models. Animal tumors developing 
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quickly produce large quantity of VEGF and vascular mediators to support the 
rapid tumor growth. In addition a 1 g tumor mass in a 30 g mouse is about 3% of its 
total weight. In human that would be 2–5 kg tumor, which is a rather an advanced 
tumor stage that do not represent an ideal condition for utilization of anticancer 
Nanomedicine. Further, it is a common practice to utilize immuncompromised 
mice to allow for the take of human tumor xenographs. Such condition in fact rarely 
represents a human cancer patient. Finally tumor is usually implanted in the dorsal 
skin of mice, which allow the developing tumors to take advantage of the extensive 
cutaneous vascular network for extending its blood supply. Weather this is a 
confounding factor towards more pronounced EPR effect in these models, is 
unanswered question.  

    4.8.2   Tumor Biology and Neoangiogenesis 

 EPR effect is a phenomenon that is completely related to tumor vasculature. Even 
though EPR effect has been repeatedly proven in animal models, to our knowledge, 
there are no studies that compare tumor vascular permeability in relation to tumors 
of different origins, at different stages, or in different organs. It is becoming clearer 
that only a subset of human tumors can exhibit the enhanced permeability. Human 
malignant tumors vary with malignant grades; the higher the grade is the further the 
tumor cells from its cell of origin. As tumor cells become poorly differentiated they 
tend to be more aggressive with higher metastatic potentiality. Usually this subset of 
cells can exhibit accelerated growth with active formation of neoangiogenesis 
and extensive production of growth factors and permeability enhancing mediators. 
On the contrary, slowly growing tumors characteristic of low grade tumors, usually 
grow slowly, with less production of VEGF and permeability factors, and as such 
the EPR effect will not be true in these tumors (Berger et al.  1995  ) . In addition to 
the growth rate of various tumors, the nature of tumor tissue stroma can have an 
important role as well. For example, in pancreatic tumors, a dense connective tissue 
stroma composes the majority of the malignant lesions and impeded the vascular 
supplies to malignant cells, diffusion from neighboring tissue becoming the main 
life supply for the intervening malignant cells. In such cases the delivery of drugs 
based on the EPR effect will be challenging (Bachem et al.  2005  ) . Similar to the 
above example is the tumor cells in the center of a lesion. Those cells have always 
and remain the greatest challenge in tumor management. This subset of cells usually 
survive the most unfavorable survival conditions in terms of poor oxygen and 
glucose supply, in addition to the highest acidic environment in the tumor mass 
(West et al.  1980  ) . Central necrosis is a phenomenon known for tumors that over-
grow their blood supply where the central tumor cells die from lack of proper oxy-
genation and nutrients. Lack of oxygen supply has long been the factor contributing 
to the radioresistance of these cells as oxygen is needed to mediate the ionizing toxic 
effect of radiation. Similarly, no anticancer drug can penetrate deep into the center 
of the tumor due to the poor blood supply at this central region (West et al.  1980  ) . 
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This problem is valid to a greater extent for the case of large size molecules 
(Nanomedicine) that cannot transport through convection or diffuse freely due to 
their relative large size. One hypothesis is that impedance of drug diffusion can 
result from raising interstitial tumour pressure in tumour tissue. However, raised 
interstitial pressure can logically operate to force  fl uid and solutes towards the side 
of lower pressure, which is the venous end of the capillaries, rather than back 
towards the arterial end where the hydrostatic pressure derived for cardiac output 
and vascular resistance is much higher than that at the venous end. More in depth 
research of the controversial role of tumour interstitial pressure in relation to 
Nanomedicine drug targeting is essential for this drug delivery technology. 

    4.8.2.1   Biodistribution 

 The EPR effect utilizes the unique characteristic of large gaps between endothelial 
cells that make up the tumor vessels. Usually these gaps can be from few nanome-
ters to up to 400 nm. With this large size Nanomedicine can penetrate through tumor 
tissues preferentially. However, tumors are not the only organs with this large fen-
estration size. Two major organs with such quality are the spleen and liver. Liver 
sinusoids can have fenestration around 100 nm in humans (Wisse et al.  2008  ) . 
Spleen, on the other hand, has large sinusoid lumina of 20–40  μ m that can support 
the extravasations of aged red blood cells. With this large fenestration size, a great 
amount of Nanosize drugs are  fi ltered into the liver and spleen. While the spleen 
functions can be compensated for by other lymphatic organs as well as the liver, 
liver damage due to the concentration of cytotoxic Nanomedicine remains a poten-
tial challenge to successful anticancer drug targeting. It is not surprising that 
Nanoconstruct of Cis-platinum which has dose-limiting renal toxicity resulted in 
less toxicity of the kidney, but in exchange for liver dose limiting toxicity(Uchino 
et al.  2005  ) .   

    4.8.3   Release Rate 

 In order for the successful Nanocarrier to provide selective antitiumor targeting, the 
carrier should have a stable chemical bond with the cargo drug while in circulation 
to prevent the rapid release of free drug that can otherwise result in a similar biodis-
tribution and toxicity pro fi le comparable to the free drug. However, with a stable 
linkage, the release rate of the drug at the site of action (tumor tissue) would be 
slow; here there is a dynamic that involves tumor doubling time. While x amount of 
drug can kill a certain amount of tumor cells, double the amount of the same drug 
will be needed to kill the same subset of tumor after one doubling time. Thus while 
a strong chemical bond between the Nanocarrier and the drug is bene fi cial during 
the circulatory phase of the drug, it becomes a disadvantage to encounter the pro-
gressive number of tumor cells. Multiple techniques have been utilized to address 
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this problem with different level of success such as devising speci fi c bonds between 
the Nanocarrier and the drug that will only cleave upon exposure to speci fi c enzymes in 
tumor cells or merely the high acidic condition in tumor tissue (Greish et al.  2003 ; 
Greish  2007  ) .  

    4.8.4   Biocompatibility 

 After intravenous administration of a speci fi c dose of a drug carried by Nanocarrier, 
a relatively high concentration is targeted to the tumor by the EPR effect. However 
this portion of the drug is usually less than 10% of the total administered dose. The 
remaining 90% still  fi nd its way to different organs and tissue (Bae and Park  2011  ) . 
Unless the Nanocarrier is biodegradable this amount of Nanocarrier can remain in 
the body after releasing its anticancer drug cargo. The Nanosize particles used 
to carry the drug load are frequently recognized and dealt with as a foreign body. 
The innate elements of the immune system are non-speci fi cally stimulated by many 
Nanocarrier through toll like receptor (TLR’s), i.e. TLR-4 (Kedmi et al.  2010  ) . 
Following activation by Nanocarrier, immune cells can produce cytokines which 
trigger in fl ammation and the Nanocarrier is phagocytized by monocyte/macrophage. 
At that point the phagocytic cells will try to degrade the Nanocarrier in the lyso-
somal compartment through lysosomal enzymes. Failure of this process can lead 
to (frustrated macrophage) or the formation of a giant foreign body cells that closely 
resemble the formation of granuloma. This will result in a pathological capsule 
with dense  fi brous capsule replacing the original functional tissue, which can 
compromise organ function, especially in the liver (Kao and Lee  2001  ) . Another 
concern of the Nanocarrier not being biodegradable is malignancy induction, where 
the prolonged unresolved in fl ammation may result in malignant transformation. 
A successful Nanocarrier thus must be biodegradable.  

    4.8.5   Intracellular Internalization 

 While the EPR effect will result in a high drug concentration in the tumor tissues in 
a speci fi c subset of tumors, it cannot guarantee the internalization of these drugs 
through the tumor cell membrane into the cytoplasm or the nucleus. Usually 
Nanosize anticancer drugs are internalized into tumor cells through endocytosis 
with the  fi nal localization in the endosomes, then the lysosomal compartment 
(Zaki and Tirelli  2010  ) . A major limitation in tumor cells is their phagocytic 
capability. It was found that macrophages are much more susceptible to toxicity 
associated with Nanosized silica Nanoparticles compared to different tumor cells 
in vitro, and this deferential cytotoxicity activity in macrophage-derived cell lines 
was clearly correlated with the higher intercellular uptake by the professional 
phagocytic macrophage (Yu et al.  2011  ) . Based on this observation, it is clear that 



1054 Enhanced Vascular Permeability in Solid Tumors…

the relatively large carriers (macromolecules and Nanocarriers) that adhere to cell 
surfaces without intracellular trans-localization may not give any additional bene fi t 
by the  retention  effect. Many Nanosize particles may locate juxtaposition to the 
leaky sites due to limited permeability or mobility in the extracellular space and 
non-speci fi c interactions with the extracellular matrix. Thus, cell internalization 
is essential for Nanocarriers for effective drug delivery besides the enhanced 
permeation and retention (EPR) effect.   

    4.9   Conclusion 

 The EPR effect can be considered a hallmark concept that exploits the anatomical 
and pathophysiological defects in the tumor vasculature. It plays a critical role in 
selective delivery of Nanomedicine-based-anticancer agents to tumor tissues. EPR 
effect outcome can be in fl uenced by variables such as tumor diversity, animal 
models, biodistribution, intracellular interaction, and release rate of active cytotoxic 
cargo from its Nanosize carrier. Understanding and manipulating the different 
variables contributing to the EPR effect, can further improve the selective targeting 
of high-molecular-weight biocompatible or anticancer Nanomedicine to tumor, thus 
ensuring bright future for EPR based anticancer Nanomedicine.      
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    Abstract      Tight junctions form a barrier for solutes at cell-cell contacts of epithelial 
and endothelial cells. Within the vasculature, they are particularly well developed 
between endothelial cells of the blood brain barrier to protect the brain from poten-
tially dangerous substances present in the blood. A critical role in the regulation 
of tight junction formation has been found for a small family of cell adhesion 
molecules, the Junctional Adhesion Molecules (JAMs). JAMs comprise a small 
subfamily within the immunoglobulin superfamily of cell adhesion molecules which 
consists of the three members JAM-A, -B, and -C. Originally identi fi ed in epithelial 
cells, endothelial cells and platelets, JAMs have been found to be expressed by 
many other cells including Sertoli cells, spermatids, Schwann cells, microglia cells 
and smooth muscle cells suggesting a general role for JAMs in cell biology. In fact, 
JAMs are involved in such diverse processes as cell proliferation, cell migration, 
tight junction formation, or leukocyte – endothelial cell interactions. These functions 
probably depend on the ability of JAMs to participate in signaling events. Recent 
evidence indicates a correlation between the expression levels of JAMs and the 
tumorigenicity of certain tumor cells suggesting that tumor cells exploit some 
functions of JAMs to metastasize. In this article, we will review the role of JAMs 
in tumorigenesis with emphasis on their role in tight junction and blood brain 
barrier formation.  
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  Abbreviations  

  aPKC    Atypical protein kinase-C   
  BBB    Blood brain barrier   
  GTPase    Guanine nucleotide triphosphatase   
  Ig-SF    Immunoglobulin-superfamily   
  JAM    Junctional adhesion molecule   
  Par    Partitioning-defective   
  TGF β     Transforming growth factor- β    
  TJ    Tight junction         

    5.1   Junctional Adhesion Molecules (JAMs) 

    5.1.1   JAMs at Tight Junctions 

 JAM-A, the founding member of the JAM family of adhesion molecules, has originally 
been identi fi ed on the basis of an antibody that stimulates platelet aggregation and which 
later turned out to recognize JAM-A (Kornecki et al.  1990  ) . The generation of new 
JAM-A antibodies against endothelial antigens and the identi fi cation of the cognate 
antigen by expression cloning revealed JAM-A as an adhesion molecule which localizes 
to cell-cell contacts of epithelial and endothelial cells. Confocal immuno fl uorescence as 
well as immunoelectron microscopy indicated that JAM-A localizes speci fi cally to the 
TJs in epithelial cells (Martin-Padura et al.  1998  ) . Later studies con fi rmed the localiza-
tion of JAM-A at the TJs but also indicated that JAM-A does not exclusively localize to 
TJs (Liang et al.  2000 ; Liu et al.  2000  ) . In epithelial cells grown on semipermeable  fi lter 
membranes to allow for polarization and also in epithelial cells of the small intestine, 
JAM-A is enriched at the TJs but can also be found along the entire lateral cell-cell con-
tact area (Liang et al.  2000 ; Liu et al.  2000  )  (own unpublished observations). The enrich-
ment of JAM-A at the TJs as well as the exclusive phosphorylation of this TJ-associated 
population of JAM-A by atypical PKC (aPKC) suggest a TJ-speci fi c role of JAM-A 
(discussed below in more detail). As opposed to JAM-A, JAM-B has not been found to 
be localized speci fi cally at TJs, and its expression seems to be much more restricted than 
the expression of JAM-A and JAM-C. JAM-B expression in epithelial cells has so far 
been demonstrated in seminifereous epithelial cells where it co-localizes with ZO-1 at 
Sertoli cell TJs (Gliki et al.  2004 ; Liang et al.  2000  ) . Upon transfection in MDCK 
epithelial cells, JAM-B does not co-distribute with ZO-1 suggesting that JAM-B 
does not localize to TJs in polarized epithelial cells (Aurrand-Lions et al.  2001  ) . JAM-C 
on the other hand is exclusively localized at TJs when ectopically expressed in 
MDCK cells (Aurrand-Lions et al.  2001  ) , and immunolocalization studies in native 
retinal pigment epithelial cells as well as in small intestine sections con fi rm a 
TJ-restricted localization of JAM-C in vivo (Economopoulou et al.  2009 ; Mandicourt 
et al.  2007  )  (own unpublished observations).  
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    5.1.2   JAMs and the Regulation of Tight Junctions 
and Apico-Basal Polarity 

 The loss of cell polarity in epithelial cells is a contributing factor to the development 
of cancer (Wodarz and Nathke  2007  ) . The TJs are important for the development of 
apico-basal polarity since they provide an intramembrane diffusion barrier which 
prevents the intermixing of membrane proteins and lipids which are vectorially 
delivered to the different membrane compartments. The molecular nature of this 
intramembrane diffusion barrier – also called the “fence” function of TJs – is not 
understood. It is retained in the absence of TJ strands which were considered before 
to provide a barrier for both the free diffusion of solutes along the paracellular path-
way (named the “barrier” function) and the diffusion of intramembrane compo-
nents. These two functions of TJs are probably regulated by separate molecular 
mechanisms. Proteins which localize to TJs could therefore be important for only 
one but also for both of the two TJ functions. 

 Among the three JAM proteins, the strongest evidence for a role in the establish-
ment of epithelial TJs exists for JAM-A. JAM-A directly interacts with the cell 
polarity protein PAR-3 (Ebnet et al.  2001 ; Itoh et al.  2001  ) . PAR-3 is part of the 
PAR – aPKC complex consisting of PAR-3, aPKC and PAR-6 (Suzuki and Ohno 
 2006  ) . In vertebrate epithelial cells, this complex localizes to TJs, and knockdown 
of individual components of the complex or overexpression of kinase-dead aPKC 
mutant blocks or delays TJ formation (Gao et al.  2002 ; Yamanaka et al.  2001    ; 
Suzuki et al.  2002 ; Suzuki et al.  2001  ) . The development of apico-basal polarity is 
regulated by aPKC which promotes the development of speci fi c membrane domains 
by targeting speci fi c proteins for removal from the aPKC-containing membrane 
domains (Hurov et al.  2004 ; Suzuki et al.  2004  ) . One major role of JAM-A is most 
likely to recruit the PAR – aPKC complex to early sites of cell-cell adhesion. JAM-A 
is among the  fi rst proteins detectable at so-called primordial adherens junctions 
(pAJs) which are characterized by spots of cell-cell interactions between two 
mesenchymal-like cells (Ebnet et al.  2004  ) . PAR-3, aPKC and PAR-6 appear later 
than JAM-A (Suzuki et al.  2002  ) . Once recruited by JAM-A to pAJs, the binding 
of Rho family small GTPases to PAR-6 leads to the activation of aPKC which 
regulates the further maturation of pAJs into linear cell-cell contacts (Yamanaka 
et al.  2001  ) . Consistent with the notion that aPKC regulates the maturation but 
not the formation of cell-cell contacts is the observation that cells expressing a 
dominant-negative mutant of aPKC are able to form pAJs but fail to form mature 
junctions with linear AJs and TJs (Suzuki et al.  2001  ) . 

 More recent evidence indicates that JAM-A not only serves as positional cue to 
regulate the correct positioning of the PAR-3 – aPKC – PAR-6 complex, but is also 
part of the molecular machinery which regulates the subsequent junctional matura-
tion. JAM-A is phosphorylated at Ser285 by aPKC, and this phosphorylation occurs 
at sites of pAJs simultanously with the recruitment of the PAR – aPKC complex by 
JAM-A (Iden et al.  2012 ). Ectopic expression of a phosphorylation-de fi cient JAM-A 
mutant (JAM-A/S285A) signi fi cantly delays junctional maturation suggesting that 
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the normal maturation of pAJs into linear cell junctions requires JAM-A/S285 
phosphorylation. The molecular mechanism underlying this junction formation-
promoting role of JAM-A/S285 phosphorylation is unclear; it might be mediated 
through the recruitment of proteins, which bind selectively to S285-phosphorylated 
JAM-A, to sites of junctional maturation. 

 JAM-A is probably also required for the maintenance of functional TJs. In fully 
polarized epithelial cells, JAM-A/S285 phosphorylation is observed exclusively at 
the TJs, despite the localization of JAM-A along the entire lateral cell-cell contact 
(Iden et al.  2012 ). Ectopic expression of JAM-A/S285A increases the permeability 
for TRITC-labelled dextran and decreases the electrical resistance of the monolayer. 
In addition, upon Ca 2+ -switch-induced disruption of epithelial cell junctions, JAM-A 
is dephosphorylated at S285 suggesting that JAM-A phosphorylation at Ser285 is 
involved in the maintenance of the integrity of cell junctions. 

 The role of JAM-C in TJ formation and maintenance is less well characterized. 
Ectopic expression of JAM-C in KLN205 promotes the formation of a functional 
barrier as indicated by the increase in transepithelial electrical resistance (TER) 
(Mandicourt et al.  2007  ) . Like JAM-A, JAM-C can directly interact with PAR-3 
(Ebnet et al.  2003  )  which opens the possibility that JAM-C is also involved in regu-
lating the localization of the PAR – aPKC complex at TJs. Since JAM-C has not 
been demonstrated yet to exist in a complex with PAR proteins in cells, it is still 
unclear how JAM-C contributes to TJ formation and maintenance.  

    5.1.3   The PAR-aPKC Complex at Tight Junctions as Mediator 
of Oncogenic and EMT Signalling 

 The association of JAM-A with the PAR – aPKC complex is further intriguing since 
this complex has been implicated in oncogenic ErbB2 signalling. MCF-10A mam-
mary epithelial cells, grown in a reconstituted, three-dimensional basement mem-
brane, form spheroids which consist of a monolayer of epithelial cells surrounding 
a single lumen (Debnath and Brugge  2005  ) . The spheroids resemble the glandular 
structures in the milk ducts, the so-called acini. ErbB2 signalling leads to multiaci-
nar structures resulting from hyperproliferation and from  fi lling of the luminal space 
due to a block of apoptosis of the cells in the acini. The block in apoptosis is medi-
ated through the PAR-3 – aPKC – PAR-6 complex (Aranda et al.  2006  ) . In response 
to ErbB2 signalling, the ErbB2 receptor outcompetes PAR-3 from the PAR-3 – 
aPKC – PAR-6 complex, and the newly formed ErbB2 – aPKC – PAR-6 complex 
disrupts apico-basal polarity and blocks apoptosis of the inner acinar cells (Aranda 
et al.  2006  ) . 

 During epithelial-mesenchymal transition (EMT) cells lose some epithelial char-
acteristics and adopt a mesenchymal-like phenotype, which is characterized by 
E-cadherin repression, reduced cell-cell adhesion and loss of cell polarity (Thiery 
 2002  ) . Cancer cells share many characteristics with mesenchymal cells, and inappro-
priate activation of EMT pathways in the adult organism can therefore contribute to 
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cancerogenesis. Transforming growth factor (TGF)- β  is an important EMT regula-
tor (Huber et al.  2005  ) , and recent evidence indicates that TGF β  targets the PAR – 
aPKC complex at TJs. The TGF β  receptor T β RI associates with occludin and 
PAR-6, and TGF β  signals induce the heterodimerization of T β RI with T β RII lead-
ing to the assembly of an active TGF β  receptor complex which phosphorylates 
PAR-6 (Ozdamar et al.  2005  ) . Through the recruitment of the ubiquitin ligase 
Smurf1 by phosphorylated PAR-6, and the Smurf1-mediated local degradation of 
RhoA which is critical for junctional integrity, TGF β  signals can lead to TJ disinte-
gration. At the same time TGF β  downregulates PAR-3 (Wang et al.  2008  ) , which 
might further lead to TJ destabilization. Since both TJ-associated JAMs, i.e. JAM-A 
and JAM-C, can interact with PAR-3 (Ebnet et al.  2003  )  it is possible that changes 
in the levels of JAM-A/-C expression or structural changes as a result of mutations 
in fl uence the integrity of the PAR – aPKC complex and as a consequence to a loss 
in the functional integrity of TJs.  

    5.1.4   A Role for JAMs in Promoting Tumor Growth 
and Dissemination 

 Recent evidence suggests that JAMs are involved in tumor development. Depending 
on the tumor type, JAM levels positively as well as negatively correlate with tumor 
progression. In breast cancer patients, high mRNA and protein levels of JAM-A 
 correlate with poor prognosis (McSherry et al.  2009 ; Murakami et al.  2011  ) . This 
suggests that some functions of JAM-A provide a selective advantage for tumor cells. 
In support of this observation, various breast cancer-derived tumor cell lines down-
regulate micro RNA (miR)-145 which among other molecules targets JAM-A (Gotte 
et al.  2010  ) . One function of JAM-A which is probably exploited by tumor cells, is 
its ability to in fl uence cell migration by regulating the expression of  β 1-integrins 
(Mandell et al.  2005  ) . By forming homodimers, JAM-A brings together AF-6, a scaf-
fold protein for Rap1, and PDZ-GEF-2, a guanine nucleotide exchange factor for 
Rap1, which allows the activation of Rap1. Through this mechanism JAM-A 
regulates  β 1-integrin levels and cell adhesion to  β 1-integrin-dependent extracellular 
matrix proteins (Mandell et al.  2005 ; Severson et al.  2009  ) . This mechanism operates 
also in breast carcinoma cells (McSherry et al.  2011  ) . Knockdown of JAM-A in 
breast carcinoma cell lines impairs cell migration in vitro as well as invasion in 
matrigel (Gotte et al.  2010 ; McSherry et al.  2009  ) . Therefore, high levels of JAM-A 
most likely provide an advantage to metastasizing tumor cells when they migrate 
through the extracellular matrix. JAM-A might provide an additional advantage to 
breast cancer cells. As observed in a mouse breast tumor model, the absence of 
JAM-A results in a decrease in tumor cell proliferation and an increase in tumor cell 
apoptosis (Murakami et al.  2011  )  suggesting that JAM-A can act as survival factor in 
these cells. It should be noted that some con fl icting data exist regarding the role of 
JAM-A in breast cancer cells. In one report, an inverse correlation was described 
between (a) the levels of JAM-A and disease progression, and (b) the levels of 
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JAM-A and the capacity of the cells to migrate on collagen and invade collagen 
gels (Naik et al.  2008  ) . However, in light of the clinical data sets provided in two 
studies (McSherry et al.  2009 ; Murakami et al.  2011  ) , it appears that breast cancer 
cells bene fi t from high levels of JAM-A expression in vivo. 

 Similar to JAM-A, JAM-C levels were also found to correlate positively with tumori-
genicity of certain tumors. For example, the metastatic potentials of different subclones 
derived from a parental melanoma cell line correlate with the levels of JAM-C (Fuse 
et al.  2007 ; Langer et al.  2011  ) . Interestingly, in the same cells the levels of JAM-A and 
JAM-B do not correlate with their metastatic potential suggesting that the different JAM 
family members differentially contribute to tumorigenicity in tumors derived from dif-
ferent tissues. The tumor cells might bene fi t from the function of JAM-C to regulate 
cell adhesion to the ECM and to promote invasion through matrigel (Fuse et al. 
 2007  ) . 

 It should be noted that tumor cells could exploit additional functions of JAMs. 
Both JAM-A and JAM-C are expressed in endothelial cells and are involved in leu-
kocyte – endothelial cell interaction by mediating trans-heterophilic interactions with 
leukocyte integrins (Weber et al.  2007  ) . However, JAMs are also expressed by leuko-
cytes (Ebnet et al.  2004  ) . JAM-A for example is expressed by neutrophils, and it is 
JAM-A expressed by neutrophils but not JAM-A expressed by endothelial cells 
which is responsible for the recruitment of neutrophils to the in fl amed peritoneum 
(Corada et al.  2005  ) . In this situation, JAM-A regulates neutrophil recruitment at the 
level of transendothelial migration as suggested by the observation that the absence 
of JAM-A in neutrophils increases the number of cells adhering to the vessel wall but 
decreases the number of cells that have invaded the tissue (Corada et al.  2005  ) . 
Recent evidence indicates that melanoma cell-expressed JAM-C contributes to 
the transendothelial migration of melanoma cells, probably by mediating trans-
homophilic JAM-C – JAM-C interactions (Ghislin et al.  2011 ; Langer et al.  2011  ) . 
In addition, JAM-C expressed by some tumor cells can also regulate the adhesion of 
tumor cells to endothelial cells (Santoso et al.  2005  ) . These observations indicate that 
JAM functions used by leukocyte to extravasate at sites of in fl ammation are exploited 
by metastasizing tumor cells to invade target tissues. Finally, JAMs could also 
contribute to tumor development in a non cell-autonomous manner. All JAMs are 
expressed by endothelial cells, and evidence exists for both JAM-A and JAM-C that 
they regulate angiogenesis (Cooke et al.  2006 ; Lamagna et al.  2005 ; Naik et al.  2003  ) . 
Antibodies against JAM-C were shown to reduce tumor growth and vascularisation 
(Lamagna et al.  2005  ) . Therefore, it is possible that aberrant expression of JAMs by 
endothelial cells could support tumor growth by in fl uencing neo-angiogenesis.   

    5.2   The Blood-Brain Barrier and Tumor Metastasis 

 The blood-brain barrier (BBB) is a barrier formed by endothelial cells of the brain 
microvasculature and the surrounding astrocytes and pericytes (Abbott et al.  2010 ; 
Abbott et al.  2006  ) . The barrier function is mediated predominantly by TJs of the 
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endothelial cells which differ from the TJs found in other vascular beds by their 
very low permeability and their high electrical resistance. The barrier function of 
the BBB thus resembles more closely to the barrier function of epithelial cells rather 
than to the barrier function of endothelial outside of the central nervous system. 
In line with this, the TJs of the BBB also morphologically resemble more closely 
the TJ of epithelial cells. The TJ strands of BBB endothelial cells are predominantly 
P-face-associated whereas the TJ strands of endothelial TJs are normally E-face-
associated (Wolburg et al.  2006  ) . The low permeability of the BBB for ions and 
polar solutes protects the brain from toxic substances present in the circulation and 
might also help to restrict the invasion of the brain by in fl ammatory cells. 

 The brain is a preferred target organ for several metastasizing tumors with the 
majority of brain metastases originating from primary cancers in the lung, in the 
breast or from melanomas (Eichler et al.  2011  ) . The metastasizing cells derived 
from these tumors must have developed mechanism to speci fi cally home to the 
brain and to overcome the BBB. Several genes have been identi fi ed which medi-
ate metastasis to organs that contain non-fenestrated endothelial as they exist in 
the brain or in the lung. These include the prostaglandin-synthesizing enzyme 
cyclooxygenase-2 ( COX2 ), the heparin-binding epidermal growth factor ( HBEGF ) 
and the  α 2,6-sialyltransferase  ST6GALNAC5  (Bos et al.  2009  ) . Interestingly, 
whereas COX2 and HBEGF mediate tropism of breast cancer cells to both lung and 
brain, ST6GALNAC5 mediates selective in fi ltration of the brain. ST6GALNAC5 
acts at the level of tumor cell – BBB endothelial cell interaction as indicated by 
the positive correlation between the expression of ST6GALNAC5 in tumor cells 
and their capacity to transmigrate through an in vitro BBB model (Bos et al.  2009  ) . 
Carbohydrate modi fi cations of cell adhesion molecules which mediate leukocyte – 
endothelial interactions during lymphocyte homing are known to mediate tissue-
speci fi city (Butcher and Picker  1996 ; Springer  1995  ) . Therefore, it is likely that 
ST6GALNAC5 modi fi es surface cell adhesion molecules by sialylation which 
thereby acquire the ability to selectively interact with surface molecules expressed 
by BBB endothelial cells, which in turn promotes the transmigration through the 
BBB endothelium. 

 After overcoming the BBB endothelium, additional factors which are not brain-
derived may contribute to brain-speci fi c homing of metastasizing tumor cells. 
Tumor cells coopt pre-existing blood vessels for growth within the brain (Carbonell 
et al.  2009  ) . Once transmigrated through the endothelium, tumor cells adhere in an 
integrin- β 1-dependent manner predominantly to the vascular basement membrane 
implying the neurovasculature as a “niche” that promotes progression of malignant 
cells (Carbonell et al.  2009  ) . It remains to be established if this is a speci fi c property 
of the basement membrane of the BBB endothelium. 

 Interestingly, the BBB becomes structurally and functionally compromised when 
metastatic tumors grow beyond a diameter of 1–2 mm, which might be explained 
by a disruption of the interaction between astrocytes and endothelial cells (Eichler 
et al.  2011 ; Zhang et al.  1992  ) . This suggests that the mechanisms required for 
metastatic tumor cells to overcome the BBB might operate only during early dis-
semination into the brain.  
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    5.3   JAMs at the Blood-Brain Barrier 

 As outlined in the introduction, all three JAMs are expressed by endothelial cells. 
Immunogold electron microscopy performed in various regions of the mouse, rat and 
human brain has identi fi ed JAM-A at cell-cell contacts of BBB endothelial cells 
(Dobrogowska and Vorbrodt  2004 ; Vorbrodt and Dobrogowska  2003,   2004  ) . In addi-
tion, JAM-A, -B, and -C are expressed in primary cultures of porcine BBB endothelial 
cells where they localize to interendothelial cell-cell contacts (Nagasawa et al.  2006  ) . 
If changes in the expression levels or functional alterations of JAMs are involved in 
the tropism of brain-targeting metastatic tumor cells remains to be established. 
Interestingly, during cold injury-induced breakdown of the BBB in vivo, JAM-A 
expression levels decrease (Yeung et al.  2008  )  indicating a correlation between BBB 
integrity and JAM-A expression. Whether downregulation of JAM-A is a primary 
event and causative to BBB breakdown is still open. Evidence for a BBB-speci fi c role 
of JAM-A has been provided by the observation that primary human BBB endothelial 
cells behave differently from non brain-derived primary endothelial cells (Haarmann 
et al.  2010  ) . During in fl ammatory conditions JAM-A is redistributed away from cell-
cell contacts and appears at the apical surface to mediate adhesion of lymphocytes in 
a  α L β 2-integrin-dependent manner (Ostermann et al.  2002 ; Ozaki et al.  1999  ) . In 
addition, pro-in fl ammatory cytokines induce JAM-A shedding from the cell surface 
in vitro and in vivo, resulting in increased JAM-A serum levels (Hou et al.  2010 ; 
Koenen et al.  2009  ) . Increased serum levels of JAM-A were found in patients with 
coronary artery disease, arterial hypertension, or systemic sclerosis (Cavusoglu et al. 
 2007 ; Hou et al.  2010 ; Ong et al.  2009  ) . Brain-derived human microvascular endothe-
lial cells, however, do not seem to respond to pro-in fl ammatory cytokines with 
increased JAM-A shedding, and JAM-A serum levels are not increased in patients 
with multiple sclerosis and ischemic stroke (Haarmann et al.  2010  ) . These observa-
tions indicate that JAM-A shedding does not necessarily correlate with a loss in 
BBB function in all cases of BBB breakdown. However, it should be noted that the 
function of JAM-A is not exclusively regulated by the levels of surface expression. 
Its speci fi c subcellular localization or its ability to form homodimers can also in fl uence 
its functional activity. It will be important to understand these functions of JAM-A. 
In addition, it will be necessary to investigate how JAM-A regulates the integrity of 
the BBB to understand if JAM-A and perhaps JAM-B and JAM-C contribute to the 
brain-speci fi c homing of metastasizing tumor cells.      
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  Abstract      The majority of patients, who die from bladder cancer, ultimately do so 
from metastasis. A breakdown in the cell-cell bond seems likely to occur both, 
between cancer cells for tumour migration and between urothelial and endothelial 
cells for the development of metastases. Tight Junctions (TJ) exist between adjacent 
epithelial, endothelial and malignant cells and create a physiological barrier to the 
paracellular transport of solutes. They also contribute to cell polarity, regulate cell 
proliferation, and in addition are involved in cell signalling and cell-cell adhesion. 
Claudins are a group of trans-membrane proteins that contribute to TJ structure and 
function. Disruption of TJs with loss of TJ proteins, including claudins in cancer is 
thought to reduce cell-cell adhesion and contribute to invasion and metastasis. 
Altered expression of various claudins has been reported in several malignancies 
including bladder cancer, with an inverse correlation between the histological grade 
and the level of expression of some claudins. This review aims to explore the rela-
tionship between claudin expression and tumour progression in bladder cancer.  

  Keywords   Tight junction  •  Urothelium  •  Bladder cancer  •  Claudins  
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  FAK    Focal adhesion kinase   
  GAG    Glycosaminoglycan   
  HGF    Hepatocyte growth factor   
  TCC    Transitional cell carcinoma   
  TJ    Tight junction   
  TUR    Transurothelial resistance   
  ZO    Zonula occludens         

    6.1   Introduction 

    6.1.1   Bladder Cancer 

 Bladder cancer is the second most common urological cancer after prostate cancer. 
Although the term bladder cancer includes transitional cell carcinoma (TCC), 
squamous cell carcinoma and adenocarcinoma, TCC represents over 90% of cases. 
TCC often behaves as a  fi eld change disease in which the entire urothelium, from the 
renal pelvis to the urethra may undergo malignant transformation and is responsible 
for the high incidence of multiple occurrences and the recurrences that are typical of 
urothelial tumours treated by local resection. However transitional carcinoma cells 
can also migrate and implant at other sites lined by urothelium. It is thus dif fi cult to 
determine whether a recurrent tumour represents an inadequately treated initial 
tumour, a multifocal tumour or tumour implantation. In 2002, there were 10,199 new 
cases of bladder cancer in the UK representing 4% of all new cancers diagnosed 
annually (  http://info.cancerresearchuk.org/cancerstats/types/bladder/?a=5441    ) (ISD    
 2005 ; Northern Ireland Cancer  2005 ; Of fi ce for National Statistics  2005 ; Welsh 
Cancer Intelligence and Surveillance  2005 ). 

 The most important determinant of survival in patients with bladder cancer is the 
depth of tumour invasion. Tumours that do not invade muscularis propria are classi fi ed 
as super fi cial with an 80–90% 5-year survival. However, patients with muscle-
invasive bladder cancer have a 5-year survival of less than 50%. Malignant tumours 
are graded as low or high grade. Super fi cial tumours are classi fi ed as low risk or high 
risk according to the risk of progression to muscle invasive disease, which progresses 
to metastatic disease and eventually death. Low grade Ta lesions are at low risk for 
progression. High grade lesions including carcinoma in-situ have about 30–50% risk 
of progression. Although the disease can be controlled locally by radical treatment, 
many patients still die from metastatic disease. Thus early detection and treatment, when 
the disease is still super fi cial is the key to improving the outcome in bladder cancer.  

    6.1.2   Bladder Cancer and Metastasis 

 The spread of cancer involves a number of steps. Initially, increases in cell proliferation 
and increased cell motility is followed by invasion of surrounding stroma, angiogene-
sis, intravasation of cells into the circulation, and  fi nally extravasation at distant sites to 

http://info.cancerresearchuk.org/cancerstats/types/bladder/?a=5441
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form metastatic deposits (Martin and Jiang  2001 ; Martin et al.  2011  ) . Abnormal 
expression of growth factors or their receptors can stimulate tumour cell growth. There 
is increased expression of the EGF receptor that correlates with the invasive phenotype 
(Messing  1990 ; Neal et al.  1990  ) . A large number of malignant transitional epithelial 
cells express collagenases, especially type IV, which help digest the basal lamina and 
lamina propria and allow cells to invade the stroma (Messing  2002  ) . Small tumours 
(<2 mm diameter) can survive on nutrition obtained by local diffusion. However, larger 
tumours (>2 mm) need to establish a connection to the circulatory system to continue 
to grow (Martin and Jiang  2001  ) . Some angiogenic factors such as  fi broblast growth 
factor are excreted in the urine of bladder cancer patients (Chodak et al.  1988  ) . Tumour 
cells can enter the circulation through these newly developed blood vessels, and when 
in the circulatory system must survive the mechanical stresses of blood  fl ow and immu-
nosurveillance defence mechanisms of the body before adhering to and extravasating 
through the endothelium of the blood vessels of the target organ, establish themselves 
and grow and progress as metastasis (Liotta and Kohn  2001  ) .  

    6.1.3   Cell Adhesion and Bladder Cancer 

 It is generally accepted that decreased adhesion between adjacent cells is an early 
step in the invasive and metastatic process. Cell adhesion is maintained by a number 
of specialised membrane structures which include the TJs (TJ), adherens junctions 
(AJ) and demososmes. Reduced expression of adhesion molecules such as E-cadherin 
and  β 4 integrin as well as the cytoskeletal molecules  α ,  β ,  γ  catenins has been 
observed in invasive tumours (Messing  2002  ) . The serum proteases urokinase and 
tissue plasminogen activator (uPA) convert plasminogen into plasmin, which in turn 
degrades laminin, found within the basement membrane. The u-PA also activates 
type IV collagenase. The expression of uPA and its receptor is related to invasiveness 
of bladder cancer, thus re fl ecting its proteolytic activity (Messing  2002  ) . The urinary 
excretion of Hepatocyte Growth Factor (HGF), a known motogen is increased in 
TCC of the bladder, particularly in invasive or high grade tumours (Rosen et al. 
 1997  ) . There is evidence to suggest that HGF induces disruption of the TJ structure 
and function, which is accompanied by relocation of the TJ protein occludin. These 
changes in the molecular structure of TJs elicited by HGF results in a decrease in the 
trans-epithelial resistance, promotes invasion and causes scattering of bladder cancer 
cells (Brown et al.  2003  ) . In summary, the inter-cellular junctions, particularly TJ 
may represent the  fi rst barrier to metastasis (Martin and Jiang  2001  ) .   

    6.2   TJs and Bladder Cancer 

 Epithelial and endothelial surfaces are primarily responsible for the separation of  fl uid 
compartments in the body by acting as permeability barriers. Transport of substances 
across these structures may occur through the transcellular or paracellular route. 
The paracellular  fl ux of water-soluble molecules between adjacent cells is controlled 



134 T.A. Martin et al.

by the apical junctional complex, which is composed of the TJ and adherens junction 
(AJ) (Fig.  6.1a ). TJs are the most apical of these structures and separate the apical 
plasma membrane from the baso-lateral membrane. TJs occur between adjacent 
umbrella cells of the urothelium and play an important role in maintaining urothelial 
function.  

 In the bladder, the urothelium is thought to play a central role in maintaining the 
urinary composition by acting as a physiological barrier between urine and blood, and 
to play a major role in the storage and voiding of urine. The urothelium is a multi-layer 
structure. In humans, the urothelium comprises 6–7 rows of cells arranged into three 
distinct layers, viz. the basal cells which are germinal in nature, a middle layer of inter-
mediate cells, which are larger than the basal cells and the outermost layer which is 
formed by the umbrella cells, which are the largest epithelial cells in the body (Fig.  6.1b ). 
The surface of the umbrella cells is covered by a glycosaminoglycan (GAG) layer. 

 TJs appear as a series of fusion points between the outer lea fl ets of the plasma 
membrane of adjacent cells on ultra-thin section electron micrographs. The inter-
cellular space is completely obliterated at these “kissing points” (Gonzalez-
Mariscal et al.  2003  )  whereas in AJs and desmosomes there is a gap of 15–30 nm 
between adjacent membranes (Tsukita et al.  2001  ) . Freeze fracture electron micro-
graphs however reveal TJs to appear as a network of continuous intramembranous 
strands (known as TJ strands) that form continuous seals around cells. Each TJ 
strand is made up of protein that associates laterally with its pair in the plasma 
membrane of the adjacent cell. In the mammalian bladder TJs consist of 4–6 inter-
connecting strands that obliterate the intercellular space (Peter  1978  ) . It is pro-
posed that there are ‘pores’ located within these paired strands. These pores (which 
may be charged) act as gates that control the paracellular movement of solutes 
(Claude  1978 ; Colegio et al.  2002  ) . The resistance barrier of the urothelium is thus 
formed by: (1) The uroplakins, which are the major site of resistance to transcel-
lular ionic Permeability (Clausen et al.  1979  )  and (2) TJs, which represent sites of 
resistance to paracellular ion  fl uxes. 

 A single TJ strand of protein can comprise various combinations of claudin mole-
cules. Differences in claudin composition in TJ strands produces distinct patterns in 
freeze-fracture studies (Furuse et al.  1999  ) . For example, claudin 1 in combination 
with claudin 3 forms continuous TJ strands on the P (protoplasmic) surface of the cell 
membrane, whereas combination of claudins 1 and 2 or 3 and 2 produces particulate 
strands on the E (exoplasmic) surface of the cell. In addition, TJ strands in the CNS 
myelin and Sertoli cells are composed of parallel  fi laments of claudin 11 which are 
unlike the anastomosing strands observed in other TJs (Southwood and Gow  2001  ) . 
TJs of neighbouring cells connect in the paracellular space through interactions 
between the extracellular domains of their constituent claudins (Furuse et al.  1999  ) . 
This interaction may be selective, since studies with transfected L-  fi broblasts reported 
that whereas TJ strands expressing claudin 3 associated with TJ strands expressing 
claudin 1 and 2, there was no interaction between claudin 1 and claudin 2 strands 
(Furuse et al.  1999  ) . These observations suggest that selective interaction between 
different claudins may help explain the differential distribution of claudins in different 
tissues, and hence the resistance and permeability requirements of that tissue. 
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    6.2.1   Tissue Distribution and Permeability 
Characteristics of Claudins 

 A number of reports suggest that claudins are distributed in a differential manner 
in various tissues. For example, in the kidney claudins 1, 3 and 8 are expressed in 
TJs in the distal tubule, claudins 1, 3, 4 and 8 in TJs in the collecting tubules, clau-
dins 2, 10 and 11 in TJs in the proximal segment and claudins 5 and 15 in the 

  Fig. 6.1    ( a ) Location of intercellular junctions; ( b ) normal urothelium (Modi fi ed from Chancellor 
and Yoshimura  (  2002  ) )       
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endothelium (Kiuchi-Saishin et al.  2002 ; Reyes et al.  2002  ) . Thus, claudin-1 is 
present in high resistance epithelia, such as the collecting tubules, and absent in 
leaky epithelia such as the proximal tubule (Reyes et al.  2002  ) . The converse is true 
of claudin 2, which is present in the low resistance proximal tubule epithelium, 
and not detected in the collecting tubule. Claudins-4 (Van Itallie et al.  2001  ) , -8 
(Yu et al.  2003  )  and -14 (Ben-Yosef et al.  2003  )  reduce conductance across epithe-
lia by selectively discriminating against cations (Table 1.6). Claudin-6 is expressed 
in embryonic epithelia (Turksen and Troy  2001  ) . Claudin-1 knock-out mice (Furuse 
et al.  2002  )  and transgenic mice over-expressing claudin-6 (Turksen and Troy 
 2002 ) show defective skin barrier function. Patients with hypomagnesaemia hyper-
calciuria syndrome demonstrate a mutant form of claudin 16. In these patients, 
there is a selective defect in the reabsorption of calcium and magnesium, with 
intact sodium and chloride reabsorption in the thick ascending limb of the loop of 
Henle (Blanchard et al.  2001  ) . Claudin-16 thus seems to show selective paracel-
lular conductance for calcium and magnesium. In summary, it has been suggested 
that a tightness function can be demonstrated for claudins-1, 3, 4, 5, 8, 11, 14 and 
19, whereas claudins-2, 7, 10, 15 and 16 are thought to function as pore forming 
claudins (Krause et al.  2008  ) .  

    6.2.2   Alteration of Claudin Expression in Cancer 

 Aberrant expression of various claudins, including claudins 1, 2, 3, 4, 5, 7, 10, 16 
and 23 has been described in a variety of immortalised cancer cell lines and in 
human cancer tissue. For example, claudin 1 expression is downregulated in breast 
cancer (Kramer et al.  2000  ) . Similarly claudin 7 expression is down-regulated in 
breast (Kominsky et al.  2003  )  and head and neck cancers (Al Moustafa et al.  2002  ) . 
This pattern of expression supports the generally accepted theory that there is dis-
ruption of TJs during the process of tumourigenesis, invasion and metastasis, with 
associated down-regulation of the expression of claudins, which may have a puta-
tive role in tumour suppression (Swisshelm et al.  2005  ) . Indeed, studies have dem-
onstrated that TJs of human and rat colonic tumours were leakier than TJs of normal 
colon and that increased TJ permeability of the colon epithelium and a decreased 
epithelial barrier function preceded the development of colonic cancers in an exper-
imental carcinogenesis model (Soler et al.  1999  ) . In addition to altered levels of 
expression, phosphorylation of TJ proteins such as claudins is thought to disrupt TJ 
structure and function. Thus, phosphorylation of claudin 3 in ovarian cancer cells 
disrupts TJs (D’Souza et al.  2005  ) . Conversely, some claudin proteins are over-
expressed in cancer. Thus, claudins 3 and 4 are over-expressed in ovarian cancer 
(Rangel et al.  2003 ), breast (Kominsky et al.  2004  )  and prostate adenocarcinoma 
(Long et al.  2001  ) . Similarly, claudin 10 is overexpressed in thyroid papillary cancer 
(Aldred et al.  2004  )  and claudin 16 is overexpressed in ovarian cancer (Rangel 
et al.  2003 ), suggesting that claudins may have a role in tumourigenesis. There are 
reports that suggest a role for claudins in cell survival and invasiveness. 
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Expression of claudin 7 inversely correlates with the histological grade in breast 
cancer (Kominsky et al.  2003  ) . Although claudin 4 is overexpressed in 54 pancreatic 
cancer tissues (Michl et al.  2003 ), the expression of claudin 4 is also inversely 
related to the invasiveness of pancreatic cells (Michl et al.  2003  ) . Conversely, the 
expression of claudins 3 and 4 has been reported to positively correlate with the 
invasiveness of ovarian cancer cells (Agarwal et al.  2005  ) . These unusual expression 
patterns of claudins in cancer could serve as potential indicators of invasiveness and 
prognosis and could be used as therapeutic targets (Morin  2005  ) . There is a sub-
stantial body of evidence to suggest that cells, including prostatic (Long et al.  2001  ) , 
pancreatic (Michl et al.  2003 ), breast (Kominsky et al.  2004  )  and ovarian cancer 
cells (Santin et al.  2005  )  that express claudins- 3 and 4 are targets for the  Clostridium 
perfringens  enterotoxin (CPE); which binds to these claudins and induces cytolysis. 
CPE-based therapy has been suggested as a novel treatment of these cancers 
(Hewitt et al.  2006  ) . However, claudin-3 and 4 are also expressed in several normal 
tissues, and therefore systemic administration of CPE may have signi fi cant toxicity 
(Hewitt et al.  2006  ) . Similarly, claudin-5 which is expressed at high levels in vascular 
endothelial cells, is also expressed in the brain and therefore systemic anti-
angiogenic therapy targeting claudin-5 can have potentially serious side-effects 
(Hewitt et al.  2006  ) . On the other hand, the urinary bladder lends itself to easy 
access via the urethral route for the intravesical instillation of novel therapies for 
bladder cancer such as CPE, with a decreased risk of systemic side effects.   

    6.3   Expression of TJ Molecules in Human Bladder 
and Bladder Cancer Tissues/Cells 

    6.3.1   Expression of TJs Molecular in Urethelial 
Cells and Tissues 

 A broad spectrum of TJ molecules are detectable in urothelial and urinary bladder 
tissues. Of the conventional TJ molecules, occludin, claudin-1 and ZO-1 are 
reported (Nakanishi et al.  2008 ). Subcoat molecules linked to TJ, namely ZO-1, 
ZO-2 and ZO-3, JAM1 and  δ -catenin are also widely expressed in bladder cells and 
tissues (Fig.  6.2 ) (Sánchez Freire et al.  2011  ) . It has also been shown that other 
claudins, namely claudin-4, claudin-5, claudin-7, claudin-11, claudin-12, clau-
din-16 are also present in bladder tissues (Boireau et al.  2007 ; Awsare et al.  2011  )  
(Fig.  6.3 ). More information is available on cell lines from urethelial cells. In blad-
der cancer derived cell lines, claudins-1, 2, 4, 5, 6, 7, 8, 12, 14, 15 and 22 are 
detectable (Southgate et al.  2007 ; Rickard et al.  2008 ). However, claudins-1, 3, 9, 
and 20 are not commonly seen in these cells. Coxsackievirus and adenovirus 
receptor (CAR), a viral receptor protein and a known TJ proteins are also present 
in the urothelial cells and is in close proximity with occludin and ZO-1 in tissue 
(Gye et al.  2011  ) .    
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    6.3.2   Distribution of TJ Proteins in Bladder Tissues 

 In urothelial cells, occludin, ZO-1, ZO-2, ZO-3, Claudins-1, 4, 5, 7, 14 and 16 are 
located at the lateral regions of the cells, claudins-2,8 and 12 in the cytoplamic regions 
in the cells. In human urinary bladder tissues, TJ proteins have a reasonably well de fi ned 

  Fig. 6.2    Expression of occludin and claudins 1, 3, 4, and 7 in normal pelvic mucosal urothelium 
and in papillary and nodular urothelial carcinoma of the upper urinary tract. Occludin in normal 
urothelial mucosa was localized to the apicolateral and basolateral surfaces of cells in the umbrella 
cell layer whilst its expression in urothelial carcinomas was localized to the plasma membrane of 
the surface and upper layers in most papillary tumours. Claudin-1 expression in the normal urothe-
lial mucosa was mainly detected in the plasma membranes of the basal and intermediate layers, 
and although it was expressed on the plasma membrane of most tumour cells, it was sometimes 
restricted to the plasma membrane in the basal layer of papillary tumours. Claudin-3 was expressed 
in the apicolateral surface of the umbrella cell layer in the normal urothelial mucosa, although it 
was expressed in the plasma membrane of the surface and upper layers in most papillary tumours. 
In normal urothelial mucosa, claudin-4 was mainly expressed in the basolateral surface of the 
umbrella cell layer, whereas claudin-7 was expressed in the plasma membrane of all three layers. 
In the intermediate layer, claudin-4 and claudin-7 each declined toward the basal layer. In urothe-
lial carcinomas, claudin-4 and claudin-7 were expressed in the plasma membrane of tumour cells 
in papillary and nodular tumours (×400) (Reproduced from Nakanishi et al.  2008 )       

  Fig. 6.3    RT-PCR showing the expression of claudins in human bladder cancer cells       

 

 



1396 Tight Junctions in Human Urinary Bladder Cancer

distribution pattern. claudin-1 protein is largely con fi ned to the basal and intermediate 
layers of the transtional cells. In contrast, claudin-3, 4 and 7 are in the upper layers of 
the urethelium (Nakanishi et al.  2008 ; Szekely et al.  2011  ) . Claudin-4, -8, and -12 are 
expressed in umbrella cells (Acharya et al.  2004  ) . Claudin-3 was expressed in the 
apicolateral surface of the umbrella cell layer, but it was not found in the intermediate 
or basal layer. Occludin on the other hand is seen at the apicolateral and basolateral 
surfaces of cells in the umbrella cell layer, but it was not found in the intermediate 
layer or the basal layer. Claudin-7 was expressed in the plasma membrane of all three 
layers, and in the intermediate layer, it, too, declined toward the basal layer   . It is also 
very interesting to observe that tissue locations in the urinary bladder have different TJ 
protein distribution. Freire et al. ( 2009 ) has recently shown that the trigone region of 
the bladder has a higher level of claudin-1, claudin-4, JAM1 than the dome region.  

    6.3.3   Expression of Tight Junctional Molecules in Bladder 
Cancer Tissues and Clinical Signi fi cance 

 It has been recently shown that expression of claudin-4 is progressively lost from 
normal urethelial cells to invasive bladder cancers and was signi fi cantly associated 
with tumour staging in a relatively small scale study ( n  = 39) (Boireau et al.  2007  ) . 
The most direct and clear evidence for a clinical and prognostic link between TJs 
and urinary bladder is probably from Nakanishi et al. in a large cohort ( n  = 129) 
(2008). Positive expression of occludin and claudins 1, 3, 4, and 7 were recognized 
in 90.7%, 87.6%, 73.6%, 98.4%, and 95.3% of tumour samples, respectively. The 
expression of claudin-1 and claudin-4 was found to have an association with tumour 
staging. Claudin-7 and occludin do not bear any correlations with clinical and path-
ological features, as shown in the study. There appears to be a signi fi cant correlation 
between claudin-1 and claudin-3 expression and patients overall survival over the 5 
year followup ( p  = 0.0061 and  p  = 0.015 for claudins-1 and -3 respectively). This 
observation is supported by a more recent from Szekely et al.  (  2011  ) . The study 
included samples from 15 inverted urothelial papilloma, 20 urothelial papilloma 
(UP), 20 papillary neoplasm of low malignant potential, 20 low-grade urothelial 
carcinoma (LG-UCC) from transurethral resections and  fi ve independent normal 
tissues and evaluated  fi ve claudins (Claudin-1,2,3,4 and 7) on paraf fi n embedded 
slides. Claudin-1 and claudin-4 stained strongly in bladder tissues. Claudin-3, 4 and 
7 were weak compared with Claudin-1 and Claudin-4. The authors reported that low 
levels of claudin-1 staining were signi fi cantly associated with a shorter survival 
compared with low staining n ( p  = 0.0289) for patients with papillary neoplasm of 
low malignant potential. In contrast, high levels of claudin-4 staining was associ-
ated with a signi fi cantly shorter relapse free survival in patients with low-grade 
urothelial carcinoma ( p  = 0.0063). Apart from the general change of the levels of TJ 
molecules in bladder cancer, the distribution pattern of the proteins is also a promi-
nent feature in bladder cancer cells. Claudin-1 and claudin-4 were found to have 
markedly changes its location compared with normal urothelial cells, in that both 
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are almost exclusively seen at the lateral junctions in normal cells but become reduce 
or lost in the lateral junctions in cancer tissues (Boireau et al.  2007  ) . 

 Occludin has so far not shown a clear clinical relevance in bladder cancer 
(Nakanishi et al.  2008 ). This is interesting and may partly re fl ect the observation 
that occludin, despite abundantly expressed in urinary bladder, may play a lesser 
role or no role in the control of the barrier function of the bladder in a study using 
occludin knockout mice (Schulzke et al.  2005  ) . It has been shown that the reduction 
of claudin-4 expression in urinary bladder cancer is likely to be via the methylation 
mechanism of CL4 promoters (Boireau et al.  2007  ) . This is obviously a fertile area 
to explore in future.   

    6.4   Role of Claudin-11 in Human Bladder Cancer Cells 

 We recently investigated the possible role of Claudin-11 in bladder cancer tis-
sues and cells (Awsare et al.  2011  ) . The expression of claudin-11 in benign and 
malignant bladder tissue and the effect of forced expression of claudin-11 on TJ 
function and invasiveness of bladder cancer cells were studied. Benign bladder 
tissue demonstrated equal expression of claudin-11 mRNA as carcinoma, but 
displayed more intense staining than malignant tissue on immunohistochemis-
try (Fig.  6.4 ). Claudin-11 expression was tested in bladder cancer cell lines 
(T24/83, RT112/84 and EJ138) using reverse transcription-polymerase chain 
reaction (RT-PCR) and in benign and malignant bladder tissue by quantitative 
RT-PCR and immunohistochemistry. T24/83 cells were transfected with the 
full-length human claudin-11 sequence. Stable-transfected cells overexpressing 
claudin-11 (T24Cl-11Ex), wild-type cells (T24WT) and the empty plasmid con-
trol clone (T24GFP) were compared using transurothelial resistance (TUR), 
in vitro adhesion, invasion and growth assays. Claudin-11 was strongly expressed 
in the non-invasive RT112/84 cell line compared to the invasive T24/83 and 
EJ138 bladder cancer cell lines. Forced-expression of claudin-11 in T24/83 
cells was con fi rmed by PCR, immunoprecipitation and by immuno fl uorescence, 
which demonstrated increased perinuclear claudin-11 staining (Fig.  6.5 ). Forced 
expression of claudin-11 did not affect TUR( p  = 0.243), but signi fi cantly reduced 
invasion ( p  = 0.001) while increasing cell matrix adhesion ( p  = 0.001) and growth 
rates ( p  = 0.001) (Awsare et al.  2011  ) . The greater expression of claudin-11 in 
benign versus malignant tissue and non-invasive versus invasive cell lines, and 
its effect in reducing bladder cancer cell invasiveness suggests that Claudin-11 
may have a role in preventing cancer progression and may serve as a therapeutic 
target in reducing metastasis. This study demonstrates the role of claudin-11 in 
bladder cancer cells. Claudin-11 expression could potentially be used as a bio-
marker to differentiate between non-invasive and aggressive bladder cancer. In 
vivo ef fi cacy and safety studies must be performed to explore if claudin-11 gene 
therapy could be used to modify the course of the disease since this therapy can 
be delivered urethrally directly into the bladder.    
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    6.5   Regulation of TJs by Experimental Agents 

 It has been reported that the barrier functions of bladder cells can be regulated by 
protamine sulfate in vivo. Exposure to protamine resulted in a marked increase in 
the permeability to water and urea, accompanied by a reduction in transepithelial 
resistance (Lavelle et al.  2002 ). It is interesting to observe that the changes of the 
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  Fig. 6.4    Representative images of claudin-11 immunohistochemical analysis comparing staining 
patterns and intensity in benign, non-invasive and invasive bladder cancer tissue. ( a ) There was 
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and cytoplasm of cells (×400 magni fi cation). ( b ) Claudin-11 staining intensity was greater in 
benign bladder tissue, compared to non-invasive, invasive and all cancer tissue. * p  < 0.05, Error 
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permeability is sustained but recoverable. Urea and Proteins/peptides present in the 
urine may also in fl uence the TJs functions (Lewis and Kleine  2000 ; Gallardo et al. 
 2002 ). Ca 2+  plays an pivotal role in the regulation of TJ functions. Calcium regula-
tors thus have been shown to be useful tools in regulating the TJs in urothelial cells 
(Lacaz-Vieira and Kachar  1996  )  

    6.5.1   Regulation of TJs by Potential Therapeutic Agents 

 In bladder urethelial cells, troglitizone a PPAR-gamma agonist and PD153035 a EGF 
receptor kinase inhibitor are able to upregulate the expression of claudins-4 and 5 in 
bladder cell (Southgate et al.  2007 ). It has also been shown that Antiproliferative factor 
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  Fig. 6.5    ( a ) Representative images of immuno fl uorescence staining for claudin-11 and ZO-1 in 
T24/83 cells (×40 magni fi cation). There was a stronger signal for claudin-11 in T24Cldn-11Ex 
compared to T24WTand T24GFPcells, thus con fi rming its forced expression. ZO-1 located to TJs 
( white arrows ), whereas claudin-11 located to cytoplasm ( white arrowheads ). ( b ) Effect of forced-
expression of claudin-11 on transurothelial resistance (change from baseline) of T24/83 cells over 
240 min. There was no signi fi cant difference in the change in TUR in T24Cldn-11Ex cells com-
pared to T24WTor T24GFPcells ( p  = 0.243, ANOVA test). Error bars represent SEM. ( c ) The sta-
tistical information of the data set       

 



1436 Tight Junctions in Human Urinary Bladder Cancer

is able to decrease the expression of ZO-1 and occludin in the bladder whereas, 
Neu5Ac α 2-3Gal β 1-3GalNAc α -O-TVPAAVVVA derivatives are able to upregulate 
expression of claudins (1, 4, 8 and 12), occludin and ZO-1 expression and change the 
function of bladder cells (Zhang et al.  2005 ; Keay et al.  2011  ) . COX-2 inhibitor, for 
example Celecoxib has been shown to protect the function of TJs of urinary bladder in 
in vivo models (Celik-Ozenci et al. 2005). An antibiotics, Colistin, or polymyxin E, is 
also known to have have high af fi nity to uritherial cells and regulate the paracellular 
permeability (Lewis and Lewis  2004  ) . Chitsan, a linear plysaccharide derived from 
Chitin, is a product that has been used as a hemostatic agent and for drug delivery. It is 
adhesive to mucosa and has been developed for cross skin and mucosa drug delivery. It 
has a marked impact on the permeability of the bladder urethelial cells by affecting the 
function of TJs in the tissue (Kos et al.  2006  ) . Manipulation of the paracellular perme-
ability may have therapeutic implication in topically applied medicine. For example, 
HPG-C(8/10)-MePEG-NH(2) nanoparticles has been reported to increase the perme-
ability of the bladder tissue and increase the uptake of docetaxal (Mugabe et al.  2012 )  

    6.5.2   TJ Modulation by Cytokines 

 A number of cytokines regulate TJ function. Proin fl ammatory cytokines such as TNF- α  
and IFN- γ  downregulate the expression of the TJ protein occludin (Mankertz et al.  2000  ) . 
Similarly, IFN- γ  induces loss of ZO-1 and disrupts TJ structure and function (Youakim 
and Ahdieh  1999  ) . Other cytokines such as EGF (Van Itallie et al.  1995 ), VEGF, and 
HGF (Martin et al.  2004  )  are also implicated in the disruption of TJ function.  

    6.5.3   Hepatocyte Growth Factor (HGF) 

 HGF was originally discovered to be a powerful stimulator of the growth and prolif-
eration of hepatocytes (Nakamura et al.  1984  ) . HGF is a multifunctional cytokine 
which elicits a number of effects on cell function (Jiang et al.  2005  ) . HGF induces 
cytoskeletal changes through the Rho/Rac/ROCK and Grb-2 (growth factor receptor 
bound protein) pathways and leads to breakdown of cell-cell adhesion and increased 
motility. HGF also activates the focal adhesion kinase (FAK) pathway and coordi-
nates the adhesion and migration of cancer cells over extracellular matrix by regulat-
ing the expression of integrins in cancer cells (Jiang et al.  2005  ) . HGF/SF regulates 
TJ function in both normal epithelial cells (Hollande et al.  2001  )  and cancer cells 
(Kominsky et al.  2003 ; Martin et al.  2004  ) . Treatment with HGF has been shown to 
cause a loss of claudin-7 (Kominsky et al.  2003  ) , and phosphorylation of ZO-1 in 
breast cancer cells (Martin et al.  2004  ) , that leads to disruption of TJ structure. It has 
recently been shown that HGF/SF disrupts TJs in bladder cancer cells, with reloca-
tion of occludin away from the TJ (Brown  2005  ) . Since TJs play an important role in 
cell-cell adhesion and the prevention of trans-endothelial intravasation of cancer 
cells, HGF may have an important role in cancer metastasis (Jiang et al.  2005  ) .   
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    6.6   Discussion 

 The TJ of the umbrella cell layer of the urothelium create the paracellular barrier 
protecting the underlying detrusor against exposure from urinary toxins, with the clau-
dins thought to play a central role in the maintenance of this barrier (Colegio et al. 
 2002  ) . Disruptions of TJs with loss of TJ proteins including claudins are thought to 
reduce cell-cell adhesion and lower the diffusion barrier resulting in an abnormal in fl ux 
of growth factors and nutrients, which offers a selective advantage to developing tumour 
cells (Mullin  1997  ) . Altered expression of various claudins has been reported in several 
cancer types (Swisshelm et al.  2005  )  with an inverse correlation reported with histo-
logical grade (Kominsky et al.  2003  )  and invasiveness (Michl et al.  2003  ) . 

 Conversely, expression of claudin-3 and -4 positively correlates with invasive-
ness of ovarian cancer cells (Agarwal et al.  2005  ) . Claudin-11 has been reported to 
be expressed in a number of tissues including the nephron, oligodendrocytes, Sertoli 
cells and basal cells of the inner ear (Gow et al.  2004 ;  1999 ; Kiuchi-Saishin et al. 
 2002  )  but not previously noted in the urothelium. In addition, claudin-11 expression 
was decreased in invasive compared to non-invasive cell lines (Awsare et al.  2011  ) . 
Claudin-4 was identi fi ed as a target of the pro-invasive cytokine transforming growth 
factor beta and Ras/Raf/extracellular signal-regulated kinase pathway (Michl et al. 
 2003  ) . In contrast, the over-expression of claudins-3 and 4 in human ovarian surface 
epithelial (HOSE) cells increased cell invasion, motility and cell survival, probably 
by activating matrix metalloproteinase- 2 (Agarwal et al.  2005  ) . Conversely, small 
interfering (siRNA) mediated knockdown of claudin-3 and 4 expression in ovarian 
cancer cell lines reduced invasion (Agarwal et al.  2005  ) . 

 Claudins can therefore promote or inhibit tumourigenesis and metastasis in various 
cancers by altering the malignant phenotype and this appears to be highly tissue 
speci fi c. A number of signalling mechanisms, not directly involved in TJ formation 
seem to mediate these actions. Further studies are needed to identify the signalling 
pathways mediating the effects of claudin-11 and 20 in reducing the invasive phenotype of 
TCC cells. The expression of claudins in tissues has also been explored as a potential 
therapeutic target. Claudins- 3 and 4 are receptors for CPE, which upon binding to its 
receptors causes cytolysis. Experimental studies in prostate (Long et al.  2001  ) , breast 
(Kominsky et al.  2004  ) , ovarian (Santin et al.  2005  )  and pancreatic (Michl et al.  2003 ) 
cancer cells have shown that cells expressing claudin-3 and 4 are sensitive to CPE-
mediated cytolysis, while those that lack their expression are unaffected by CPE. 

 Thus, claudins could have a signi fi cant role to play in the regulation of bladder 
cancer progression.  

    6.7   Conclusions 

 Claudins could have a potential for use in gene therapy to modify the course of 
the disease in individual patients in the future. Detailed studies of local and 
systemic side-effects and toxicities will have to be conducted before gene therapy 
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becomes a reality. However, the easy accessibility of the bladder per urethra could 
be exploited for the intravesical application of such therapy; potentially minimising 
systemic side-effects as has been the case with intravesical chemotherapy and BCG 
treatments for bladder TCC. 

 We can conclude that claudins appear to have a potential role as prognostic markers 
of tumour aggressiveness and may become therapeutic targets in the control of inva-
sion and metastasis in bladder cancer.      
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  Abstract   The intestine plays a major role in the absorption of nutrients, water, and 
electrolytes during digestion and protects the inner organs from the external envi-
ronment. One of the major characteristics of this organ is that, while maintaining 
its function, it undergoes constant renewal at a very high rate, with the entire intes-
tine renewed every 5–7 days in humans. This process occurs without disrupting the 
epithelial barrier, thus guaranteeing that the separation between external (lumen) 
and internal compartments is maintained, and that cell polarity is preserved. Tight 
junctions (TJ) are among the multi-protein complexes that play an essential role in 
the maintenance of this epithelial barrier. A number of observations have been 
made that the structure of tight junctions can be disrupted from early stages of 
neoplastic development in the intestine, and alterations of tight junction protein 
expression and/or localization have been reported in epithelial cancers, which 
signi fi cantly impacts on early tumorigenesis as well as tumor progression. In the 
present review, we summarize the current knowledge concerning alterations of 
tight junction protein expression in colorectal tumors, before discussing some of 
the likely consequences of these disruptions for tumorigenesis and the potential 
clinical use of tight junction proteins as prognostic markers or as targets for ther-
apy in this type of tumors.  
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    7.1   Introduction 

 The intestine is one of the largest organs in a broad range of animals, from worms to 
humans. In most mammals it is composed of two different entities from a morpho-
logical and functional perspective: the large intestine or colon, and the small intestine, 
itself subdivided into three successive segments—duodenum, jejunum and ileum. The 
small intestine plays a major role in the absorption of nutrients while the colon primar-
ily absorbs water, electrolytes, vitamins or amino-acids from the lumen back into the 
body. This organ is also an essential barrier between the external environment and the 
inner self, and it is the scene of important regulatory activities by the immune and 
endocrine systems (Maloy and Powrie  2011  ) . In addition, one of the major characteris-
tics of this organ is that, while maintaining its function, it is undergoing constant 
renewal at a very high rate, with the entire intestine renewed every 5–7 days in humans. 
To do so, stem cells located at the base of the crypts of Lieberkühn generate a constant 
stream of progenitors, or transit-amplifying cells, that proliferate heavily while pro-
gressively committing to one of the main lineages. The resulting differentiated cells 
regularly migrate up from the exit of the crypts to the top of the  fi nger-like protrusions 
called villi, where they eventually undergo anoïkis and are shed into the gut lumen 
(Crosnier et al.  2006 ; Radtke et al.  2006  ) . Interestingly, this whole process occurs 
without disrupting the epithelial barrier, thus guaranteeing that the separation between 
external (lumen) and internal compartments remains tight, and that cell polarity is 
maintained (Yu and Yang  2009  ) . Tight junctions (TJ) are among the multi-protein com-
plexes that play an essential role in the maintenance of this epithelial barrier (Mullin 
 2004  ) . These complexes are indeed required to regulate paracellular passage of water, 
ions and various macromolecules, as well as playing a role in segregating baso-lateral 
and apical compartments within the plasma membrane of epithelial cells. More recently, 
reports that they can modulate intracellular signaling reinforce their role as regulators 
of various epithelial tissues including the intestinal epithelium (Anderson and Van 
Itallie  2009  ) . Alterations of tight junction protein expression and/or localization have 
been reported in various diseases including epithelial cancers (Morin  2005 ; Tsukita 
et al.  2008  )  and, as we will discuss in detail, these alterations signi fi cantly impact early 
tumorigenesis as well as tumor progression. A number of observations have been made 
that the structure of tight junctions can be altered from early stages of neoplastic devel-
opment in the intestine, leading to modi fi cations in epithelial permeability (Mullin 
et al.  2000 ; Soler et al.  1999 ; Weber et al.  2008  ) . Further alterations are also detected 
at later stages, when TJ structure per se is already disrupted, leading to increased inva-
sive and pro-metastatic signalling (Martin et al.  2011  ) . In the present work, we will 
review the current knowledge concerning alterations of tight junction protein expres-
sion in colorectal tumors, before discussing some of the likely consequences of these 
disruptions for tumorigenesis and the potential clinical use of tight junction proteins 
as prognostic markers or as targets for therapy in this type of tumors.  
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    7.2   Altered Expression/Localisation of TJ Proteins During 
Tumor Progression 

    7.2.1   Claudin-1 

 The most extensively studied tight junction protein in colorectal cancer thus far 
has been claudin-1, maybe due to its identi fi cation as a target of the Wnt path-
way (Dhawan et al.  2005 ; Miwa et al.  2001  ) , a major driver of tumourigenesis 
in the colon (Segditsas and Tomlinson  2006  ) . Multiple groups have reported 
claudin-1 overexpression at mRNA and/or protein level during one or multiple 
stages of tumour development (Dhawan et al.  2005 ; Ersoz et al.  2011 ; Grone 
et al.  2007 ; Kinugasa et al.  2007 ; Miwa et al.  2001 ; Oshima et al.  2008 ; Resnick 
et al.  2005  ) . 

 Thus, several reports concur to show that claudin-1 is overexpressed in 
pre-neoplastic and early neoplastic lesions of the colon. Elevated expression 
was detected in adenomatous polyps, which are known to represent precursor 
lesions for colorectal carcinoma (Ersoz et al.  2011  ) . Elevated claudin-1 expres-
sion may thus occur at a very early stage of colorectal tumorignesis, particu-
larly on an in fl ammatory background such as that found in in fl ammatory bowel 
disease (Weber et al.  2008 )/ ulcerative colitis (Kinugasa et al.  2007 ; Mees et 
al.  2009 ). 

 The situation remains less clear in advanced lesions, where the complexity of 
claudin-1 expression status is not completely unravelled. On the one hand, several 
studies report that a signi fi cant proportion of stage I-IV CRC display claudin-1 
overexpression. Thus, Kinugasa et al.  (  2007  )  reported, albeit on a small number of 
patients (15), that claudin-1 mRNA and protein were overexpressed in Dukes A, B, 
and C colorectal specimens as compared to healthy intestinal mucosa. The same 
group later described an elevated expression of claudin-1 in 41 CRC specimens 
compared to matched healthy epithelia (Huo et al.  2009  ) . In accordance with these 
results, an elegant work from Dhawan and colleagues  (  2005  )  demonstrated that 
claudin-1 was consistently overexpressed in primary but also in metastatic colorec-
tal tumor samples, where it was prominently expressed in the nucleus of tumor 
cells. This overexpression correlated with the loss of function of the tumor-
suppressor  Adenomatous Polyposis Coli  ( APC ), an event that is acknowledged as a 
major initiator of colorectal tumorigenesis due to the increased nuclear accumula-
tion of nuclear  β -catenin (Korinek et al.  1997 ; Morin et al.  1997  ) . In turn, they 
convincingly showed that claudin-1 overexpression could lead to the stimulation of 
canonical Wnt signalling as well as of epithelium-mesenchymal transition mark-
ers, leading to increased primary tumor growth and metastasis in athymic mice 
(Dhawan et al.  2005  ) . Interestingly, this team also documented that the increased 
expression of claudin-1 was likely due to the down-regulation of Smad4, which 
they found to negatively regulate claudin-1 expression in a TGF β -independent 
manner (Shiou et al.  2007  ) . In contrast Smad7, another intracellular regulator 
of TGF β  signalling that displays high expression and ampli fi cation in colorectal 
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cancer, was shown to promote metastasis development and to increase claudin-1 
(and claudin-4) levels with, again, a prominent cytoplasmic and nuclear localization 
for claudin-1 (Halder et al.  2008  ) . Mutations in the  APC  or  CTNNB1  gene as well 
as Smad4 down-regulation are frequent in colorectal cancer, providing a convinc-
ing mechanistic rationale for the increased claudin-1 expression detected by sev-
eral groups in large numbers of colorectal carcinoma samples. 

 In stark contrast, other studies point to the fact that loss of claudin-1 expression 
is associated with increased invasion and metastasis as well as poorer clinical out-
come. Thus, Resnick et al.  (  2005  )  found that claudin-1 expression was robust in 
75% of CRC patient tumor sections in a retrospective IHC study on 129 stage II 
tumors, but that loss of claudin-1 expression represented a very strong independent 
predictor of increased recurrence and poor survival (Resnick et al.  2005  ) . Another 
recent study found that claudin-1 expression decreased signi fi cantly in the presence 
of lymph node metastasis, seemingly pointing to a negative correlation between 
Claudin-1 expression and neoplastic progression (Ersoz et al.  2011  ) . Similarly, 
another group described the sharp decrease of claudin-1 expression during tumor 
progression, as detected in stage IV primary CRC and liver metastasis samples 
(Georges et al.  2011  ) . These authors went on to use an allogenic graft model to 
demonstrate that siRNA-mediated claudin-1 and claudin-4 knockdown increased 
migration of CC531 rat colon adenocarcinoma cells in vitro. 

 The discrepancy between studies demonstrating overexpression and down-
regulation of claudin-1 during CRC progression remains unexplained. Further stud-
ies are required to demonstrate whether these differences re fl ect more than mere 
technical issues and have an underlying biological signi fi cance. They could for 
example re fl ect the existence of subclasses of colorectal cancer in terms of claudin-1 
expression levels. Alternatively, although the study of Resnick and colleagues 
 (  2005  )  analysed claudin-1 expression in these areas, the presence of locally high 
claudin-1 levels towards the invasive front of those tumors where the overall 
claudin-1 expression is low would partially reconcile both sets of results, since cells 
located in these areas are the most likely to play an active part in the metastasis 
process. In view of recent results (Singh et al.  2011  )  showing that claudin-1 overex-
pression is likely to promote Epithelial to Mesenchyme Transition (EMT) via the 
activation of ZEB-1, a precise characterization of the claudin-1 expression status 
in cells displaying EMT-like phenotypes at the leading/invasive edge may resolve 
this issue. Finally, a degree of uncertainty also remains concerning the sub-cellular 
pool of claudin-1 that may play a role during tumor development. Indeed, far from 
the tight junctional localization expected for this protein in the healthy intestine 
(Holmes et al.  2006 ; Rahner et al.  2001  ) , multiple studies in CRC patient samples 
report the detection of claudin-1 along the whole cell membrane, in the cell nucleus, 
as well as within the cytoplasm of colorectal tumor cells, as diffuse staining or in 
intracellular vesicles (Dhawan et al.  2005 ; Grone et al.  2007 ; Kinugasa et al.  2007 ; 
Mees et al.  2009 ; Miwa et al.  2001 ; Resnick et al.  2005  ) . No conclusive evidence 
has been brought forward so far to correlate speci fi c sub-cellular localizations of 
claudin-1 with selective tumor-promoting (or inhibiting) functions. Yet, one could 
argue that the underlying mechanisms could be partly different in pre-neoplastic/
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early neoplastic lesions and in more established/advanced carcinomas. In the former, 
alterations of membrane claudin-1 expression at the tight junction is likely to partici-
pate in the disruption of junction stability and tissue permeability, thus allowing 
increased pro-mitotic signalling to occur (Mullin  2004  ) . In contrast, tight junc-
tional structure is already altered in a large proportion of stage II/IV carcinomas, 
albeit sometimes in selective regions only, and the impact of claudin-1 alterations in 
this case may be more related to a (direct or indirect) signalling role of claudin-1, in 
a sub-cellular compartment yet to be speci fi ed.  

    7.2.2   Other Tight Junction Proteins 

 Over the last 15 years, an increasing number of studies have assessed the expression 
status of other tight junction proteins in colorectal cancer. Several reports on medium 
to large patient populations concur to say that claudin-2 mRNA and/or protein is over-
expressed in a signi fi cant proportion of CRC samples (Aung et al.  2006 ; Huo et al. 
 2009 ; Kinugasa et al.  2007  ) , following stimulatory signals induced by in fl ammation 
(Mima et al.  2008 ; Weber et al.  2008  )  and by increased EGF signalling during tumor 
progression (Dhawan et al.  2011  ) . An overexpresion of claudin-2 transcripts in CRC, 
albeit moderate, was also detected by Hewitt et al., who analyzed gene expression 
data for all 21 human claudins across 266 tissues using serial analysis of gene expres-
sion (SAGE) Genie database and validation by RT-qPCR on a small number of human 
tumor samples (Hewitt et al.  2006  ) . In addition, our group showed that transcription 
of the CLDN2 gene in CRC was under the control of the symplekin/ZONAB com-
plex, the former protein being overexpressed in colorectal tumors (Buchert et al. 
 2010  ) . In contrast, while Mees et al. found no signi fi cant change in claudin-2 
immuno fl uorescent detection in 16 CRC samples (Mees et al.  2009  ) , one study 
reported a down-regulation of claudin-2 in comparison with normal colon tissue on a 
panel of 33 human CRC samples using immunohistochemistry, without  fi nding any 
correlation with clinical parameters such as tumor location and size, stage, lymph 
node involvement, and degree of differentiation (Hahn-Stromberg et al.  2009  ) . 

 The dynamics of expression during the course of tumorigenesis may be more 
complex in the case of other claudins, such claudin-3, -4 and -7. Thus, expression of 
claudin-4 appeared to be marginally elevated in 58% of samples in a large-scale 
immunohistochemistry study of stage II tumors (Resnick et al.  2005  ) . In addition, a 
moderate increase of claudin-3 and 4 expression was identi fi ed in a Western blot-
based study of 12 CRC samples and matched normal epithelia, with tumor tissues 
also demonstrating a higher level of paracellular leakiness (permeability to ruthe-
nium red) (de Oliveira et al.  2005  ) . A larger study on 205 samples from untreated 
patients also reported increased expression of claudin-3 and -4 mRNA (Oshima 
et al.  2008  ) . In addition, the relationship between in fl ammation and CRC develop-
ment is clearly not as straightforward concerning claudin-4 expression as it was for 
claudin-1, with one study reporting a strong increase in membrane expression of 
claudin-4 in grade II in fl ammatory bowel disease but not in other in fl ammatory 
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grades or derived tumors (Weber et al.  2008  )  and another detecting increased expression 
in ulcerative colitis-derived CRC samples (Mees et al.  2009  ) . Using the in silico 
analysis and RT-PCR approach described above for claudin-2, P. Morin’s group also 
reported that claudin-3 and -4 were overexpressed (Hewitt et al.  2006  ) . In contrast, 
other studies point to non-signi fi cant increases of claudins-3 and -4 expression 
(Kinugasa et al.  2007  )  or to a decreased expression of claudin-4 during progression 
to stage IV primary and liver metastasis samples (Ersoz et al.  2011 ; Georges et al. 
 2011 ; Ueda et al.  2007  ) . 

 The situation is similarly complex in the case of claudin-7. While our laboratory 
demonstrated increased claudin-7 expression in 12 samples from stage I–III tumors, 
larger studies have suggested that expression of claudin-7 mRNA decreases in 
correlation with invasion and lymph node metastasis (Oshima et al.  2008 ; Tang 
et al.  2011  ) , maybe due to hypermethylation of its promoter (Nakayama et al.  2008  ) . 
Yet, convincing data was obtained by Kuhn and colleagues  (  2007  )  on 104 primary 
CRC and 66 liver metastasis samples, demonstrating that the expression of claudin-7, 
along with that of interacting proteins EpCAM, CO-029 and CD44v6, was frequently 
up-regulated to the same extent in both types of samples, arguing against a relation-
ship between metastatic progression and claudin-7 expression. Interestingly, Hewitt 
and colleagues  (  2006  )  also found an overexpression of claudin-7 in colon cancer 
samples and suggested that the expression of claudins-3, -4, and -7, which was fre-
quently elevated in several cancers and appeared to show a tight association, may 
re fl ect a coordinated regulation of these genes. Finally, a frequent up-regulation of 
claudin-12 and down-regulation of claudin-8 mRNA was detected in a panel of 30 
microdissected CRC samples of all stages (Grone et al.  2007  ) . 

 As the original transmembrane tight junction protein to be discovered in 1993 
(Furuse et al.  1993  ) , occludin has also been subject to intense scrutiny in the cancer 
setting. Most results concur in saying that occludin expression is stable or locally 
decreased in human CRC samples (Kinugasa et al.  2007 ; Resnick et al.  2005 ; 
Tobioka et al.  2002  ) , with a clear trend towards down-regulation in poorly differen-
tiated primary carcinomas (Kimura et al.  1997  ) , followed by reexpression in liver 
metastasis samples (Orban et al.  2008  ) . Similarly, although very little is known 
about the expression of TJ cytoplasmic plaque proteins in colorectal cancer, the 
expression of ZO-1 was often reported to be down-regulated during tumor progres-
sion (Kaihara et al.  2003 ; Kimura et al.  1997 ; Resnick et al.  2005  ) , but the protein 
appears to be strongly re-expressed in liver metastasis samples (Kaihara et al.  2003 ; 
Orban et al.  2008  ) . Kinugasa and colleagues  (  2007  )  also reported a moderate over-
expression of ZO-2 using RT-qPCR and immunohistochemistry techniques on a 
small population of patient CRC samples.  

    7.2.3   Altered Localization of TJ Proteins in CRC 

 As brie fl y mentioned above, it is important to remember that, if the quanti fi cation of 
expression levels obviously provides essential information concerning tight junction 
proteins, precise analysis of their localisation should always be taken into consideration. 
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Indeed, alterations of mRNA/protein expression are not an essential requirement to 
explain disruptions in the functionality of tight junctions or their involvement in 
tumor progression. The localization of proteins from the TJ cytoplasmic plaque is 
particularly sensitive to subtle phenotypic changes in tumor cells. Several of these 
proteins are known to shuttle between the TJ and the cytoplasm or nucleus under 
physiological conditions (Anderson and Van Itallie  2009 ; Polette et al.  2007  ) , and 
their preferential localization may be tipped away from the TJ in tumor cells (Harhaj 
and Antonetti  2004  ) . Such variations can occur in a subtle way in early, preneoplas-
tic stages, as demonstrated by our group in the case of ZO-1 (Pannequin et al.  2007  ) , 
while the localization of shuttling proteins such as symplekin can become exclu-
sively nuclear in human CRC (Buchert et al.  2010  ) . ZO-1 and ZO-2 can also display 
a quite prominent nuclear localization (Gottardi et al.  1996 ; Islas et al.  2002  ) , 
although this has not been demonstrated as yet in CRC. Finally, in a study on 12 
colon adenocarcinoma samples using immunoperoxidase-based staining, peculiar 
cingulin immunoreactivity was detected at the interface between tumor tissue and 
the surrounding stroma in poorly differentiated CRC, while the pro fi le of cingulin 
staining appeared similar in well to moderately differentiated samples, (Citi et al. 
 1991  ) . In addition, as brie fl y mentioned above, mislocalization of TJ transmem-
brane proteins is also frequently encountered in CRC histological samples, as dem-
onstrated in the case of claudin-1, which can be found in the cell nucleus (Dhawan 
et al.  2005  ) . The localization of claudin-4 is also altered in CRC (Resnick et al. 
 2005  ) , and this was shown to disrupt paracellular permeability (Tanaka et al.  2005  ) . 
Interestingly, tyrosine phosphorylation of claudin-4 by the Eph receptor EphA2 was 
shown to enhance paracellular permeability by reducing the cell-cell contact local-
ization of claudin-4 and decreasing its association with ZO-1 (Tanaka et al.  2005  ) . 
The overexpression of EphA2 in colorectal cancer correlates with invasion and 
metastasis development (Saito et al.  2004  ) , suggesting that this protein could be 
involved in the transcription-independent disruption of tight junctional complexes 
during cancer progression. Another mechanism that leads to the loss of tight junc-
tion involves EphrinB1, which can compete with the association of Cdc42 with 
Par-6, thereby inactivating the Par complex (Lee et al.  2008  ) . The occurrence of 
such mechanisms calls for a more thorough examination of TJ protein expression/
localization relationships in tumors, as well as for a precise examination of their 
localization in multiple areas of the tumor, and particularly highly angiogenic and 
in invasive regions.   

    7.3   Consequences of TJ Alteration for Tumor Growth 
and Metastasis 

 Before analysing putative causal relationships between tight junction alterations 
and cancer development or progression, one should bear in mind that tumors are 
often extremely heterogeneous from a structural, genetic and phenotypic point of 
view. This is obviously true between different types of cancers, but also between 
cancers of the same type across different patients, at different stages of a given 
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tumor’s evolution, as well as between different regions of a given tumor at a given 
point in time. Apparent paradoxes between tight junction protein expression in 
different studies should be viewed in this context, and precise description of local 
and temporal variations of these (and most other) proteins will be necessary before 
we can gain a broader understanding of their real impact on tumor evolution, and of 
their actual interest for prognosis or therapy. 

    7.3.1   Disruption of Paracellular Permeability 
in Early-Stage Tumors 

 This being said, alterations of TJ protein expression and/or localization can clearly 
become important enough to disrupt the structure of tight junctions as well as their 
fence and barrier functions. Such alterations are likely to have a high impact during 
early stages of colon cancer development (Soler et al.  1999  ) , and the resulting leakiness 
can promote in fl ammatory processes (Mullin  2004  )  and increase the permeabilization 
to various ions, thereby altering tissue homeostasis (Tsukita et al.  2008  ) . Another 
signi fi cant consequence of this leakiness is that the passage of growth factors 
from the lumen through the paracellular space becomes possible, thereby allow-
ing them to come in contact with their receptors previously segregated along the 
basolateral membrane of intestinal cells (Bishop and Wen  1994  ) , resulting in an 
increased pro-mitotic signalling (Mullin  2004  ) . As an example, Epidermal Growth 
Factor (EGF) is secreted into the gastrointestinal lumen while its receptors are 
mainly expressed on the basolateral membrane of epithelial cells (Playford et al. 
 1996 ; Playford and Wright  1996  ) . In a physiological setting, this pool of EGF is 
only though to come in contact with its receptors upon mechanical or infectious 
damage to the epithelium, and the ensuing proliferating effect of EGF is thought 
to facilitate wound healing (Murphy  1998 ; Playford and Wright  1996  ) . However, 
in premalignant tissue, constant proliferative effect of EGF is made possible by 
chronic TJ disruption, thus contributing to the onset of adenomas and/or carcino-
mas (Mullin  1997,   2004  ) .  

    7.3.2   Modulation of Tumor-Promoting Cell Signalling 
by TJ Protein Alterations 

 A number of results also suggest that, beyond their consequences on tight junction 
structure, alterations in the expression and/or subcellular localization of individual 
tight junction proteins can results in tumor promotion, suggesting that these altera-
tions can modulate intracellular signalling in cancer cells. A number of results 
obtained in vitro also corroborate the fact that TJ proteins modulate cell phenotype 
in sub-con fl uent conditions where no epithelial barrier is established. Thus, claudin-1 
was shown to stimulate the transcriptional activity of the  β -catenin/Tcf-4 complex, 
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a key effector of the canonical Wnt pathway, in CRC cells (Dhawan et al.  2005 ; 
Miwa et al.  2001  ) . This pathway has a well-described role in the aetiology of col-
orectal cancer, from the onset of intestinal tumorigenesis (Morin et al.  1997  )  to the 
maintenance (Scholer-Dahirel et al.  2011  )  and invasion (Brabletz et al.  1998 ; Hlubek 
et al.  2004  )  of more advanced tumors. Our laboratory also showed that claudin-7 
overexpression in HT-29 CRC cells increases Tcf-4 target gene expression, prolif-
eration, and tumorigenicity after injection in nude mice (Darido et al.  2008  ) . Other 
groups also found that claudin-7 overexpression promotes resistance to apoptosis 
and tumor growth, particularly in tumors where EpCAM, CO-029, and CD44v6 are 
co-expressed with this protein (Kuhn et al.  2007  ) . Overexpression of claudin-2 in 
CRC cells promotes cell proliferation and anchorage-independent growth, and 
claudin-2 may mediate some of the effects of EGF on tumor cell proliferation, 
raising the intriguing possibility that claudin-2 may be involved in EGF receptor 
transactivation (Dhawan et al.  2011  ) . Intriguingly, an opposite effect was reported 
concerning occludin. Indded, decreased TJ expression of occludin following treat-
ment with synthetic peptides homologous to the second extracellular domain of 
this protein was demonstrated to increase transcription by  β -catenin/TCF and to 
up-regulate the expression of its downstream target gene c-Myc (Vietor et al.  2001  ) . 

 Finally, modulation of the TJ cytoplasmic plaque, known to be a dynamic process 
under the tight regulation of multiple signalling pathways (Anderson and Van Itallie 
 2009  ) , may also play a regulatory role on the behaviour or cancer cells. Thus, several 
proteins of the  Zonula Occludens  (ZO) family have been shown to modulate the cell 
cycle and proliferative capacities of epithelial cells (Anderson and Van Itallie  2009 ; 
Steed et al.  2010  ) . These proteins are thought to have a ‘tumor suppressor’ effect and 
their mislocalization in CRC could therefore enhance the proliferative potential of 
tumor cells (Harhaj and Antonetti  2004  ) . Thus, when expressed at the TJ, ZO-1 func-
tions as an inhibitor of ZONAB nuclear accumulation by cytoplasmic sequestration 
(Balda and Matter  2000  ) , and this ZO-1/ZONAB interaction regulates nuclear cdk-4 
accumulation and cell proliferation (Balda et al.  2003  ) . ZO-2 was also shown to 
localization at the TJ or in the nucleus, and nuclear ZO-2 can interact with c-Myc to 
bind the Cyclin D1 promoter, thereby repressing its activity (Huerta et al.  2007  )  and 
inhibiting cell cycle progression (Gonzalez-Mariscal et al.  2009  ) . In addition, ZO-2 
overexpression decreases the phosphorylation of GSK3 β , increasing its ability to 
phosphorylate  β -catenin and thus decreasing Wnt target gene expression (Tapia et al. 
 2009  ) . In contrast, an interaction between ZO-3 and cyclin D1 was shown to stabilize 
the latter and thus to facilitate G1/S phase transition (Capaldo et al.  2011  ) .  

    7.3.3   A Role for TJ Protein Alterations in CRC Invasion 
and Metastasis Development? 

 As tumors become more aggressive, Epithelial to Mesenchyme Transition (EMT) 
is a crucial step where epithelial cell acquire a pro-migratory mesenchymal phenotype 
and gain the ability to invade adjacent tissues and initiate metastasis development. 
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To gain this aggressive phenotype, tumor cells located towards the invasive edge 
must  fi rst lose their cell-cell adhesion and their polarity. The disruption of TJ is 
thus an essential step towards the acquisition of a more invasive state, and several 
EMT inducers like TGF- β , HGF, EGF, ZEB1, Snail or Slug are also negative regu-
lators of TJ, promoting their disruption (Grotegut et al.  2006 ; Ikenouchi et al.  2003 ; 
Masuda et al.  2010 ; Ozdamar et al.  2005 ; Vincent et al.  2009 ; Wang et al.  2007  ) . 

 In turn, a number of teams have obtained results demonstrating that additional 
pro-invasive signalling can be induced in tumor cells by overexpression or by down-
regulation of TJ proteins, depending on the protein considered. Thus, increased clau-
din-1 expression was shown to disrupt the polarized nature of T84 colorectal cancer 
cells (Huo et al.  2009  ) , and induced overexpression of Claudin-1 in human CRC 
cells increased liver metastasis following intrasplenic injection (Dhawan et al. 
 2005  ) . This latter effect appears mediated by a strong ZEB-1-driven down-regulation 
of E-cadherin expression in these cells (Singh et al.  2011  ) , a mechanism that seems 
to be independent from SNAI1 (Snail) and SNAI2 (Slug) (Dhawan et al.  2005  ) . 
A recent work from the same group suggests that physical association of claudin-1 
with the Src tyrosine kinase and subsequent modulation of anoikis could be a key 
regulatory mechanism in the promoting role of claudin-1 on CRC invasion (Singh 
et al.   2012  ) . Claudin-2, often overexpressed in CRC, was shown to promote motility 
and invasion of gastric, lung (Mima et al.  2008  )  and colorectal carcinoma cells 
(Takehara et al.  2009  )  in vitro, an effect that appears mediated by Sp1-driven tran-
scription of MMP-9 in non-small cell lung cancer (Ikari et al.  2011  ) . 

 The precise role of claudin-7 on tumor progression is less well-characterized, 
with one group demonstrating that its overexpression, in correlation with that of 
EpCAM, CO-029, and CD44v6, facilitates tumor progression and metastasis 
formation (Kuhn et al.  2007  )  by regulating EpCAM-mediated functions (Nubel 
et al.  2009  ) , while two other publications correlate loss of expression of claudin-7 
with increased invasion (Nakayama et al.  2008 ; Tang et al.  2011  ) . 

 Down-regulation of other TJ transmembrane proteins was shown to promote loss 
of polarity and invasive behavior. For example, decreased expression of occludin 
induced a loss in the polarized distribution of carcinoembryonic antigen in human 
colorectal adenocarcinoma samples. (Tobioka et al.  2002  ) , and siRNA-mediated clau-
din-4 knockdown up-regulated the motility in SW480 CRC cells (Ueda et al.  2007  ) . 

 Finally, as suggested above, more subtle regulation of TJ cytoplasmic plaque 
proteins may also be involved in local alterations of the invasive behaviour of tumor 
cells. Although to our knowledge no precise demonstration was performed in col-
orectal cancer, the report of Hirakawa and colleagues suggests that interaction of 
ZO-1 with cortactin, an actin  fi lament (F-actin)-binding protein that promotes actin 
polymerization and stimulates cancer cell migration and invasion, promotes cancer 
progression (Hirakawa et al.  2009  ) . This result is in accordance with studies reporting 
the formation of a ZO-1/alpha5-integrin complex involved in lamellae formation at 
the leading edge of migrating lung cancer cells (Tuomi et al.  2009  ) . Finally, ZO-1 
mutants that encode the PDZ domains but do not localize at the plasma membrane, 
strongly induce EMT and beta-catenin signalling in canine kidney (MDCK) cells 
(Reichert et al.  2000  ) , again suggesting that observed changes in the localization of 
this protein will promote CRC progression.  



1597 Tight Junctions in Colorectal Cancer

    7.3.4   Permeabilization of Endothelial TJ During 
the Metastasis Process 

 An important step in the formation of cancer metastasis is the penetration of the vascular 
endothelium by dissociated cancer cells. Tumor cells may have several weapons at 
their disposal to modulate the permeability of tight junctions and thus facilitate their 
intravasion and extravasion through endothelial walls. Although little data is available 
from colorectal cancer studies, lessons can be learned from work performed on other 
cancers. A  fi rst study showed that treatment of endothelial cell monolayer with condi-
tioned medium prepared from highly invasive and metastatic melanoma cells, increased 
the endothelium permeability and damaged the TJ integrity (as assayed using TER, 
transendothelial resistance) (Utoguchi et al.  1995  ) . Thus, matrix metalloproteinases 
may play a role in the degradation of transmembrane tight junction proteins in endothe-
lial cells. Indeed, in Central Nervous System leukemia, matrix metalloproteinases 
MMP-2 and MMP-9 are secreted by leukemic cells and mediate the Blood-brain 
Barrier opening by disrupting transmembrane tight junction proteins (occludin and 
claudin-5), but also junctional plaque proteins such as ZO-1 (Feng et al.  2011a  ) . 

 Moreover, secretion of VEGF by disseminating tumor cells may also play a role 
in enhancing the permeability of endothelia by disrupting tight junction proteins. 
Vascular endothelial growth factor A (VEGF) is a key angiogenic mediator that 
stimulates endothelial cell proliferation and regulates vascular permeability. Feng 
and colleagues hypothesized that leukemic cells could secrete VEGF to reduce the 
expression of occludin, claudin-5 and ZO-1 in order to disrupt the Blood-brain 
Barrier (Feng et al.  2011b  ) . A  fi rst experimental proof of this hypothesis came from 
the work of Argaw and colleagues  (  2009  ) , who describe the down-regulation of 
claudin-5 and occludin expression after VEGF treatment on brain microvascular 
endothelial cells or in mouse cerebral cortex. In addition, only recombinant 
claudin-5, not occludin, protected brain microvascular endothelial cells from a 
VEGF-induced increase in paracellular permeability (Argaw et al.  2009  ) . The 
important role of claudin-5 in tumor progression is also suggested by observations 
made in situ on tumor vasculature. As an example, in hepatocellular carcinoma, 
poor differentiation and lower postoperative overall survival rate is associated with 
lower expression of claudin-5 in tumor vessels (Sakaguchi et al.  2008  ) .   

    7.4   TJ Proteins in the Clinical Setting: Prognostic Markers 
and/or Targets for Therapy in CRC? 

 For a number of years, scientists have suggested that tight junction proteins could 
represent promising prognostic markers as well as putative targets for cancer therapy. 
Yet, as summarized above, the alterations of TJ proteins in colorectal cancer are 
complex and not entirely understood, and the possibility to use this information in 
the clinical setting therefore remains unproven. 
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    7.4.1   TJ Proteins as Biomarkers 

 Thus, a small number of investigators have attempted to determine whether 
measurement of expression and/or localization of selective claudin isoforms in primary 
CRC could generate valuable information to help predict disease evolution. Although 
a number of promising avenues have been uncovered and should be explored fur-
ther, opposite results obtained by different groups still make for a somewhat fuzzy 
picture of how these markers could be used for the bene fi t of patients. As an exam-
ple, while most groups reported the overexpression of claudin-1 in CRC of all stages 
(see above), and despite the fact that molecular data points towards a pro-invasive 
role of overexpressed claudin-1 (Singh et al.  2011  ) , the two main studies to have 
speci fi cally tackled this issue found a signi fi cant a negative correlation between 
claudin-1 expression and good prognosis (Resnick et al.  2005  )  or lymph node 
metastasis (Ersoz et al.  2011  ) . Similarly, overexpression of claudin-7, in association 
with that of EpCAM, CO-029, and CD44v6, inversely correlated with disease-free 
survival in a study analysing a large number of primary colorectal cancer ( n  = 104) 
and liver metastasis ( n  = 66) samples (Kuhn et al.  2007  ) . Yet, using quantitative real-
time RT-PCR on a population of tumor and adjacent normal mucosa samples from 
205 untreated patients, Oshima and colleagues found that reduced expression of the 
claudin-7 gene may be a useful predictor of liver metastasis in patients with CRC 
(Oshima et al.  2008  ) . Finally, only one large study has been performed so far 
concerning the potential of claudin-4 as a biomarker in CRC, and in this case the 
molecular data  fi ts well with in vivo correlation data between expression and clini-
copathological parameters. Thus, in a population of 129 primary and 44 metastasis 
tumor samples, Ueda and colleagues  (  2007  )  found that claudin-4 immunoreactivity 
was signi fi cantly decreased in moderately and poorly differentiated adenocarcinomas, 
particularly at the invasive front and at regions of vessel in fi ltration. Decreased 
expression of claudin-4 was signi fi cantly correlated with depth of invasion, lymphatic 
vessel invasion and presence of metastases, suggesting that claudin-4 expression 
and metastatic development are inversely correlated in CRC. Using multivariate 
Cox analysis, this group also detected a strong but not quite signi fi cant trend towards 
increased local recurrence in stage II CRC tumors displaying decreased claudin-4 
expression when compared with tumors of the same stage with high histological 
grade or detectable vessel invasion (Ueda et al.  2007  ) . In accordance with this data, 
their in vitro results indicated that claudin-4 down-regulation signi fi cantly upregu-
lated cell motility in colorectal cancer cells. Their conclusion was that decreased 
claudin-4 expression might be a good biomarker for diagnosing the risk of distant 
metastasis. Finally, it is very interesting to note that, in vitro, tumor cells from various 
cancers including CRC appear to shed full-length claudin molecules in the culture 
medium, and these molecules are incorporated into exosomes. As an example, due 
to the selective presence of claudin-4-containing exosomes in the bloodstream of 
women with ovarian cancer, this isoform is proposed as a good biomarker for 
this type of cancer (Li et al.  2009  ) . These results suggest that detection of other 
claudins in vivo could signal the presence of different tumor types, including CRC. 



1617 Tight Junctions in Colorectal Cancer

In any case, a number of additional thorough studies are clearly required before 
any of these prospective markers can be forwarded towards clinical use in the 
diagnosis or the prognosis of CRC evolution.  

    7.4.2   TJ-Targeted Therapeutic Approaches 

 In terms of TJ-targeted therapy,  Clostridium perfringens  enterotoxin (CPE) stands 
out as the most promising candidate in a number of solid tumors, although the data 
obtained in CRC is so far minimal. CPE, produced by the food poisoning-inducing 
Clostridium perfringens type A strain, is known to induce cell death via the forma-
tion of large pores into the plasma membrane, which dramatically increases mem-
brane permeability and leads to the loss of osmotic equilibrium. CPE strongly binds 
via its C-terminus to claudin-4 and, with lower af fi nity, to claudin-3 (for review, see 
for example (Kondoh et al.  2006  ) ). Administration of various forms of full-length or 
C-terminal fragments of CPE has been demonstrated to exert potent in vitro and 
in vivo cytotoxic effects on several types of solid tumors, such as pancreatic endo-
metrial, ovarian, lung, and prostate cancers (Morin  2005  ) . Although the ubiquitous 
nature of claudin-3 and -4 expression suggests that systemic administration of CPE 
may trigger a number of toxic side effects, precise dosage of CPE as well as, when-
ever possible, direct intra-tumoral administration, could certainly provide therapeu-
tic bene fi t for patients with tumors that strongly overexpress claudin-3 and/or 
claudin-4. New strategies such as the use non-viral intratumoral gene transfer of 
CPE cDNA may also provide a more selective targeting allowing to circumvent 
potential side effects (Walther et al.  2012  ) . One should keep in mind however that 
only those tumors that express signi fi cant amount of claudin-3 and/or -4 at the 
plasma membrane will be targeted by CPE, implying that immunohistochemical 
detection of claudin localization in tumor samples is an essential prerequisite before 
using such approaches. 

 Various other approaches are currently under investigation in order to target 
claudins or other TJ proteins, although these strategies are not as still in its infancy. 
Selective antibodies were recently developed against claudin-4 (Suzuki et al.  2009  ) , 
claudin-3/4 (Kato-Nakano et al.  2010  ) , and claudin-18 (Sahin et al.  2008  ) , with the 
former being able to mediate antibody-dependent cell cytotoxicity (ADCC) and 
in vivo anti-tumor activity on pancreatic and ovarian cells. No results are available 
as yet concerning the prospective use of these antibodies in the CRC setting. 
Another, more recent approach aims to enhance the permeability of tight junctions, 
mostly through the use of peptide modulators (Takahashi et al.  2011  ) , in order to 
facilitate the passage of other drugs. A proof of concept experiment for such 
approach was provided on breast, gastric, ovarian and lung cancer cell xenografts 
with the use of a small, recombinant adenovirus serotype 3-derived protein, termed 
junction opener 1 (JO-1), which greatly enhanced penetration and/or ef fi ciency of 
the anti-HER2 and anti-EGFR monoclonal antibodies Trastuzumab and Cetuximab 
(Beyer et al.  2011  ) . The usefulness of such approach for CRC treatment remains to 
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be demonstrated, although it is reasonable to think that it could mostly be of bene fi t 
in early stage and/or highly differentiated (low grade) tumors. In contrast, the 
recently demonstrated anti-invasive and anti-metastatic effect of Diallyl disul fi de, 
which appears related to its capacity to increase tightness of TJ and to decrease 
matrix metalloproteinase activity in prostate cancer cells (Shin et al.  2010  ) , suggests 
that tight junctions could also be alternative therapeutic targets in later-stage epithe-
lial cancers.       

   References 

    Anderson JM, Van Itallie CM (2009) Physiology and function of the tight junction. Cold Spring 
Harb Perspect Biol 1:a002584  

    Argaw AT, Gurfein BT, Zhang Y, Zameer A, John GR (2009) VEGF-mediated disruption of endothe-
lial CLN-5 promotes blood-brain barrier breakdown. Proc Natl Acad Sci USA 106:1977–1982  

    Aung PP, Mitani Y, Sanada Y, Nakayama H, Matsusaki K, Yasui W (2006) Differential expression of 
claudin-2 in normal human tissues and gastrointestinal carcinomas. Virchows Arch 448:428–434  

    Balda MS, Matter K (2000) The tight junction protein ZO-1 and an interacting transcription factor 
regulate ErbB-2 expression. EMBO J 19:2024–2033  

    Balda MS, Garrett MD, Matter K (2003) The ZO-1-associated Y-box factor ZONAB regulates 
epithelial cell proliferation and cell density. J Cell Biol 160:423–432  

       Beyer I, van Rensburg R, Strauss R, Li Z, Wang H, Persson J, Yumul R, Feng Q, Song H, Bartek J, 
Fender P, Lieber A (2011) Epithelial junction opener JO-1 improves monoclonal antibody 
therapy of cancer. Cancer Res 71(22):7080–7090  

    Bishop WP, Wen JT (1994) Regulation of Caco-2 cell proliferation by basolateral membrane 
epidermal growth factor receptors. Am J Physiol 267:G892–G900  

    Brabletz T, Jung A, Hermann K, Gunther K, Hohenberger W, Kirchner T (1998) Nuclear overex-
pression of the oncoprotein beta-catenin in colorectal cancer is localized predominantly at the 
invasion front. Pathol Res Pract 194:701–704  

    Buchert M, Papin M, Bonnans C, Darido C, Raye WS, Garambois V, Pelegrin A, Bourgaux JF, 
Pannequin J, Joubert D, Hollande F (2010) Symplekin promotes tumorigenicity by up-regulating 
claudin-2 expression. Proc Natl Acad Sci U S A 107:2628–2633  

    Capaldo CT, Koch S, Kwon M, Laur O, Parkos CA, Nusrat A (2011) Tight function zonula 
occludens-3 regulates cyclin D1-dependent cell proliferation. Mol Biol Cell 22:1677–1685  

    Citi S, Amorosi A, Franconi F, Giotti A, Zampi G (1991) Cingulin, a speci fi c protein component 
of tight junctions, is expressed in normal and neoplastic human epithelial tissues. Am J Pathol 
138:781–789  

    Crosnier C, Stamataki D, Lewis J (2006) Organizing cell renewal in the intestine: stem cells, 
signals and combinatorial control. Nat Rev Genet 7:349–359  

    Darido C, Buchert M, Pannequin J, Bastide P, Zalzali H, Mantamadiotis T, Bourgaux JF, Garambois 
V, Jay P, Blache P, Joubert D, Hollande F (2008) Defective claudin-7 regulation by Tcf-4 and 
Sox-9 disrupts the polarity and increases the tumorigenicity of colorectal cancer cells. Cancer 
Res 68:4258–4268  

    de Oliveira SS, de Oliveira IM, De Souza W, Morgado-Diaz JA (2005) Claudins upregulation in 
human colorectal cancer. FEBS Lett 579:6179–6185  

    Dhawan P, Singh AB, Deane NG, No Y, Shiou SR, Schmidt C, Neff J, Washington MK, Beauchamp 
RD (2005) Claudin-1 regulates cellular transformation and metastatic behavior in colon cancer. 
J Clin Invest 115:1765–1776  

    Dhawan P, Ahmad R, Chaturvedi R, Smith JJ, Midha R, Mittal MK, Krishnan M, Chen X, Eschrich 
S, Yeatman TJ, Harris RC, Washington MK, Wilson KT, Beauchamp RD, Singh AB (2011) 
Claudin-2 expression increases tumorigenicity of colon cancer cells: role of epidermal growth 
factor receptor activation. Oncogene 30:3234–3247  



1637 Tight Junctions in Colorectal Cancer

    Ersoz S, Mungan S, Cobanoglu U, Turgutalp H, Ozoran Y (2011) Prognostic importance of 
claudin-1 and claudin-4 expression in colon carcinomas. Pathol Res Pract 207:285–289  

    Feng S, Cen J, Huang Y, Shen H, Yao L, Wang Y, Chen Z (2011a) Matrix metalloproteinase-2 and 
-9 secreted by leukemic cells increase the permeability of blood-brain barrier by disrupting 
tight junction proteins. PLoS One 6:e20599  

    Feng S, Huang Y, Chen Z (2011b) Does VEGF secreted by leukemic cells increase the permeabil-
ity of blood-brain barrier by disrupting tight-junction proteins in central nervous system leuke-
mia? Med Hypotheses 76:618–621  

    Furuse M, Hirase T, Itoh M, Nagafuchi A, Yonemura S, Tsukita S (1993) Occludin: a novel integral 
membrane protein localizing at tight junctions. J Cell Biol 123:1777–1788  

    Georges R, Bergmann F, Hamdi H, Zepp M, Eyol E, Hielscher T, Berger MR, Adwan H (2011) 
Sequential biphasic changes in claudin1 and claudin4 expression are correlated to colorectal 
cancer progression and liver metastasis. J Cell Mol Med 16(2):260–272  

    Gonzalez-Mariscal L, Tapia R, Huerta M, Lopez-Bayghen E (2009) The tight junction protein ZO-2 
blocks cell cycle progression and inhibits cyclin D1 expression. Ann N Y Acad Sci 1165:121–125  

    Gottardi CJ, Arpin M, Fanning AS, Louvard D (1996) The junction-associated protein, zonula 
occludens-1, localizes to the nucleus before the maturation and during the remodeling of cell-
cell contacts. Proc Natl Acad Sci 93:10779–10784  

    Grone J, Weber B, Staub E, Heinze M, Klaman I, Pilarsky C, Hermann K, Castanos-Velez E, 
Ropcke S, Mann B, Rosenthal A, Buhr HJ (2007) Differential expression of genes encoding 
tight junction proteins in colorectal cancer: frequent dysregulation of claudin-1, -8 and -12. Int 
J Colorectal Dis 22:651–659  

    Grotegut S, von Schweinitz D, Christofori G, Lehembre F (2006) Hepatocyte growth factor induces 
cell scattering through MAPK/Egr-1-mediated upregulation of Snail. EMBO J 25:3534–3545  

    Hahn-Stromberg V, Edvardsson H, Bodin L, Franzen L (2009) Tumor volume of colon carcinoma 
is related to the invasive pattern but not to the expression of cell adhesion proteins. APMIS 
117:205–211  

    Halder SK, Rachakonda G, Deane NG, Datta PK (2008) Smad7 induces hepatic metastasis in 
colorectal cancer. Br J Cancer 99:957–965  

    Harhaj NS, Antonetti DA (2004) Regulation of tight junctions and loss of barrier function in 
pathophysiology. Int J Biochem Cell Biol 36:1206–1237  

    Hewitt KJ, Agarwal R, Morin PJ (2006) The claudin gene family: expression in normal and 
neoplastic tissues. BMC Cancer 6:186  

    Hirakawa H, Shibata K, Nakayama T (2009) Localization of cortactin is associated with colorectal 
cancer development. Int J Oncol 35:1271–1276  

    Hlubek F, Spaderna S, Jung A, Kirchner T, Brabletz T (2004) Beta-catenin activates a coordinated 
expression of the proinvasive factors laminin-5 gamma2 chain and MT1-MMP in colorectal 
carcinomas. Int J Cancer 108:321–326  

    Holmes JL, Van Itallie CM, Rasmussen JE, Anderson JM (2006) Claudin pro fi ling in the mouse 
during postnatal intestinal development and along the gastrointestinal tract reveals complex 
expression patterns. Gene Expr Patterns 6:581–588  

    Huerta M, Munoz R, Tapia R, Soto-Reyes E, Ramirez L, Recillas-Targa F, Gonzalez-Mariscal L, 
Lopez-Bayghen E (2007) Cyclin D1 is transcriptionally down-regulated by ZO-2 via an E box 
and the transcription factor c-Myc. Mol Biol Cell 18:4826–4836  

    Huo Q, Kinugasa T, Wang L, Huang J, Zhao J, Shibaguchi H, Kuroki M, Tanaka T, Yamashita Y, 
Nabeshima K, Iwasaki H (2009) Claudin-1 protein is a major factor involved in the tumorigen-
esis of colorectal cancer. Anticancer Res 29:851–857  

    Ikari A, Sato T, Takiguchi A, Atomi K, Yamazaki Y, Sugatani J (2011) Claudin-2 knockdown 
decreases matrix metalloproteinase-9 activity and cell migration via suppression of nuclear 
Sp1 in A549 cells. Life Sci 88:628–633  

    Ikenouchi J, Matsuda M, Furuse M, Tsukita S (2003) Regulation of tight junctions during the 
epithelium-mesenchyme transition: direct repression of the gene expression of claudins/occlu-
din by Snail. J Cell Sci 116:1959–1967  

    Islas S, Vega J, Ponce L, González-Mariscal L (2002) Nuclear localization of the tight junction 
protein ZO-2 in epithelial cells. Exp Cell Res 274:138–148  



164 F. Hollande and M. Papin

    Kaihara T, Kawamata H, Imura J, Fujii S, Kitajima K, Omotehara F, Maeda N, Nakamura T, 
Fujimori T (2003) Redifferentiation and ZO-1 reexpression in liver-metastasized colorectal 
cancer: possible association with epidermal growth factor receptor-induced tyrosine phospho-
rylation of ZO-1. Cancer Sci 94:166–172  

    Kato-Nakano M, Suzuki M, Kawamoto S, Furuya A, Ohta S, Nakamura K, Ando H (2010) 
Characterization and evaluation of the antitumour activity of a dual-targeting monoclonal anti-
body against claudin-3 and claudin-4. Anticancer Res 30:4555–4562  

    Kimura Y, Shiozaki H, Hirao M, Maeno Y, Doki Y, Inoue M, Monden T, Ando-Akatsuka Y, Furuse 
M, Tsukita S, Monden M (1997) Expression of occludin, tight-junction-associated protein, in 
human digestive tract. Am J Pathol 151:45–54  

    Kinugasa T, Huo Q, Higashi D, Shibaguchi H, Kuroki M, Tanaka T, Futami K, Yamashita Y, 
Hachimine K, Maekawa S, Nabeshima K, Iwasaki H (2007) Selective up-regulation of 
claudin-1 and claudin-2 in colorectal cancer. Anticancer Res 27:3729–3734  

    Kondoh M, Takahashi A, Fujii M, Yagi K, Watanabe Y (2006) A novel strategy for a drug delivery 
system using a claudin modulator. Biol Pharm Bull 29:1783–1789  

    Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW, Vogelstein B, Clevers H 
(1997) Constitutive transcriptional activation by a beta-catenin-Tcf complex in APC−/− colon 
carcinoma. Science 275:1784–1787  

    Kuhn S, Koch M, Nubel T, Ladwein M, Antolovic D, Klingbeil P, Hildebrand D, Moldenhauer G, 
Langbein L, Franke WW, Weitz J, Zoller M (2007) A complex of EpCAM, claudin-7, CD44 variant 
isoforms, and tetraspanins promotes colorectal cancer progression. Mol Cancer Res 5:553–567  

    Lee HS, Nishanian TG, Mood K, Bong YS, Daar IO (2008) EphrinB1 controls cell-cell junctions 
through the Par polarity complex. Nat Cell Biol 10:979–986  

    Li J, Sherman-Baust CA, Tsai-Turton M, Bristow RE, Roden RB, Morin PJ (2009) Claudin-
containing exosomes in the peripheral circulation of women with ovarian cancer. BMC Cancer 
9:244  

    Maloy KJ, Powrie F (2011) Intestinal homeostasis and its breakdown in in fl ammatory bowel dis-
ease. Nature 474:298–306  

    Martin TA, Mason MD, Jiang WG (2011) Tight junctions in cancer metastasis. Front Biosci 
16:898–936  

    Masuda R, Semba S, Mizuuchi E, Yanagihara K, Yokozaki H (2010) Negative regulation of the 
tight junction protein tricellulin by snail-induced epithelial-mesenchymal transition in gastric 
carcinoma cells. Pathobiology 77:106–113  

    Mees ST, Mennigen R, Spieker T, Rijcken E, Senninger N, Haier J, Bruewer M (2009) Expression 
of tight and adherens junction proteins in ulcerative colitis associated colorectal carcinoma: 
upregulation of claudin-1, claudin-3, claudin-4, and beta-catenin. Int J Colorectal Dis 
24:361–368  

    Mima S, Takehara M, Takada H, Nishimura T, Hoshino T, Mizushima T (2008) NSAIDs suppress 
the expression of claudin-2 to promote invasion activity of cancer cells. Carcinogenesis 
29:1994–2000  

    Miwa N, Furuse M, Tsukita S, Niikawa N, Nakamura Y, Furukawa Y (2001) Involvement of 
claudin-1 in the beta-catenin/Tcf signaling pathway and its frequent upregulation in human 
colorectal cancers. Oncol Res 12:469–476  

    Morin PJ (2005) Claudin proteins in human cancer: promising new targets for diagnosis and therapy. 
Cancer Res 65:9603–9606  

    Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, Kinzler KW (1997) Activation 
of beta-catenin-Tcf signaling in colon cancer by mutations in beta-catenin or APC. Science 
275:1787–1790  

    Mullin JM (1997) Potential interplay between luminal growth factors and increased tight junction 
permeability in epithelial carcinogenesis. J Exp Zool 279:484–489  

    Mullin JM (2004) Epithelial barriers, compartmentation, and cancer. Sci STKE 2004:pe2  
    Mullin JM, Laughlin KV, Ginanni N, Marano CW, Clarke HM, Peralta Soler A (2000) Increased 

tight junction permeability can result from protein kinase C activation/translocation and act as 
a tumor promotional event in epithelial cancers. Ann N Y Acad Sci 915:231–236  



1657 Tight Junctions in Colorectal Cancer

    Murphy MS (1998) Growth factors and the gastrointestinal tract. Nutrition 14:771–774  
    Nakayama F, Semba S, Usami Y, Chiba H, Sawada N, Yokozaki H (2008) Hypermethylation-

modulated downregulation of claudin-7 expression promotes the progression of colorectal car-
cinoma. Pathobiology 75:177–185  

    Nubel T, Preobraschenski J, Tuncay H, Weiss T, Kuhn S, Ladwein M, Langbein L, Zoller M (2009) 
Claudin-7 regulates EpCAM-mediated functions in tumor progression. Mol Cancer Res 7:285–299  

    Orban E, Szabo E, Lotz G, Kupcsulik P, Paska C, Schaff Z, Kiss A (2008) Different expression of 
occludin and ZO-1 in primary and metastatic liver tumors. Pathol Oncol Res 14:299–306  

    Oshima T, Kunisaki C, Yoshihara K, Yamada R, Yamamoto N, Sato T, Makino H, Yamagishi S, 
Nagano Y, Fujii S, Shiozawa M, Akaike M, Wada N, Rino Y, Masuda M, Tanaka K, Imada T 
(2008) Reduced expression of the claudin-7 gene correlates with venous invasion and liver 
metastasis in colorectal cancer. Oncol Rep 19:953–959  

    Ozdamar B, Bose R, Barrios-Rodiles M, Wang HR, Zhang Y, Wrana JL (2005) Regulation of the polar-
ity protein Par6 by TGFbeta receptors controls epithelial cell plasticity. Science 307:1603–1609  

    Pannequin J, Delaunay N, Darido C, Maurice T, Crespy P, Frohman MA, Balda MS, Matter K, 
Joubert D, Bourgaux JF, Bali JP, Hollande F (2007) Phosphatidylethanol accumulation pro-
motes intestinal hyperplasia by inducing ZONAB-mediated cell density increase in response to 
chronic ethanol exposure. Mol Cancer Res 5:1147–1157  

    Playford RJ, Wright NA (1996) Why is epidermal growth factor present in the gut lumen? Gut 
38:303–305  

    Playford RJ, Hanby AM, Gschmeissner S, Peiffer LP, Wright NA, McGarrity T (1996) The epider-
mal growth factor receptor (EGF-R) is present on the basolateral, but not the apical, surface of 
enterocytes in the human gastrointestinal tract. Gut 39:262–266  

    Polette M, Mestdagt M, Bindels S, Nawrocki-Raby B, Hunziker W, Foidart JM, Birembaut P, 
Gilles C (2007) Beta-catenin and ZO-1: shuttle molecules involved in tumor invasion-
associated epithelial-mesenchymal transition processes. Cells Tissues Organs 185:61–65  

    Radtke F, Clevers H, Riccio O (2006) From gut homeostasis to cancer. Curr Mol Med 6:275–289  
    Rahner C, Mitic LL, Anderson JM (2001) Heterogeneity in expression and subcellular localization 

of claudins 2, 3, 4, and 5 in the rat liver, pancreas, and gut. Gastroenterology 120:411–422  
    Reichert M, Muller T, Hunziker W (2000) The PDZ domains of zonula occludens-1 induce an 

epithelial to mesenchymal transition of Madin-Darby canine kidney I cells. Evidence for a role 
of beta-catenin/Tcf/Lef signaling. J Biol Chem 275:9492–9500  

    Resnick MB, Konkin T, Routhier J, Sabo E, Pricolo VE (2005) Claudin-1 is a strong prognostic 
indicator in stage II colonic cancer: a tissue microarray study. Mod Pathol 18:511–518  

    Sahin U, Koslowski M, Dhaene K, Usener D, Brandenburg G, Seitz G, Huber C, Tureci O (2008) 
Claudin-18 splice variant 2 is a pan-cancer target suitable for therapeutic antibody develop-
ment. Clin Cancer Res 14:7624–7634  

    Saito T, Masuda N, Miyazaki T, Kanoh K, Suzuki H, Shimura T, Asao T, Kuwano H (2004) 
Expression of EphA2 and E-cadherin in colorectal cancer: correlation with cancer metastasis. 
Oncol Rep 11:605–611  

    Sakaguchi T, Suzuki S, Higashi H, Inaba K, Nakamura S, Baba S, Kato T, Konno H (2008) 
Expression of tight junction protein claudin-5 in tumor vessels and sinusoidal endothelium in 
patients with hepatocellular carcinoma. J Surg Res 147:123–131  

    Scholer-Dahirel A, Schlabach MR, Loo A, Bagdasarian L, Meyer R, Guo R, Woolfenden S, Yu 
KK, Markovits J, Killary K, Sonkin D, Yao YM, Warmuth M, Sellers WR, Schlegel R, 
Stegmeier F, Mosher RE, McLaughlin ME (2011) Maintenance of adenomatous polyposis coli 
(APC)-mutant colorectal cancer is dependent on Wnt/ β -catenin signaling. Proc Natl Acad Sci 
U S A 108(41):17135–17140  

    Segditsas S, Tomlinson I (2006) Colorectal cancer and genetic alterations in the Wnt pathway. 
Oncogene 25:7531–7537  

    Shin DY, Kim GY, Kim JI, Yoon MK, Kwon TK, Lee SJ, Choi YW, Kang HS, Yoo YH, Choi YH 
(2010) Anti-invasive activity of diallyl disul fi de through tightening of tight junctions and inhi-
bition of matrix metalloproteinase activities in LNCaP prostate cancer cells. Toxicol In Vitro 
24:1569–1576  



166 F. Hollande and M. Papin

    Shiou SR, Singh AB, Moorthy K, Datta PK, Washington MK, Beauchamp RD, Dhawan P (2007) 
Smad4 regulates claudin-1 expression in a transforming growth factor-beta-independent manner 
in colon cancer cells. Cancer Res 67:1571–1579  

    Singh AB, Sharma A, Smith JJ, Krishnan M, Chen X, Eschrich S, Washington MK, Yeatman TJ, 
Beauchamp RD, Dhawan P (2011) Claudin-1 Upregulates the Repressor ZEB-1 to Inhibit 
E-Cadherin Expression in Colon Cancer Cells. Gastroenterology 141(6):2140–2153  

    Singh AB, Sharma A, Dhawan P (2012) Carcinogenesis 33(12):2538–2547  
    Soler AP, Miller RD, Laughlin KV, Carp NZ, Klurfeld DM, Mullin JM (1999) Increased tight 

junctional permeability is associated with the development of colon cancer. Carcinogenesis 
20:1425–1431  

    Steed E, Balda MS, Matter K (2010) Dynamics and functions of tight junctions. Trends Cell Biol 
20:142–149  

    Suzuki M, Kato-Nakano M, Kawamoto S, Furuya A, Abe Y, Misaka H, Kimoto N, Nakamura K, 
Ohta S, Ando H (2009) Therapeutic antitumor ef fi cacy of monoclonal antibody against 
Claudin-4 for pancreatic and ovarian cancers. Cancer Sci 100:1623–1630  

    Takahashi A, Kondoh M, Kodaka M, Yagi K (2011) Peptides as tight junction modulators. Curr 
Pharm Des 17(25):2699–2703  

    Takehara M, Nishimura T, Mima S, Hoshino T, Mizushima T (2009) Effect of claudin expression 
on paracellular permeability, migration and invasion of colonic cancer cells. Biol Pharm Bull 
32:825–831  

    Tanaka M, Kamata R, Sakai R (2005) EphA2 phosphorylates the cytoplasmic tail of claudin-4 and 
mediates paracellular permeability. J Biol Chem 280:42375–42382  

    Tang W, Dou T, Zhong M, Wu Z (2011) Dysregulation of claudin family genes in colorectal cancer 
in a Chinese population. Biofactors 37:65–73  

    Tapia R, Huerta M, Islas S, Avila-Flores A, Lopez-Bayghen E, Weiske J, Huber O, Gonzalez-
Mariscal L (2009) Zona occludens-2 inhibits cyclin D1 expression and cell proliferation and 
exhibits changes in localization along the cell cycle. Mol Biol Cell 20:1102–1117  

    Tobioka H, Isomura H, Kokai Y, Sawada N (2002) Polarized distribution of carcinoembryonic 
antigen is associated with a tight junction molecule in human colorectal adenocarcinoma. 
J Pathol 198:207–212  

    Tsukita S, Yamazaki Y, Katsuno T, Tamura A (2008) Tight junction-based epithelial microenviron-
ment and cell proliferation. Oncogene 27:6930–6938  

    Tuomi S, Mai A, Nevo J, Laine JO, Vilkki V, Ohman TJ, Gahmberg CG, Parker PJ, Ivaska J (2009) 
PKCepsilon regulation of an alpha5 integrin-ZO-1 complex controls lamellae formation in 
migrating cancer cells. Sci Signal 2:ra32  

    Ueda J, Semba S, Chiba H, Sawada N, Seo Y, Kasuga M, Yokozaki H (2007) Heterogeneous 
expression of claudin-4 in human colorectal cancer: decreased claudin-4 expression at the inva-
sive front correlates cancer invasion and metastasis. Pathobiology 74:32–41  

    Utoguchi N, Mizuguchi H, Saeki K, Ikeda K, Tsutsumi Y, Nakagawa S, Mayumi T (1995) Tumor-
conditioned medium increases macromolecular permeability of endothelial cell monolayer. 
Cancer Lett 89:7–14  

    Vietor I, Bader T, Paiha K, Huber LA (2001) Perturbation of the tight junction permeability barrier 
by occludin loop peptides activates beta-catenin/TCF/LEF-mediated transcription. EMBO Rep 
2:306–312  

    Vincent T, Neve EP, Johnson JR, Kukalev A, Rojo F, Albanell J, Pietras K, Virtanen I, Philipson L, 
Leopold PL, Crystal RG, de Herreros AG, Moustakas A, Pettersson RF, Fuxe J (2009) 
A SNAIL1-SMAD3/4 transcriptional repressor complex promotes TGF-beta mediated 
epithelial-mesenchymal transition. Nat Cell Biol 11:943–950  

    Walther W, Petkov S, Kuvardina ON, Aumann J, Kobelt D, Fichtner I, Lemm M, Piontek J, Blasig 
IE, Stein U, Schlag PM (2012) Novel Clostridium perfringens enterotoxin suicide gene therapy 
for selective treatment of claudin-3- and -4-overexpressing tumors. Gene Ther 19(5):494–503  



1677 Tight Junctions in Colorectal Cancer

    Wang Z, Wade P, Mandell KJ, Akyildiz A, Parkos CA, Mrsny RJ, Nusrat A (2007) Raf 1 represses 
expression of the tight junction protein occludin via activation of the zinc- fi nger transcription 
factor slug. Oncogene 26:1222–1230  

    Weber CR, Nalle SC, Tretiakova M, Rubin DT, Turner JR (2008) Claudin-1 and claudin-2 expression 
is elevated in in fl ammatory bowel disease and may contribute to early neoplastic transformation. 
Lab Invest 88:1110–1120  

    Yu QH, Yang Q (2009) Diversity of tight junctions (TJs) between gastrointestinal epithelial cells 
and their function in maintaining the mucosal barrier. Cell Biol Int 33:78–82      



169T.A. Martin and W.G. Jiang (eds.), Tight Junctions in Cancer Metastasis, 
Cancer Metastasis - Biology and Treatment 19, DOI 10.1007/978-94-007-6028-8_8,
© Springer Science+Business Media Dordrecht 2013

  Abstract   In multicellular organisms, epithelial cells form the barrier that separates 
the internal milieu from the environment, covering both the external surface of the 
body, and lining the internal cavities and ducts of the organism. At the same time, 
cell-cell interactions are indispensable for normal tissue architecture, homeostasis 
and proper functioning of epithelial cells and the critical structures responsible for 
this are the tight junctions (TJs) between the epithelial cells. 

 The important role of TJs in the normal breast (mammary gland), speci fi cally as 
it relates to lactogenesis, has long been established. Sheets of epithelium serve to 
separate  fl uid compartments containing milk from blood, lymph and interstitial 
 fl uids. The movement and transport of ions, water and molecules through these 
epithelial sheets is tightly regulated; the barrier properties of epithelia being largely 
dependent on the function and integrity of the TJs. However, the role of TJs in 
pathological states of the breast such as breast cancer is not well explored and only 
in recent years has it begun to be unveiled. Most breast cancers have their origin in 
the luminal epithelial cells, the primary milk secreting cells in the mammary gland. 
Moreover, recent studies have demonstrated that TJ proteins may not only be 
associated with breast tumorigenesis but may also have a causal role. 

 In this chapter, recent advances in the current understanding of the role of TJs 
and the TJ integral proteins (occludin, junctional adhesion molecules and the 
claudins) in breast cancer will be discussed, with a primary focus on the claudins. 
As well, a brief review what of what is now known about the heterogeneity of breast 
cancer and the implications for the role of TJs in different subtypes of breast cancer. 
Studies which suggest that the role of the TJ proteins in breast cancer may be 

    Y.   Myal   (*) •     A.  A.  A.   Blanchard  
     Department of Pathology ,  University of Manitoba ,   401 Brodie Centre, 
727 McDermot Avenue ,  Winnipeg   R3E3P5 ,  MB ,  Canada    
e-mail:  Yvonne.Myal@med.umanitoba.ca  ;   Anne.Blanchard@med.umanitoba.ca   

    Chapter 8   
 Tight Junctions in Breast Cancer: Multifaceted 
Players in Tumorigenesis and Progression       

      Yvonne   Myal       and    Anne   A.  A.   Blanchard         



170 Y. Myal and A.A.A. Blanchard

multifaceted and depend on speci fi c cellular and molecular interactions will 
be presented. Additionally, some of the more recent studies which suggest that 
some members of the claudin family, particularly claudin 1, may be useful as 
diagnostic markers for some breast cancer subtypes, will be highlighted.  

  Keywords   Mammary gland  •  Breast cancer  •  Breast cancer subtypes  •  Tight 
junction proteins  •  Claudins  •  Occludin  •  ZO-1  •  JAMs  •  Methylation  •  Epigenetic 
regulation  •  Posttranslational modi fi cations  •  Phosphorylation  •  Transcription 
factors  •  Ephrins  

   Abbreviations 

  +ve    Positive   
  −ve    Negative   
  AJ    Adherin junction   
  BC    Breast cancer   
  BLBC    Basal-like breast cancer   
  BM    Basement membrane   
  CK5/6    Cytokeratin 5,6   
  DCIS    Ductal carcinoma in situ   
  EGF    Epidermal growth factor   
  EGFR    Epidermal growth factor receptor   
  EMT    Epithelial-mesenchymal transition   
  Eph    Ephrin   
  ER    Estrogen receptor   
  HBC    Human breast cancer   
  HER2    Human epidermal growth factor receptor 2   
  HMEC    Human mammary epithelial cells   
  IHC    Immunohistochemical   
  JAMs    Junctional adhesion molecules   
  LCIS    Lobular carcinoma in situ   
  N/A    Not available   
  PKA    Protein kinase A   
  PKC    Protein kinase C   
  PR    Progesterone receptor   
  TJ    Tight junction   
  TPA    12-O-tetradecanoylphorbol-13-acetate   
  ZO-1    Zona occludin-1         
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    8.1   Normal Mammary Epithelia 

    8.1.1   Structure: Organization and Cellular Subtypes 

 Generally, although glandular development is initiated during embryogenesis, much 
of the morphogenesis of the mammary gland occurs postnatally. Morphogenesis 
commences with ductal branching and elongation during puberty, and is followed 
by cycles of cellular proliferation, differentiation and apoptosis that accompany 
each round of pregnancy, lactation and involution (for review, (Daniel and Silberstein 
 1987 ; Johnson  2010  ) ). 

 The adult human breast is an area of skin and underlying connective tissue 
containing a group of 15–20 modi fi ed sweat glands (referred to as lobes) that 
collectively make up the mammary gland. Within each lobe, lobules drain into a 
series of ducts that in turn drain into a single lactiferous duct (Fig.  8.1 ) that opens 
onto the surface of the nipple. The epithelium within the ductwork progressively 
thickens as its tributaries converge towards the nipple.  

 In essence, three subtypes of epithelial cells line the mammary gland; ductal 
luminal, alveolar luminal and myoepithelial cells (Fig.  8.1 ). Ductal and alveolar cells 
constitute the inner layer of the duct and the lobuloalveolar units respectively, and 
each is surrounded by a basal layer of myoepithelial cells. The luminal epithelial 
cells have little cytoplasm and oval central nuclei with one or more nucleoli and 
scattered or peripheral chromatin. They are cuboidal to columnar and each cell has 
a complete lateral belt of tight junction (TJs) near its apex. The smallest ducts are 
lined with simple cuboidal epithelium while the largest ducts are lined with strati fi ed 
columnar epithelium (Junquiera and Carneiro  2003  ) . 

 The entire tubuloalveolar system is surrounded by a basement membrane (BM), 
and in between the luminal epithelial cells and the BM is interposed in an incom-
plete layer of stellate myoepithelial cells which establish epithelial polarity by 
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  Fig. 8.1     Tight junctions in mammary gland epithelia . The adult human breast is comprised of 
15–20 lobes ( a ). Within each lobe, lobules drain into a series of ducts ( b ) that in turn drain into a 
single lactiferous duct ( c ). Ductal and alveolar luminal cells constitute the inner layer of duct and 
the lobuloalveolar units, respectively, and are surrounded by a basal layer of myoepithelial cells 
( d ). The luminal epithelial cells are cuboidal to columnar in morphology and each cell has a 
complete lateral belt of TJs near its apex ( e ).  TJ  tight junction,  AJ  adherin junction,  M , myoepithelial 
cells,  E  epithelial cells       
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synthesizing the BM. The myoepithelial layer is attenuated in the smaller branches 
of the ductwork and alveoli; in the ducts and ductules they are so numerous that 
they form a relatively complete layer. Myoepithelial cells, though they have 
many features common to smooth muscle cells, are still true epithelial cells; 
they contain cytokeratin 4 and 5, exhibit desmosomes and are separated from 
connective tissues by the BM. Cell-cell contacts between the myoepithelial cells 
and their luminal neighbors allow for direct signaling between the two cell types. 
In addition to contracting to express milk towards the nipple, myoepithelial 
cells also promote luminal growth and differentiation (Johnson  2010 ; Junquiera 
and Carneiro  2003  ) .  

    8.1.2   Function: Milk Production and Secretion 

 The main function of the breast is milk production, which is carried out by sheets of 
luminal epithelial cells that separate the milk space from the interstitial space of the 
mammary gland. These sheets can produce three times their own volume each day. 
Milk is secreted by a continuous sheet of these luminal epithelial cells which 
are folded into ducts and alveoli. Thus, during lactation, when the ducts and alveoli 
are  fi lled with milk, the epithelium is well positioned between two very different 
 fl uids; milk, which contains lactose, milk proteins and low concentrations of sodium 
and chloride, and the interstitial  fl uid, which contains plasma proteins and high 
concentrations of sodium and chloride. To prevent interdiffusion of the constituents 
of these two  fl uids, the epithelial cells must be sealed tightly one to the other 
(Nguyen and Neville  1998  ) .   

    8.2   Tight Junctions in Normal Mammary Epithelia 

    8.2.1   Tight Junctions 

 Tight junctions are the structures responsible for keeping the interstitial  fl uid 
separate from milk in the mammary gland (Fanning and Anderson  2009 ; Miyoshi 
and Takai  2008  ) . TJs associated with the luminal epithelial cells form a narrow 
continuous seal surrounding the epithelial cell at the apical border regulating the 
movement of material through the paracellular pathway, resulting in a sort of 
gasket-like structure around each epithelial cell, linked to a similar structure on the 
adjacent cell (Fig.  8.1 ). TJs cooperate with the cytoskeleton to maintain epithelial 
structure, and play a critical role in changes in intercellular sealing, culminating 
with very TJs during lactation (Nguyen and Neville  1998  ) .  
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    8.2.2   Organization of the Tight Junction Strands 
in the Mammary Gland 

 In the mammary gland, the state of the TJ during development is very dynamic, such 
that the composition of TJ strands varies signi fi cantly between pregnant and lactating 
animals (Morgan and Wooding  1982  ) . During pregnancy, the number of TJ strands in 
mammary epithelia is smaller, less organized and shows fewer branched networks 
than that observed in the lactating animals. During lactation, when the ducts and 
alveoli are  fi lled with milk, the epithelial cells must be tightly sealed to form a highly 
impermeable barrier to prevent interdiffusion without leakage of the milk components 
from the lumen into the interstitum. At this time, the TJs of the alveolar epithelial cells 
are impenetrable, allowing milk to be stored between nursing periods without leakage 
of the milk components from the lumen. The exception to this is during pregnancy 
and under some pathological conditions such as mastitis when TJs are leaky. Such 
leakage can also occur during involution, when the milk is not continuously removed 
from the gland. These changes in the TJ allow them to function as appropriate barriers 
for diffusion to and from the pericellular environment in the mammary gland. The 
organization of the TJs in the breast is also critical for the directional secretion of 
milk, and it accomplishes this by maintaining epithelial cell polarity.  

    8.2.3   Apical Polarity 

 TJs play a critical role in maintaining epithelial polarity (for review, (Lelievre 
 2010  ) ). They accomplish this by acting as an intramembraneous diffusion fence 
restricting the intermixing of lipids and protein components of the apical and baso-
lateral membrane domains (Itoh and Bissell  2003 ; Lelievre  2010  ) . Apical polarity is 
important in epithelial homeostasis as it is necessary for proper organ function. 
There is no exception to this role in the mammary gland, where it plays a critical 
role in the function of the glandular activity of the mammary epithelium. Maintenance 
of epithelial cell polarity results from the asymmetrical distribution of cell adhesion 
complexes culminating with the formation of the TJs at the tip of the apical pole of 
cells, located against the lumen in the glandular and ductal structures. It is believed 
that the high plasticity of tight junctions in different physiological states of mam-
mary gland morphogenesis can be attributed to the different types of tight junction 
proteins and their associated proteins as well as to apical proteins (Lelievre  2010  ) .  

    8.2.4   Permeability of Tight Junctions and Regulation 
of Milk Secretion 

 Milk secretion and TJs are also closely linked; alterations in mammary epithelial 
permeability (or degree of leakiness) play a major role in milk secretion. The two 
are regulated coordinately such that an increase in TJ permeability is accompanied 
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by a decrease in milk secretion rate, and conversely, a decrease in TJ permeability 
is accompanied by an increase in milk secretion rate (Stelwagen et al.  1998  ) . 

 The permeability of the TJs can be regulated by a number of local and systemic 
stimuli. Key hormones, such as prolactin, hydrocortisone and progesterone, which 
play an integral part in milk production, maintenance and secretion, have also been 
shown to alter TJ permeability (Nguyen and Neville  1998 ; Itoh and Bissell  2003  ) . 
Prolactin, which regulates the synthesis and secretion of milk as well as progesterone, 
the hormone that maintains pregnancy (Stelwagen et al.  1998  ) , as well as the 
glucocorticoids (Stelwagen et al.  1999  )  which are essential for the maintenance of 
lactation, have all been shown to alter TJ permeability (Nguyen and Neville  1998  ) . 
In addition, local stimuli such as intramammary pressures or growth factors, for 
example TGF beta, has also been shown to in fl uence TJ permeability through its 
regulation of glucocorticoids (Nguyen and Neville  1998  ) .  

    8.2.5   The Integral Tight Junction Proteins 

 The TJ is regarded as a complex array of peripheral and integral proteins. The 
peripheral proteins, also referred to as adapter proteins, connect the transmembrane 
proteins of the TJ with the actin cytoskeleton and numerous other proteins involved 
in cell signaling and vesicle traf fi cking (Gonzalez-Mariscal et al.  2007  ) . The integral 
proteins that constitute the TJ are occludin, the junctional adhesion molecules (JAMs) 
and the claudins. 

 The two main molecular components in forming the TJ strand, are occludin 
and the claudins. Although both are tetraspan transmembrane proteins with four 
transmembrane domains they share no sequence similarity. Occludin has a long 
carboxy-terminal cytoplasmic domain and a short amino-terminal cytoplasmic 
domain and its expression is correlated with the number of TJ strands in various 
tissues. Its over expression has been shown to increase transepithelial resistance 
(TER) and at the same time increase paracellular  fl ux (Balda et al.  1996  ) . Occludin 
can regulate TJ barrier function and TJ protein interactions (Raleigh et al.  2011  ) , but 
has been shown to be non-essential for strand assembly (Saitou et al.  1998  ) . 

 The claudin family of proteins, (24 members to date (Myal et al.  2010  ) ) share a 
common transmembrane topology. The C-terminus of most claudins end in a putative 
PDZ-binding domain, important for interaction with cytoskeleton proteins (Heiskala 
et al.  2001  ) . The claudins are important players in strand formation and the 
over-expression of claudin 1 results in aberrant strand formation on the lateral 
surface of epithelial cells (McCarthy et al.  2000  ) . The exact combination of claudin 
proteins within a given tissue determines the selectivity, strength and tightness of 
the TJ (Morin  2005  ) . The expression pattern of claudins, which is tissue speci fi c, 
determines the particular characteristic of its paracellular pathway (Gonzales-Mariscal 
et al.  2010  ) . Aside from being indispensible for maintaining apical polarity and 
paracellular functions, the claudins are also involved in recruiting signaling proteins 
(Itoh et al.  1999 ; Zahraoui et al.  2000  )  thereby regulating various cellular processes 
including differentiation and cell growth and tumor development. 
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 Unlike occludin and claudins, JAMs have an extracellular region that contains 
two variable type Ig-like domains, and a short cytoplasmic domain (Brennan et al. 
 2010 ; Martin-Padura et al.  1998  ) . They are a family of glycosylated proteins that 
have been shown to be ubiquitously expressed in epithelia and interact with the PDZ 
domains of other TJ associated proteins. JAM proteins regulate numerous cellular 
adhesive processes including intercellular junction assembly (Liang et al.  2000  )  and 
cell morphology (Martin-Padura et al.  1998 ; Mandell and Parkos  2005 ; Ostermann 
et al.  2002  ) . JAMS also show an intimate relationship with TJ strands. They do not 
form TJ strand-like structures as observed with claudins (Itoh et al.  2001  )  but function 
as the initial spatial clue for TJ formation as they begin to concentrate at cell-cell 
contact sites earlier than occludin and claudin (Martin-Padura et al.  1998 ; Forrest 
et al.  2003 ; Naik et al.  2001 ; Tsukita et al.  2001  ) . 

 The structure of the integral TJ proteins share similarity, and appears to be impor-
tant in how they interact with other signaling pathways. All three integral proteins, 
occludin, claudins and JAMs are linked to the actin cytoskeleton where they make 
contact with signal transducers such as kinases, phosphatases and G proteins 
(Fanning and Anderson  2009 ; Miyoshi and Takai  2008 ; Gonzalez-Mariscal et al. 
 2008 ; Paris and Bazzoni  2008  ) . A comprehensive review of the interaction of the TJ 
proteins, in particular the claudins, with signal transduction pathways has recently 
been published (Nguyen and Neville  1998 ; Itoh and Bissell  2003  ) .  

    8.2.6   Role in Cellular Proliferation 

 Carcinomas are malignancies that originate in epithelial tissues and account for 
90% of all neoplasms including breast (Gonzalez-Mariscal et al.  2008  ) . Proliferation 
and invasion are two major aspects of tumor development. TJs have been proposed 
to be involved in proliferation control more than two decades ago (Stevenson and 
Keon  1998  ) , and have now been shown to be active participants in the regulation of 
gene transcription and cell proliferation. The role of TJs in cellular proliferation is 
well reviewed (Gonzalez-Mariscal et al.  2007  ) .   

    8.3   Breast Cancer 

    8.3.1   Breast Cancer Subtypes and Hypothetical Models of Origin 

 Most breast cancers have their origin in the milk secreting luminal epithelial cells of 
the mammary gland. Control of cell proliferation, survival and polarity in the mam-
mary epithelium is critical for normal mammary gland function and deregulation of 
these processes is thought to drive breast cancer initiation and progression (Itoh and 
Bissell  2003 ; Mareel and Leroy  2003  ) . Furthermore, the acquisition of the invasive 
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phenotype is seen as the most signi fi cant change in breast cancer biology. As cells 
convert from the non-invasive to the invasive phenotype, they proliferate, become 
anchorage independent, more aggressive and exhibit enhanced motility. 

 In the last decade, a growing understanding of the heterogeneous nature of this 
disease has stemmed primarily from molecular and immunohistochemical (IHC) 
studies, leading to a rede fi nition of breast cancer subsets. To date,  fi ve distinct breast 
cancer subtypes have been identi fi ed based on estrogen receptor/progesterone 
receptor (ER/PR) status, human epidermal growth factor receptor 2 (HER2), cyto-
keratin 5,6 (CK5/6) and epidermal growth factor receptor (EGFR) expression. 
(Table  8.1 , (Finak et al.  2006 ; Kwan et al.  2009 ; Nielsen et al.  2004 ; Perou et al. 
 2000 ; Sorlie et al.  2003 ; Yu et al.  2009  ) ). These subtypes differ in their morphology, 
clinical course and display a wide variety of responses to different treatments (Kwan 
et al.  2009 ; Bild et al.  2009 ; Hugh et al.  2009  ) . Whereas the luminal subtype is 
characterized by its epithelial phenotype, mildly invasive capacity and relatively 
good clinical outcome, the basal-like breast cancer (BLBC) subtype, which is not 
sensitive to hormones are more aggressive, characterized by enhanced invasiveness 
and formation of distant metastases and demonstrate the worst prognosis (Finak 
et al.  2006 ; Kwan et al.  2009  ) . The enhanced metastatic capacity of the BLBC subtype 
is associated with their migratory, mesenchymal phenotype (Nielsen et al.  2004  ) . 
These subtypes were found to be conserved across ethnic groups and are already 
evident at the ductal carcinoma in situ (DCIS) stages (Yu et al.  2004  )  suggesting 
distinct tumor progression pathways for each tumor type (Polyak  2007  ) .  

 Notably, a sixth molecular subtype, a “claudin low” subtype, has been identi fi ed 
that exhibits characteristically low expression of claudin 3, 4, and 7 and high expres-
sion of stem cell markers and was recently shown to associate with poor survival 
(Herschkowitz et al.  2007  ) . More recently, a large comprehensive study based on 
genetic analysis and exome mapping (Curtis et al.  2012  )  identi fi ed ten breast cancer 
subtypes, including four of the previously identi fi ed ones. It has been speculated 
that these genomically de fi ned tumor subtypes may represent transformation of 
stem cells with arrest at speci fi c stages of development, or, alternatively, direct 
transformation of various cell types (Prat and Perou  2009  ) . One can also speculate 
that the high plasticity of the organization of the tight junctions that is observed 
during different physiological stages of morphogenesis may be characteristically 
unique for each of these subtypes. 

   Table 8.1    The  fi ve distinct subtypes of breast cancer and their corresponding phenotypes   

 Subtypes  Phenotype 

 Luminal A  ER+ve and/or PR+ve, Her2−ve 
 Luminal B  ER+ve and/or PR+ve, Her2+ve 
 Her2 overexpressing  ER−ve, PR−ve, Her2+ve 
 Basal-like  ER−ve, PR−ve, Her2−ve, CK5,6+ve and/or EGFR+ve 
 Normal-like  Not clearly de fi ned, similar to normal epithelia, displays 

putative-initiating stem cell phenotype 

   BC  breast cancer,  ER  estrogen receptor,  PR  progesterone receptor,  Her2  human epidermal growth 
factor receptor 2,  CK5,6  cytokeratin 5,6,  EGFR  epidermal growth factor receptor,  +ve  positive, 
 −ve  negative  
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 Also in recent years a number of hypothetical models have been proposed 
to explain breast cancer progression and the origins of breast cancer subtypes. 
One hypothetical model outlines a continuum of lesions to describe the stepwise 
progression of breast cancer: initially epithelial hyperplasia develops, followed by 
atypical hyperplasia and ductal carcinoma in situ (DCIS) to invasive carcinoma and 
eventually metastatic disease (Polyak  2007  ) . In this linear model, the cell of origin 
may be the same for the different tumor subtypes. Thus, the tumor subtype is 
determined by acquired genetic and epigenetic events (Polyak  2007  ) . In more recent 
years other models have been proposed based on genomic studies which suggest 
that each tumor subtype is initiated in a different cell type (presumably stem cell or 
progenitor cell (Lim et al.  2009  ) ). In support of such a hypothesis, recent work by 
Jeselsohn et al.  (  2010  )  has provided evidence pointing to two populations of 
progenitor cells, one giving rise to luminal-like breast cancers and another, to basal-
like breast cancers.  

    8.3.2   Tight Junctions and Breast Cancer Progression 

 It is believed that the acquisition of the invasive phenotype represents the greatest 
threat for the development of metastatic disease. For cancer to progress to metastasis, 
individual cells must leave the primary tumor, invade surrounding normal tissues 
and enter the blood vessels to reach distant sites. For these cells, the breakdown of 
cell-cell interactions as well as decreased cellular polarity and differentiation are 
critical steps in invasion and metastasis (Kominsky et al.  2003  ) . It has been observed 
that the disruption of TJs leads to loss of cohesion, invasiveness and the lack of 
differentiation (Martin and Jiang  2009  ) . This resulting loss of TJ integrity may be 
particularly important in facilitating motility as well as allowing the diffusion of 
nutrients and other factors necessary for the survival and growth of the cancer cells 
thereby promoting tumorigenesis (Hoevel et al.  2002 ; Martin et al.  2002 ; Ren et al. 
 1990 ; Satoh et al.  1996  ) .  

    8.3.3   Tight Junctions and Epithelial Mesenchymal Transition 

 Epithelial-mesenchymal transition (EMT) is the process by which tumor cells over-
come fundamental cell controls that facilitate cell-cell contact and prevents migra-
tion and has been attributed to the reactivation of a dormant developmental process 
(Hay  1995 ; Valles et al.  1994  ) . Studies show that some of the molecular programs 
of EMT might be involved in the development of the mammary gland, particularly 
at the terminal end buds or possibly, in the lateral branching (O’Brien et al.  2002 ; 
Vincent-Salomon and Thiery  2003  ) . 

 Just as EMT has been implicated to be involved in mammary gland development, 
it has also been implicated to play a role in breast cancer progression. Many signaling 
pathways identi fi ed in the EMT process have been identi fi ed in breast cancer 
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malignancy. EMT allows epithelial cells to acquire a mesenchymal migratory 
phenotype (for review, (Guarino et al.  2007  ) ) and as mesenchymal cells, they can 
migrate as individual cells, penetrate into surrounding tissues and move to spread to 
distant sites (Hay  1995 ; Guarino et al.  2007 ; Boyer et al.  2000  ) . One of the earliest 
events during EMT, involves disassembly of the lateral seals close to the apical 
surface. This disassembly is accompanied by a loss of cell-cell junctions and the 
reorganization of the cytoskeleton which results in the loss of apical-basal cell 
polarity and the acquisition of spindle-shaped morphology (Trimboli et al.  2008  ) . 
The loss of proteins involved in epithelial cell-cell contact, as in the case of the TJ 
proteins is crucial for the development of a  fi broblastic phenotype with invasive 
properties in cancerous tissues (Gonzalez-Mariscal et al.  2007  ) . Thus, EMT involves 
the redistribution of key molecules in the junctional complex, the TJ proteins 
(Mareel and Leroy  2003 ; Mullin  1997  ) . Recently, the  fi rst direct evidence that EMT 
plays a major role in breast tumor progression has been demonstrated (Trimboli 
et al.  2008  ) . Reports on the phenotype of breast cancer micrometastases in lymph 
nodes and that of bone marrow, also suggest that EMT occurs within the primary 
tumors (Braun and Pantel  1999  ) . Knudsen et al.  (  2012  )  has also shown that progres-
sion of DCIS to invasive breast cancer, is associated with EMT, and that the most 
signi fi cant alterations occur in the epithelial compartment (Braun and Pantel  1999  ) .   

    8.4   Tight Junctions in Breast Cancer 

    8.4.1   Alterations in Tight Junction Protein/Gene Expression 

 An increasing number of studies have shown that the deregulated expression of the 
junctional proteins are directly or indirectly involved in cancer progression, including 
breast cancer (for review, (Itoh and Bissell  2003 ; Brennan et al.  2010 ; Martin and 
Jiang  2009  ) ). Some of the recent developments in the understanding pertaining to 
the role of the integral tight junction proteins will be discussed in this section. 

  JAMS : To date, only a limited number of studies have addressed the role of the 
JAMS in breast cancer and a deregulation of JAMs has been implicated (McSherry 
et al.  2009 ; Naik et al.  2008  ) . Naik et al.  (  2008  )  showed that over expression of 
JAM-A decreased migration and invasion in breast cancer cell lines, while knock-
down of JAM-A enhanced invasiveness. Since JAM proteins regulate numerous 
cellular adhesive processes including intercellular junction assembly and cell mor-
phology (Mandell and Parkos  2005  )  and loss of tissue architecture is a prerequisite 
for cancer invasion and metastasis, JAMs may play a key role in breast cancer 
progression. Conversely, McSherry et al.  (  2009  )  subsequently showed a signi fi cant 
association between high JAM gene and protein expression and poor survival in two 
large cohorts of human invasive breast cancer suggesting a dual role for the JAM 
proteins in breast cancer. It is dif fi cult to explain why these results are so contradic-
tory; however it is likely that each cohort may have different representations of the 
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different breast cancer subtypes. Thus if JAMS havedifferent functions in different 
molecular subtypes of breast cancer (Table  8.1 ), this will impact greatly on the 
outcome of such studies 

  Occludin : A relationship between occludin silencing and oncogenic transformation 
has been reported for several cancers including breast cancer. As in the case of the 
JAMs, over expression of occludin in HBC cells has been shown to decrease cancer 
cell migration and invasion both in vitro and in vivo (Osanai et al.  2006  ) . As well, 
the expression of occludin decreases with disease progression (Tobioka et al.  2004  ) . 
Occludin has also been shown to be down regulated in murine breast cancers (Osanai 
et al.  2007a  ) . In murine breast cancer cells, occludin over expression was found to 
induce premature senescence (Osanai et al.  2007a  )  as well as promote detachment-
induced apoptosis (anoikis) (Osanai et al.  2006  ) . As a result of such observations in 
both human and mice, occludin has been considered a putative tumor suppressor gene. 

  Claudins : Of the integral junctional proteins, the claudins are the most widely 
studied in breast cancer, in particular claudin 1, 3, 4, 6, 7 and to some extent, claudin 
16. Some of these claudins have demonstrated an increase, or a decrease or both, in 
gene expression in breast cancer (Gonzalez-Mariscal et al.  2007 ; Kominsky et al. 
 2003 ; Blanchard et al.  2009 ; Hewitt et al.  2006 ; Kim et al.  2008 ; Lanigan et al.  2009 ; 
Martin et al.  2008 ; Morohashi et al.  2007 ; Sauer et al.  2005 ; Soini  2005 ; Tokes et al. 
 2005  ) . An increase in the expression of claudin 3 and 4 has been frequently 
observed in breast cancer, both at the mRNA and the protein level (Blanchard et al. 
 2009 ; Lanigan et al.  2009 ; Soini  2005 ; Tokes et al.  2005  ) . However, breast tumors 
exhibiting low levels of claudin 3, 4 and 7 expression and high expression of stem 
cell and epithelial markers (designated ‘claudin low’), believed to represent a rare 
and aggressive breast cancer subtype (Herschkowitz et al.  2007  ) , has recently been 
shown to be associated with poor overall survival (Perou  2010  ) . Conversely, some 
claudins are frequently down-regulated or lost in invasive breast cancer (Hoevel 
et al.  2004 ; Michl et al.  2003 ; Swisshelm et al.  1999  ) . Suppression of claudin 6 has 
been shown to increase MMP2 activity (Osanai et al.  2007b  )  and promote resistance 
to apoptosis and anoikis. Its reintroduction into HBC cells in vitro, increased 
cellular adhesion and abrogated enhanced invasion and migration (Osanai et al. 
 2007b  ) . Expression of claudin 7 has also been shown to be reduced or lost in 
invasive ductal carcinoma compared to normal breast (Kominsky et al.  2003 ; Hoevel 
et al.  2004  ) . Furthermore, loss of claudin 7 expression also correlated with increasing 
tumor grade and metastatic disease (Kominsky et al.  2003 ; Sauer et al.  2005  ) . As well, 
the over expression of claudin 16 in HBC cells was shown to reduce aggressiveness 
and motility (Martin et al.  2008  ) . 

 In breast cancer, the role of claudin 1 is not fully understood. However, studies 
from our laboratory and others, demonstrate that claudin 1 is down regulated or lost 
in invasive HBC (Blanchard et al.  2009 ; Tokes et al.  2005 ; Kramer et al.  2000 ; Kulka 
and Tokes  2005 ; Swisshelm et al.  2005  ) . These observations, as well as a recent 
study reporting a correlation between the down regulation of claudin 1 and disease 
recurrence (Morohashi et al.  2007  )  suggest that it may function as a tumor suppressor 
in breast cancer. Claudin 1 is also generally expressed in the membranes of normal 
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ductal epithelial cells and in some pre-invasive breast cancers including DCIS and 
LCIS (lobular carcinoma in situ; Fig.  8.2 ). As well, there is now mounting evidence 
that suggests claudin 1 may play a direct role in breast cancer progression. 
A re-expression of claudin 1 alone was suf fi cient to induce apoptosis in a HBC cell 
line (Hoevel et al.  2004  ) . Claudin 1 has also been shown to singularly exert TJ 
mediated gate function (paracellular sealing) in metastatic breast cancer cells in the 
absence of other tight junction proteins (Hoevel et al.  2002  ) . Furthermore, it has 

  Fig. 8.2     Claudin 1 is highly expressed in some pre-invasive breast cancers . IHC analysis, 
showing claudin 1 staining in ( a ) normal ducts; ( b ) atypical ductal hyperplasia (ADH); ( c ) apo-
crine; ( d ,  e ,  f ) ductal carcinoma in situ (DCIS); ( g ,  h ) lobular neoplasia; ( i ) lobular carcinoma in 
situ (LCIS); ( j ,  k ) in fi ltrating ductal carcinoma; ( l ) in fi ltrating lobular carcinoma       
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been demonstrated that the down regulation of claudin 1 gene expression can lead to 
neoplastic transformation of mammary epithelial cells in vitro (Kulawiec et al.  2008  ) .  

 However, recent work from our laboratory suggests that the role of claudin 1 in 
breast cancer may be more complex than originally thought. While studies from our 
laboratory have shown that in invasive HBC, the frequency of claudin 1 expression 
is low (Blanchard et al.  2009  ) , paradoxically, we have also observed that high levels 
of claudin 1 protein was signi fi cantly associated with the estrogen receptor negative 
(ER−ve) basal-like breast cancer (BLBC) subtype (Blanchard et al.  2009  ) , a very 
invasive and aggressive form of breast cancer, suggesting that, in addition to being 
a putative tumor suppressor, claudin 1 may have other functions as well depending 
on the subtype of breast cancer. We have also now shown that over expression of 
claudin 1 increase cell migration and motility in the HBC cell line MDA231 which 
is phenotypically basal-like (Fig.  8.3 ).  

 Interestingly, the possibility of a dual role for claudin 1 in the same cancer has 
previously been speculated. For example, the over expression of claudin 1 in type II 
seropapillary endometrial carcinoma distinguishes it from type I endometriod 
carcinoma (Sobel et al.  2006  ) , highlighting its potential as a diagnostic marker to 
differentiate subtypes of cancers. There are a number of plausible explanations why 
in some breast cancers claudin 1 is down regulated or absent and in others it is over 
expressed. Claudin 1 may behave differently in different breast cancer subtypes. 
Thus, if claudin 1 expression is breast cancer subtype speci fi c as it appears to be ,  
then speci fi city of expression could be dictated by the cell type of origin of the 
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  Fig. 8.3     Over expression of claudin 1 results in a decrease in cell migration in the human 
breast cancer cell line ,  MDA-MB231 . Cells were grown to con fl uency and a scratch made through 
the cell monolayer. Measurements of the wound areas at time 0 and 16 h were compared using the 
Image-J program. MDA-MB231 cells over expressing claudin 1 (clone 1, 2) migrated slower than 
the cells stably transfected with the empty vector (control; mean ± S.E; ANOVA  p  = 0.0008, control 
 n  = 10; clone 1  n  = 5; clone 2  n  = 8). ** p  < 0.01, Bonferroni’s Multiple Comparison Test       
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breast cancer subtype. A number of breast cancer cell fate models have been recently 
proposed (Polyak  2007 ; Lim et al.  2009 ; Jeselsohn et al.  2010  ) , which suggest that 
different subtypes of breast cancer originate from different cell types in the mammary 
gland. Another consideration is that the claudin 1 protein possesses a PDZ domain 
that may allow it to interact with other PDZ domain proteins allowing it access to 
several signal transduction pathways. In that scenario, claudin 1 could interact with 
different signalling pathways that may convey opposing effects. Yet still another 
possibility is that defects in interacting partners may have profound effects on the 
behaviour of claudin 1 as has been demonstrated for E cadherin (Tay et al.  2008  ) , 
and this may result in the switching from a tumor suppressor role to that of a tumor 
facilitator. 

 Though the role of TJ proteins is not well delineated in breast cancer, these studies 
suggest that members of the claudin family are multifaceted players in breast cancer 
and may be important biological markers for breast cancer progression.  

    8.4.2   Regulation of Tight Junction Proteins in Breast Cancer 

 It is well recognized that many local and systemic factors, hormones and growth 
factors play a pivotal role in mammary gland development and morphogenesis 
(Neville and Daniel  1987  )  as well as in breast cancer (Hynes and Watson  2010  ) . 
Studies have shown that many of these same factors also play a role in regulating TJ 
proteins in several cancers including breast cancer (for a comprehensive review, 
(Gonzalez-Mariscal et al.  2007  ) ). In recent years a spectrum of other regulatory 
mechanisms are being explored with respect to the regulation of TJs and TJ proteins 
in breast cancer, including the role of epigenetic, transcriptional and posttransla-
tional regulation, as well as the role of apical polarity. 

    8.4.2.1   Epigenetic Regulation: Methylation and Chromatin Remodeling 

 Epigenetic regulation of TJ proteins in cancer has been reported (Gonzalez-Mariscal 
et al.  2007  )  and may be one mechanism by which TJ genes are regulated in breast 
cancer. Epigenetic silencing of occludin has been shown to promote the tumorigenic 
and metastatic potential of breast cancer cells (Osanai et al.  2006  ) . In several can-
cerous cell lines, occludin loss was attributed to hypermethylation of CpG islands 
on the promoter region (Osanai et al.  2006  ) . Methylation of the claudin family in 
particular has been demonstrated in many cancers, including breast and may be one 
of the mechanisms by which this family of tight junction proteins are regulated. The 
silencing of claudin 11 by hypermethylation has been shown to be associated with 
increased invasiveness in gastric cancer cells (Agarwal et al.  2009  ) , while low DNA 
methylation appears to control the expression of claudin 4 in ovarian cancer (Honda 
et al.  2006  ) . In breast cancer, epigenetic silencing of claudin 6 was shown to promote 



1838 Tight Junctions in Breast Cancer: Multifaceted Players…

anchorage-independent growth (Osanai et al.  2007b  ) . However, although no genetic 
alterations in the claudin 1 gene (Kramer et al.  2000  )  could explain the loss of 
claudin 1 expression in invasive HBC cells (Blanchard et al.  2009 ; Tokes et al. 
 2005  ) , it has been suggested that methylation of CpG islands on the claudin 1 promoter 
may be responsible (Kramer et al.  2000  ) . Furthermore, our laboratory has observed 
distinct methylation patterns in the promoter region of claudin 1 in HBC cell lines. 
In the MCF7 HBC cells, which has low endogenous claudin 1 expression, the clau-
din 1 promoter region was found to be hypermethylated when compared 
to the T47D HBC cell line, a line which exhibits high levels of endogenous 
claudin 1 (Fig.  8.4 ).  

 It is also well recognized that one powerful means of epigenetic control of gene 
expression is via chromatin remodeling (Lelievre and Bissell  1998  ) . A new and 
interesting concept is that some proteins, including apical polarity proteins, not usually 
found in the cytoplasm, or, other proteins trapped in junctional complexes that reach 
the cell nucleus, could in fl uence gene expression control via an epigenetic mechanism 
(Lelievre  2010 ; Gonzales-Mariscal et al.  2010 ; Dhawan et al.  2005 ; Takai et al. 
 2005  ) . This could be the case with claudin 1 as studies by us (Blanchard et al.  2009  )  
and others (Soini  2005 ; Tokes et al.  2005  )  have demonstrated its mislocalization to 
the cytoplasm of some invasive breast cancers. Thus, TJ proteins could in fl uence 
critical steps for breast cancer development by acting at the chromatin level and in 
so doing may in fl uence cell fate.  

    8.4.2.2   Apical Polarity 

 TJ proteins are important for the maintenance of the apical polarity of epithelial 
cells and the alteration of apical polarity has been linked to two major aspects of 
tumor development, proliferation and invasion (Lelievre  2010  ) . Apical polarity 
proteins have been shown to be associated with increased aggressiveness in cancer. 
Tumor cells frequently exhibit decreased differentiation and cell polarity (Lelievre 
 2010 ; Gonzalez-Mariscal et al.  2007  )  as well as alterations in the structure and func-
tion of TJs (Morin  2005 ; Tobioka et al.  2004 ; Hoover et al.  1998 ; Kaihara et al. 
 2003 ; Polak-Charcon et al.  1980 ; Soler et al.  1999  ) . Changes in apical polarity can 
also impact proliferation control and in some cases, induce a multi-layering of cells 
which mimic the pre-invasive breast lesion (Konska et al.  1998  ) . It is believed that 
apical polarity may function as a safety break that prevents proliferation, as studies 
have shown that unless apical polarity is perturbed, mammary epithelial cells that 
form polarized glandular structure in 3D culture cannot be pushed into the cell cycle 
(Chandramouly et al.  2007  ) . 

 Two recent hypotheses have been proposed in attempt to explain the role of apical 
polarity proteins in breast cancer invasion: (1) that the involvement of apical polarity 
in the development of aggressive forms of cancer might be related to the impact of 
apical polarity proteins on epigenetic mechanisms in the cell nucleus, as described 
in the previous section, and (2) that a particular modi fi cation of apical polarity will 
affect speci fi c categories of progenitor cells compared to non-progenitor cells and 
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  Fig. 8.4     Methylation of the claudin 1 promoter in human breast cancer cell lines . ( a ) Western 
blot showing relative amount of endogenous claudin 1 levels in the T47D, ZR75 and MCF7 HBC 
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cell lines. Hypermethylation of claudin 1 was observed in the MCF7 cell line which expresses low 
levels of endogenous claudin 1. Hypomethylation was observed in the T47D cells which express 
high levels of endogenous claudin 1. As well, an additional band was associated with the MCF7 
cells.  M  methylated,  U  unmethylated. ( c ) Genomic DNA from cell lines was extracted, and following 



1858 Tight Junctions in Breast Cancer: Multifaceted Players…

other categories of progenitor cells because of their different chromatin organiza-
tion (Lelievre  2010 ; Boheler  2009  ) . Although there is no direct evidence reported to 
date to validate any of these hypotheses, the ever increasing identi fi cation of new 
molecular subtypes of breast cancer provides new opportunities for delineating the 
in fl uences of the TJs on apical polarity as it relates to breast cancer progression.  

    8.4.2.3   Transcriptional Factors 

 The transcriptional factors snail (Moody et al.  2005  )  and twist (Yang et al.  2004  )  
have been unveiled as key regulators in induction of EMT in breast cancer and other 
cancers, by suppressing the expression of the epithelial speci fi c adhesion molecule, 
E cadherin. Both snail and twist binds directly to the E box of the E cadherin 
promoter and represses its expression (Lopez et al.  2009  ) . Moreover, studies have 
now shown that these transcription factors may also control the gene expression of 
TJ proteins. Snail has been shown to bind to the E-box motifs in the human claudin 
1 promoter and inhibit claudin 1 expression (Martinez-Estrada et al.  2006  ) . Also, 
the same E box motif in the E cadherin promoter to which twist binds is also present 
in the claudin promoter (unpublished observation). Interestingly, we have observed 
an inverse relationship between claudin 1 and twist in HBC cell lines (Fig.  8.5  

Fig. 8.4 (continued) bisulphite conversion, PCR ampli fi cation of a 169 bp sequence, 5   of the 
claudin 1 translational start site was carried out. The PCR fragments were ligated into a cloning 
vector and clones were sequenced. Each row represents a single clone and the numbers above each 
column indicate the location of the CpG relative to the ATG translational start site. Some methy-
lated sites were common to all three cell lines (e.g. −6, −3). Chi-squared analysis of the number of 
methylated versus unmethylated sites, showed a signi fi cantly higher number of methylated sites in 
the MCF7 and ZR75 cell line as compared with T47D ( p  = 0.0002)       
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(Martinez-Estrada et al.  2006  ) ). These observations as well as the identi fi cation of 
twist binding E box motifs within the claudin 1 promoter suggests the existence 
of some degree of transcriptional interaction between twist and claudin 1. A review 
of the regulation of TJs in breast cancer by other transcription factors can be found 
in a review by (Gonzalez-Mariscal et al.  2007  ) .     

    8.5   Posttranslational Modi fi cation-Phosphorylation 

 TJ proteins can also be regulated posttranslationally. A number of studies suggest 
that phosphorylation, may play a major role in regulating TJ and TJ associated 
proteins in both normal states and in cancer. For example, under normal physio-
logical conditions phosphorylation of occludins and the TJ associated protein, 
ZO-1, has also been shown to play a role by regulating cell permeability (Sallee and 
Burridge  2009  ) . 

 Addressing the role of phosphorylation of the claudin family of TJ proteins 
appears to be an increasingly exciting area of research. Claudins are the most 
extensively studied TJ proteins with regards to regulation by phosphorylation. 
Numerous putative phosphorylation sites present in the claudin family of proteins 
have been described (Gonzales-Mariscal et al.  2010  ) . The number of these sites was 
shown to vary in accordance with the length of the carboxyl tail of each claudin (for 
review (Gonzales-Mariscal et al.  2010  ) ). Several phosphorylation sites have been 
identi fi ed in both human and mouse claudins, however, only four putative phosphory-
lation sites appear to be conserved (Gonzales-Mariscal et al.  2010  ) . As the main 
constituents of TJ  fi laments, their regulation can be considered of prime importance 
to the homeostasis of the epithelial cell. The function of the claudins have been 
shown to be regulated by phosphorylation under physiological conditions (Morin 
 2005  ) . For example, phosphorylation of claudins can promote or inhibit their 
assembly at TJs in normal epithelial cells and modulate their function as TJ pores 
as well as play a role in cancer. 

 Since phosphorylation plays an important role under physiological conditions 
it comes as no surprise that phosphorylation plays a role under pathological 
conditions as well. Phosphorylation of several claudins has been shown to impart 
characteristics that may facilitate progression. In breast cancer, the role of phosphory-
lation of TJ proteins is not fully explored, however there is suf fi cient evidence from 
studies of melanomas, oral squamous and colon cancers to suggest that phosphory-
lation of claudins plays an important role in altering the invasiveness of these 
cancers (Dhawan et al.  2005 ; French et al.  2009 ; Resnick et al.  2005  ) . For example 
phosphorylation of claudin 3 and 4 was shown to disrupt TJs in ovarian cancer cells 
(D’Souza et al.  2005  ) . It accomplished this by decreasing the strength of the TJ 
(D’Souza et al.  2005  ) . Furthermore, phosphorylation of the C terminus of claudin 3 
has been shown to be responsible for regulating the TJ barrier function in these cells 
(D’Souza et al.  2005  ) . 
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    8.5.1   Mislocalization of Tight Junction Proteins 
and Phosshorylation in Breast Cancer 

 There are also increasing reports of TJ proteins being mislocalized from the cell 
membrane to other subcellular compartments in cancer. For example, we (Blanchard 
et al.  2009  )  and others (Soini  2005 ; Tokes et al.  2005  )  have reported the mislocaliza-
tion of claudin 1 in the cytoplasm of human invasive breast cancer. Another integral 
TJ protein, occludin, which is normally membrane bound, has also been shown to 
be mislocalized often in the cytoplasm or nucleus (Dhawan et al.  2005 ; French et al. 
 2009 ; Leotlela et al.  2007  )  and in some of those studies, mislocalization was asso-
ciated with enhanced metastatic potential. This phenomenon it is not unique to TJ 
proteins, as mislocalization of other membrane proteins, has been reported in 
several human cancers (Morin  2005 ; Dhawan et al.  2005 ; French et al.  2009 ; 
Leotlela et al.  2007 ; Oku et al.  2006  ) . 

 Notably, initial work in Madin Darby Canine Kidney (MDCK) cells by Ruffer 
et al., (Ruffer and Gerke  2004  )  showed that the C-terminal tail of claudin 1 is 
required for the apical localization at the epithelial junctions and that deletion of this 
region inhibited its localization to the cell membrane and resulted in its retention in 
the cytoplasm. Moreover, analysis of the claudin 1 protein reveals a number of 
putative protein kinase A (PKA) and C (PKC) sites within the C-terminal end. Thus, 
PKA and PKC appear to be important players in regulating the localization of TJ 
proteins in the cell.  

    8.5.2   Role of PKA/PKC in Sub Cellular Localization 
of Tight Junction Proteins 

 Protein kinase C (PKC) is a family of ser-thr kinases known to regulate epithelial 
barrier function (for review, (Gonzales-Mariscal et al.  2010  ) ). PKC has been shown 
to induce both assembly and disassembly of TJs depending on the cell type and 
conditions of activation (D’Souza et al.  2005  ) . PKC has also been shown to regulate 
the transcription of TJ genes, although the isozyme speci fi city has not been 
clearly elucidated (Koizumi et al.  2008  ) . For example, activation of PKC by 
12-O-tetradecanoylphorbol-13-acetate (TPA) causes increases in transcription of 
occludin, ZO-1 and claudin 1 in T84 cells and melanoma cells (French et al.  2009  ) . 
As well, it appears that PKC can regulate the subcellular localization TJ and TJ 
associated proteins. In pancreatic cancer, EGF was shown to translocate occludin 
and the TJ associated protein ZO-1 from the cytosol to the nucleus via a PKC 
signaling pathway (Takai et al.  2005 ; Tan et al.  2004  ) . 

 Studies also now show that the claudin proteins, particularly claudin 1, can 
directly associate with discreet signal transduction pathways by interacting with 
signaling molecules, such as PKA and PKC, and other PDZ domain containing 
proteins (D’Souza et al.  2005 ; Leotlela et al.  2007 ; Koizumi et al.  2008 ; Banan et al. 
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 2005 ; Lippoldt et al.  2000  ) . PKC/PKA activity is important in regulating claudin 1 
expression and localization in several cancers (Dhawan et al.  2005 ; French et al.  2009 ; 
Leotlela et al.  2007 ; Oku et al.  2006  ) . In hepatoma cells a decrease in PKA resulted in 
sublocalization of claudin 1 to the cytoplasm (Farquhar et al.  2008  ) . In melanoma, 
PKC activity has been shown to increase the transcription of claudin 1 and phospho-
rylation modi fi cation by PKA/PKC further resulted in the retention of claudin 1 in the 
cytoplasm (French et al.  2009  ) . Furthermore, mutation of PKA/PKC phosphorylation 
sites on the claudin 1 protein that led to its constitutive phosphorylation resulted 
in claudin 1 retention in the cytoplasm. In particular, the mutation of one PKA site 
contained within the C-terminal tail was alone responsible for retaining claudin 1 in 
the cytoplasm. In melanomas, as well as in oral and colon cancers, the observed 
mislocalization of the claudin 1 protein was shown to be associated with enhanced 
metastatic capacity (Dhawan et al.  2005 ; Leotlela et al.  2007 ; Oku et al.  2006  ) .  

    8.5.3   Ephrins 

 Ephrin (Eph) receptors are frequently over expressed in cancerous tissues (Tanaka 
et al.  2005  )  and the over expression of this receptor and its ligand has been reported 
in various tumors of epithelial origin, but their signi fi cance is not well understood. 
In neural cells as well as epithelial cells, the interaction of the Eph family of receptor 
protein tyrosine kinase and its ephrin ligand family can induce bidirectional signaling 
via cell-cell contact (Tanaka et al.  2005  ) . Ephrin B1 becomes phosphorylated on 
tyrosine residues following contact with the Eph receptor ecodomain (Bruckner 
et al.  1997  ) . 

 Recent studies show that there exists a relationship between the ephrin B1 ligand 
and claudin 1. Claudin 1 has been shown to facilitate the phosphorylation of ephrin 
B1. Ephrin B1 creates an in vivo complex with adjacent claudin 1 via the extra-
cellular domains. (Tanaka et al.  2005  ) . Claudin 1 was shown to induce phosphory-
lation of ephrin B1 resulting in formation of cell-cell contact. Depending on the 
level of phosphorylation the over expression of ephrin B1 resulted in a consequent 
change in the level of cell-cell adhesion. Furthermore, the cell-cell contact formation 
enhanced the tyrosine phosphorylation of the cytoplasmic region of ephrin B1 in a 
manner dependent on claudin 1. 

 A search of common phosphorylation sites among claudins reveals that the 
tyrosine present at position −1 (from the C-terminus) of all claudins (except 11, 12, 
13 16, 22 and 23), is a conserved putative Eph phosphorylation site (Gonzales-
Mariscal et al.  2010  ) . The revelation that the claudins have conserved Eph phos-
phorylation sites suggest that the claudins in turn may also be phosphorylated 
by members of the Eph family. 

 The relationship between claudin 1 and the ephrin family is not straightforward. 
However the interactions between the ephrin family and the claudins are intriguing 
and more extensive investigations are warranted and understanding the interactions 
of the Eph family and the claudins will be an important novel area of study with 
regards to breast cancer progression.   
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    8.6   Conclusion and Future Perspectives 

 As many as ten different breast cancer subtypes have now been identi fi ed to date, 
underscoring the heterogeneous nature of this disease. Unfortunately, most of 
these are poorly characterized. As a result, this void in our knowledge presents 
an insurmountable challenge to  fi nding effective strategies for managing this 
disease. 

 Research into the development of approaches to modulate barrier function for 
ef fi cient drug delivery continues to receive much attention (Itoh and Bissell  2003  ) . 
Since the loss of cell-cell adhesion is a crucial step in EMT, strategies to overcome 
the altered expression of TJ proteins in cancerous tissues are attractive as they could 
eventually lead to the development of effective therapeutic management for treating 
and possibly preventing human cancers. It is well established that changes in the TJ 
permeability can be reproduced readily in response to a number of physiological 
stimuli in the healthy mammary gland of a number of species (Freeman et al.  2000  )  
Enhancing our understanding in the regulation of TJ permeability pathological 
states as breast cancer, is critical. At the same time we also need to further our 
understanding of how TJ interact with signaling cascades. To address such interac-
tions, established and available mouse models with genetic variation in many types 
of signaling molecules can be utilized. The combination of studies in these mice 
with careful biochemical studies of TJ components may provide powerful insight 
into TJ regulation. 

 The claudin family of TJ proteins are of particular interest in the quest to 
identify new targets for breast cancer therapy as (1) an increasing number of 
claudin family members are being shown to have direct involvement in the 
migration and proliferation rates in cancer (Agarwal et al.  2009 ; Dhawan et al. 
 2005 ; French et al.  2009 ; Leotlela et al.  2007  )  and (2) some claudin family 
members (Claudin 3 and 4) are known receptors for the enterotoxins ( Clostridium 
perfringens)  that can elicit rapid and speci fi c cell lysis in numerous cancer cells 
(Long et al.  2001 ; Michl et al.  2001 ; Santin et al.  2005  ) , including breast 
(Kominsky et al.  2004  ) . 

 The pattern of expression of TJ proteins in normal breast and breast cancer 
may also serve as a tool for predicting disease progression. We have shown a 
signi fi cant association between claudin 1 and the BLBC subtype (Blanchard et al. 
 2009  ) . Also, the recent identi fi cation of a new “claudin low” subtype (Herschkowitz 
et al.  2007  )  that characteristically exhibits low levels of claudin 3 and 4, and 
which has been shown to be associated with a particularly aggressive form of 
breast cancer, is one example. Additional support regarding the utility of TJ 
proteins as potential biomarkers for breast cancer comes from a recent report 
which showed that when claudin 1 was used in conjunction with four other markers, 
this cohort of markers was a useful predictive indicator for breast cancer patients 
(Charpin et al.  2012  ) . 

 Altogether, these observations present new opportunities for developing effective 
therapeutic strategies for managing breast cancer.      



190 Y. Myal and A.A.A. Blanchard

   References 

    Agarwal R, Mori Y, Cheng Y, Jin Z, Olaru AV, Hamilton JP, David S, Selaru FM, Yang J, Abraham 
JM, Montgomery E, Morin PJ, Meltzer SJ (2009) Silencing of claudin-11 is associated with 
increased invasiveness of gastric cancer cells. PLoS One 4:e8002  

    Balda MS, Whitney JA, Flores C, Gonzalez S, Cereijido M, Matter K (1996) Functional dissocia-
tion of paracellular permeability and transepithelial electrical resistance and disruption of the 
apical-basolateral intramembrane diffusion barrier by expression of a mutant tight junction 
membrane protein. J Cell Biol 134:1031–1049  

    Banan A, Zhang LJ, Shaikh M, Fields JZ, Choudhary S, Forsyth CB, Farhadi A, Keshavarzian A 
(2005) theta Isoform of protein kinase C alters barrier function in intestinal epithelium through 
modulation of distinct claudin isotypes: a novel mechanism for regulation of permeability. 
J Pharmacol Exp Ther 313:962–982  

    Bild AH, Parker JS, Gustafson AM, Acharya CR, Hoadley KA, Anders C, Marcom PK, Carey LA, 
Potti A, Nevins JR, Perou CM (2009) An integration of complementary strategies for gene-
expression analysis to reveal novel therapeutic opportunities for breast cancer. Breast Cancer 
Res 11:R55  

    Blanchard AA, Skliris GP, Watson PH, Penner C, Tomes L, Murphy LC, Young TL, Leygue E, 
Myal Y (2009) Claudin 1, 3 and 4 protein expression in ER negative breast cancer correlates 
with markers of the basal phenotype. Virchows Arch 454:647–656  

    Boheler KR (2009) Stem cell pluripotency: a cellular trait that depends on transcription factors, 
chromatin state and a checkpoint de fi cient cell cycle. J Cell Physiol 221:10–17  

    Boyer B, Valles AM, Edme N (2000) Induction and regulation of epithelial-mesenchymal transi-
tions. Biochem Pharmacol 60:1091–1099  

    Braun S, Pantel K (1999) Biological characteristics of micrometastatic cancer cells in bone marrow. 
Cancer Metastasis Rev 18:75–90  

    Brennan K, Of fi ah G, McSherry EA, Hopkins AM (2010) Tight junctions: a barrier to the initiation 
and progression of breast cancer? J Biomed Biotechnol 2010:460607  

    Bruckner K, Pasquale EB, Klein R (1997) Tyrosine phosphorylation of transmembrane ligands for 
Eph receptors. Science 275:1640–1643  

    Chandramouly G, Abad PC, Knowles DW, Lelievre SA (2007) The control of tissue architecture 
over nuclear organization is crucial for epithelial cell fate. J Cell Sci 120:1596–1606  

    Charpin C, Tavassoli F, Secq V, Giusiano S, Villeret J, Garcia S, Birnbaum D, Bonnier P, Lavaut 
MN, Boubli L, Carcopino X, Iovanna J (2012) Validation of an immunohistochemical signature 
predictive of 8-year outcome for patients with breast carcinoma. Int J Cancer 131:E236–E243  

    Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, Speed D, Lynch AG, 
Samarajiwa S, Yuan Y, Graf S, Ha G, Haffari G, Bashashati A, Russell R, McKinney S, 
Langerod A, Green A, Provenzano E, Wishart G, Pinder S, Watson P, Markowetz F, Murphy L, 
Ellis I, Purushotham A, Borresen-Dale AL, Brenton JD, Tavare S, Caldas C, Aparicio S (2012) 
The genomic and transcriptomic architecture of 2,000 breast tumours reveals novel subgroups. 
Nature 486:346–352  

    D’Souza T, Agarwal R, Morin PJ (2005) Phosphorylation of claudin-3 at threonine 192 by cAMP-
dependent protein kinase regulates tight junction barrier function in ovarian cancer cells. J Biol 
Chem 280:26233–26240  

    Daniel CW, Silberstein GB (1987) Postnatal development of the rodent mammary gland. In: 
Neville MC, Daniel CW (eds) The mammary gland:development, regulation and function. 
Plenum Press, New York, pp 3–36  

    Dhawan P, Singh AB, Deane NG, No Y, Shiou SR, Schmidt C, Neff J, Washington MK, Beauchamp 
RD (2005) Claudin-1 regulates cellular transformation and metastatic behavior in colon cancer. 
J Clin Invest 115:1765–1776  

    Fanning AS, Anderson JM (2009) Zonula occludens-1 and -2 are cytosolic scaffolds that regulate 
the assembly of cellular junctions. Ann N Y Acad Sci 1165:113–120  



1918 Tight Junctions in Breast Cancer: Multifaceted Players…

    Farquhar MJ, Harris HJ, Diskar M, Jones S, Mee CJ, Nielsen SU, Brimacombe CL, Molina S, 
Toms GL, Maurel P, Howl J, Herberg FW, van Ijzendoorn SC, Balfe P, McKeating JA (2008) 
Protein kinase A-dependent step(s) in hepatitis C virus entry and infectivity. J Virol 
82:8797–8811  

    Finak G, Sadekova S, Pepin F, Hallett M, Meterissian S, Halwani F, Khetani K, Souleimanova M, 
Zabolotny B, Omeroglu A, Park M (2006) Gene expression signatures of morphologically 
normal breast tissue identify basal-like tumors. Breast Cancer Res 8:R58  

    Forrest JC, Campbell JA, Schelling P, Stehle T, Dermody TS (2003) Structure-function analysis of 
reovirus binding to junctional adhesion molecule 1. Implications for the mechanism of reovirus 
attachment. J Biol Chem 278:48434–48444  

    Freeman ME, Kanyicska B, Lerant A, Nagy G (2000) Prolactin: structure, function, and regulation 
of secretion. Physiol Rev 80:1523–1631  

    French AD, Fiori JL, Camilli TC, Leotlela PD, O’Connell MP, Frank BP, Subaran S, Indig FE, 
Taub DD, Weeraratna AT (2009) PKC and PKA phosphorylation affect the subcellular 
localization of claudin-1 in melanoma cells. Int J Med Sci 6:93–101  

    Gonzales-Mariscal L, Garay E, Quiros M (2010) Regulation of claudins by posttranslational 
modi fi cations and cell-signaling cascades. In: Current topics in membranes. Elsevier, San 
Diego, pp 113–150  

    Gonzalez-Mariscal L, Lechuga S, Garay E (2007) Role of tight junctions in cell proliferation and 
cancer. Prog Histochem Cytochem 42:1–57  

    Gonzalez-Mariscal L, Tapia R, Chamorro D (2008) Crosstalk of tight junction components with 
signaling pathways. Biochim Biophys Acta 1778:729–756  

    Guarino M, Rubino B, Ballabio G (2007) The role of epithelial-mesenchymal transition in cancer 
pathology. Pathology 39:305–318  

    Hay ED (1995) An overview of epithelio-mesenchymal transformation. Acta Anat (Basel) 
154:8–20  

    Heiskala M, Peterson PA, Yang Y (2001) The roles of claudin superfamily proteins in paracellular 
transport. Traf fi c 2:93–98  

    Herschkowitz JI, Simin K, Weigman VJ, Mikaelian I, Usary J, Hu Z, Rasmussen KE, Jones LP, 
Assefnia S, Chandrasekharan S, Backlund MG, Yin Y, Khramtsov AI, Bastein R, Quackenbush 
J, Glazer RI, Brown PH, Green JE, Kopelovich L, Furth PA, Palazzo JP, Olopade OI, Bernard 
PS, Churchill GA, Van DT, Perou CM (2007) Identi fi cation of conserved gene expression 
features between murine mammary carcinoma models and human breast tumors. Genome 
Biol 8:R76  

    Hewitt KJ, Agarwal R, Morin PJ (2006) The claudin gene family: expression in normal and neo-
plastic tissues. BMC Cancer 6:186  

    Hoevel T, Macek R, Mundigl O, Swisshelm K, Kubbies M (2002) Expression and targeting of the 
tight junction protein CLDN1 in CLDN1-negative human breast tumor cells. J Cell Physiol 
191:60–68  

    Hoevel T, Macek R, Swisshelm K, Kubbies M (2004) Reexpression of the TJ protein CLDN1 
induces apoptosis in breast tumor spheroids. Int J Cancer 108:374–383  

    Honda H, Pazin MJ, Ji H, Wernyj RP, Morin PJ (2006) Crucial roles of Sp1 and epigenetic 
modi fi cations in the regulation of the CLDN4 promoter in ovarian cancer cells. J Biol Chem 
281:21433–21444  

    Hoover KB, Liao SY, Bryant PJ (1998) Loss of the tight junction MAGUK ZO-1 in breast cancer: 
relationship to glandular differentiation and loss of heterozygosity. Am J Pathol 153:
1767–1773  

    Hugh J, Hanson J, Cheang MC, Nielsen TO, Perou CM, Dumontet C, Reed J, Krajewska M, 
Treilleux I, Rupin M, Magherini E, Mackey J, Martin M, Vogel C (2009) Breast cancer sub-
types and response to docetaxel in node-positive breast cancer: use of an immunohistochemical 
de fi nition in the BCIRG 001 trial. J Clin Oncol 27:1168–1176  

    Hynes NE, Watson CJ (2010) Mammary gland growth factors: roles in normal development and in 
cancer. Cold Spring Harb Perspect Biol 2:a003186  



192 Y. Myal and A.A.A. Blanchard

    Itoh M, Bissell MJ (2003) The organization of tight junctions in epithelia: implications for mammary 
gland biology and breast tumorigenesis. J Mammary Gland Biol Neoplasia 8:449–462  

    Itoh M, Furuse M, Morita K, Kubota K, Saitou M, Tsukita S (1999) Direct binding of three tight 
junction-associated MAGUKs, ZO-1, ZO-2, and ZO-3, with the COOH termini of claudins. 
J Cell Biol 147:1351–1363  

    Itoh M, Sasaki H, Furuse M, Ozaki H, Kita T, Tsukita S (2001) Junctional adhesion molecule 
(JAM) binds to PAR-3: a possible mechanism for the recruitment of PAR-3 to tight junctions. 
J Cell Biol 154:491–497  

    Jeselsohn R, Brown NE, Arendt L, Klebba I, Hu MG, Kuperwasser C, Hinds PW (2010) Cyclin D1 
kinase activity is required for the self-renewal of mammary stem and progenitor cells that are 
targets of MMTV-ErbB2 tumorigenesis. Cancer Cell 17:65–76  

    Johnson MC (2010) Anatomy and physiology of the breast. In: Jatio I, Kaufmann M (eds) 
Management of breast diseases. Springer, Berlin, pp 1–36  

    Junquiera L, Carneiro J (2003) Basic histology text and atlas. Lange Medical Books/McGraw-Hill, 
New York  

    Kaihara T, Kawamata H, Imura J, Fujii S, Kitajima K, Omotehara F, Maeda N, Nakamura T, 
Fujimori T (2003) Redifferentiation and ZO-1 reexpression in liver-metastasized colorectal 
cancer: possible association with epidermal growth factor receptor-induced tyrosine phos-
phorylation of ZO-1. Cancer Sci 94:166–172  

    Kim TH, Huh JH, Lee S, Kang H, Kim GI, An HJ (2008) Down-regulation of claudin-2 in breast 
carcinomas is associated with advanced disease. Histopathology 53:48–55  

    Knudsen ES, Ertel A, Davicioni E, Kline J, Schwartz GF, Witkiewicz AK (2012) Progression of 
ductal carcinoma in situ to invasive breast cancer is associated with gene expression programs 
of EMT and myoepithelia. Breast Cancer Res Treat 133:1009–1024  

    Koizumi J, Kojima T, Ogasawara N, Kamekura R, Kurose M, Go M, Harimaya A, Murata M, 
Osanai M, Chiba H, Himi T, Sawada N (2008) Protein kinase C enhances tight junction barrier 
function of human nasal epithelial cells in primary culture by transcriptional regulation. Mol 
Pharmacol 74:432–442  

    Kominsky SL, Argani P, Korz D, Evron E, Raman V, Garrett E, Rein A, Sauter G, Kallioniemi OP, 
Sukumar S (2003) Loss of the tight junction protein claudin-7 correlates with histological 
grade in both ductal carcinoma in situ and invasive ductal carcinoma of the breast. Oncogene 
22:2021–2033  

    Kominsky SL, Vali M, Korz D, Gabig TG, Weitzman SA, Argani P, Sukumar S (2004) Clostridium 
perfringens enterotoxin elicits rapid and speci fi c cytolysis of breast carcinoma cells mediated 
through tight junction proteins claudin 3 and 4. Am J Pathol 164:1627–1633  

    Konska G, Guillot J, L.M d, Fonck Y (1998) Expression of Tn antigen and N-acetyllactosamine 
residues in malignant and benign human breast tumors detected by lectins and monoclonal 
antibody 83D4. Int J Oncol 12:361–367  

    Kramer F, White K, Kubbies M, Swisshelm K, Weber BH (2000) Genomic organization of claudin-1 
and its assessment in hereditary and sporadic breast cancer. Hum Genet 107:249–256  

    Kulawiec M, Sa fi na A, Desouki MM, Still I, Matsui SI, Bakin A, Singh KK (2008) Tumorigenic 
transformation of human breast epithelial cells induced by mitochondrial DNA depletion. 
Cancer Biol Ther 7:1732–1743  

    Kulka J, Tokes AM (2005) Claudin expression in breast tumors. Hum Pathol 36:859  
    Kwan ML, Kushi LH, Weltzien E, Maring B, Kutner SE, Fulton RS, Lee MM, Ambrosone CB, 

Caan BJ (2009) Epidemiology of breast cancer subtypes in two prospective cohort studies of 
breast cancer survivors. Breast Cancer Res 11:R31  

    Lanigan F, McKiernan E, Brennan DJ, Hegarty S, Millikan RC, McBryan J, Jirstrom K, Landberg 
G, Martin F, Duffy MJ, Gallagher WM (2009) Increased claudin-4 expression is associated 
with poor prognosis and high tumour grade in breast cancer. Int J Cancer 124:2088–2097  

    Lelievre SA (2010) Tissue polarity-dependent control of mammary epithelial homeostasis and 
cancer development: an epigenetic perspective. J Mammary Gland Biol Neoplasia 15:49–63  

    Lelievre SA, Bissell MJ (1998) Communication between the cell membrane and the nucleus: role 
of protein compartmentalization. J Cell Biochem Suppl 30–31:250–263  



1938 Tight Junctions in Breast Cancer: Multifaceted Players…

    Leotlela PD, Wade MS, Duray PH, Rhode MJ, Brown HF, Rosenthal DT, Dissanayake SK, Earley 
R, Indig FE, Nickoloff BJ, Taub DD, Kallioniemi OP, Meltzer P, Morin PJ, Weeraratna AT 
(2007) Claudin-1 overexpression in melanoma is regulated by PKC and contributes to mela-
noma cell motility. Oncogene 26:3846–3856  

    Liang TW, DeMarco RA, Mrsny RJ, Gurney A, Gray A, Hooley J, Aaron HL, Huang A, Klassen T, 
Tumas DB, Fong S (2000) Characterization of huJAM: evidence for involvement in cell-cell 
contact and tight junction regulation. Am J Physiol Cell Physiol 279:C1733–C1743  

    Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, Asselin-Labat ML, Gyorki DE, Ward T, 
Partanen A, Feleppa F, Huschtscha LI, Thorne HJ, Fox SB, Yan M, French JD, Brown MA, 
Smyth GK, Visvader JE, Lindeman GJ (2009) Aberrant luminal progenitors as the candidate 
target population for basal tumor development in BRCA1 mutation carriers. Nat Med 
15:907–913  

    Lippoldt A, Liebner S, Andbjer B, Kalbacher H, Wolburg H, Haller H, Fuxe K (2000) Organization 
of choroid plexus epithelial and endothelial cell tight junctions and regulation of claudin-1, -2 
and -5 expression by protein kinase C. Neuroreport 11:1427–1431  

    Long H, Crean CD, Lee WH, Cummings OW, Gabig TG (2001) Expression of Clostridium per-
fringens enterotoxin receptors claudin-3 and claudin-4 in prostate cancer epithelium. Cancer 
Res 61:7878–7881  

    Lopez D, Niu G, Huber P, Carter WB (2009) Tumor-induced upregulation of Twist, Snail, and Slug 
represses the activity of the human VE-cadherin promoter. Arch Biochem Biophys 482:77–82  

    Mandell KJ, Parkos CA (2005) The JAM family of proteins. Adv Drug Deliv Rev 57:857–867  
    Mareel M, Leroy A (2003) Clinical, cellular, and molecular aspects of cancer invasion. Physiol 

Rev 83:337–376  
    Martin TA, Jiang WG (2009) Loss of tight junction barrier function and its role in cancer metasta-

sis. Biochim Biophys Acta 1788:872–891  
    Martin TA, Mansel RE, Jiang WG (2002) Antagonistic effect of NK4 on HGF/SF induced changes 

in the transendothelial resistance (TER) and paracellular permeability of human vascular 
endothelial cells. J Cell Physiol 192:268–275  

    Martin TA, Harrison GM, Watkins G, Jiang WG (2008) Claudin-16 reduces the aggressive behavior 
of human breast cancer cells. J Cell Biochem 105:41–52  

    Martinez-Estrada OM, Culleres A, Soriano FX, Peinado H, Bolos V, Martinez FO, Reina M, Cano 
A, Fabre M, Vilaro S (2006) The transcription factors Slug and Snail act as repressors of 
Claudin-1 expression in epithelial cells. Biochem J 394:449–457  

    Martin-Padura I, Lostaglio S, Schneemann M, Williams L, Romano M, Fruscella P, Panzeri C, 
Stoppacciaro A, Ruco L, Villa A, Simmons D, Dejana E (1998) Junctional adhesion molecule, 
a novel member of the immunoglobulin superfamily that distributes at intercellular junctions 
and modulates monocyte transmigration. J Cell Biol 142:117–127  

    McCarthy KM, Francis SA, McCormack JM, Lai J, Rogers RA, Skare IB, Lynch RD, Schneeberger 
EE (2000) Inducible expression of claudin-1-myc but not occludin-VSV-G results in aberrant 
tight junction strand formation in MDCK cells. J Cell Sci 113(Pt 19):3387–3398  

    McSherry EA, McGee SF, Jirstrom K, Doyle EM, Brennan DJ, Landberg G, Dervan PA, Hopkins 
AM, Gallagher WM (2009) JAM-A expression positively correlates with poor prognosis in 
breast cancer patients. Int J Cancer 125:1343–1351  

    Michl P, Buchholz M, Rolke M, Kunsch S, Lohr M, McClane B, Tsukita S, Leder G, Adler G, 
Gress TM (2001) Claudin-4: a new target for pancreatic cancer treatment using Clostridium 
perfringens enterotoxin. Gastroenterology 121:678–684  

    Michl P, Barth C, Buchholz M, Lerch MM, Rolke M, Holzmann KH, Menke A, Fensterer H, Giehl 
K, Lohr M, Leder G, Iwamura T, Adler G, Gress TM (2003) Claudin-4 expression decreases 
invasiveness and metastatic potential of pancreatic cancer. Cancer Res 63:6265–6271  

    Miyoshi J, Takai Y (2008) Structural and functional associations of apical junctions with cytoske-
leton. Biochim Biophys Acta 1778:670–691  

    Moody SE, Perez D, Pan TC, Sarkisian CJ, Portocarrero CP, Sterner CJ, Notorfrancesco KL, 
Cardiff RD, Chodosh LA (2005) The transcriptional repressor Snail promotes mammary tumor 
recurrence. Cancer Cell 8:197–209  



194 Y. Myal and A.A.A. Blanchard

    Morgan G, Wooding FB (1982) A freeze-fracture study of tight junction structure in sheep mam-
mary gland epithelium during pregnancy and lactation. J Dairy Res 49:1–11  

    Morin PJ (2005) Claudin proteins in human cancer: promising new targets for diagnosis and therapy. 
Cancer Res 65:9603–9606  

    Morohashi S, Kusumi T, Sato F, Odagiri H, Chiba H, Yoshihara S, Hakamada K, Sasaki M, Kijima 
H (2007) Decreased expression of claudin-1 correlates with recurrence status in breast cancer. 
Int J Mol Med 20:139–143  

    Mullin JM (1997) Potential interplay between luminal growth factors and increased tight junction 
permeability in epithelial carcinogenesis. J Exp Zool 279:484–489  

    Myal Y, Leygue E, Blanchard AA (2010) Claudin 1 in breast tumorigenesis: revelation of a possible 
novel “claudin high” subset of breast cancers. J Biomed Biotechnol 2010:956897  

    Naik UP, Naik MU, Eckfeld K, Martin-DeLeon P, Spychala J (2001) Characterization and chromo-
somal localization of JAM-1, a platelet receptor for a stimulatory monoclonal antibody. J Cell 
Sci 114:539–547  

    Naik MU, Naik TU, Suckow AT, Duncan MK, Naik UP (2008) Attenuation of junctional adhesion 
molecule-A is a contributing factor for breast cancer cell invasion. Cancer Res 68:2194–2203  

    Neville MC, Daniel CW (1987) The mammary gland: development, regulation, and function. 
Plenum Press, New York  

    Nguyen DA, Neville MC (1998) Tight junction regulation in the mammary gland. J Mammary 
Gland Biol Neoplasia 3:233–246  

    Nielsen TO, Hsu FD, Jensen K, Cheang M, Karaca G, Hu Z, Hernandez-Boussard T, Livasy C, 
Cowan D, Dressler L, Akslen LA, Ragaz J, Gown AM, Gilks CB, van de RM, Perou CM 
(2004) Immunohistochemical and clinical characterization of the basal-like subtype of invasive 
breast carcinoma. Clin Cancer Res 10:5367–5374  

    O’Brien LE, Zegers MM, Mostov KE (2002) Opinion: building epithelial architecture: insights 
from three-dimensional culture models. Nat Rev Mol Cell Biol 3:531–537  

    Oku N, Sasabe E, Ueta E, Yamamoto T, Osaki T (2006) Tight junction protein claudin-1 enhances 
the invasive activity of oral squamous cell carcinoma cells by promoting cleavage of laminin-5 
gamma2 chain via matrix metalloproteinase (MMP)-2 and membrane-type MMP-1. Cancer 
Res 66:5251–5257  

    Osanai M, Murata M, Nishikiori N, Chiba H, Kojima T, Sawada N (2006) Epigenetic silencing of 
occludin promotes tumorigenic and metastatic properties of cancer cells via modulations of 
unique sets of apoptosis-associated genes. Cancer Res 66:9125–9133  

    Osanai M, Murata M, Nishikiori N, Chiba H, Kojima T, Sawada N (2007a) Occludin-mediated 
premature senescence is a fail-safe mechanism against tumorigenesis in breast carcinoma cells. 
Cancer Sci 98:1027–1034  

    Osanai M, Murata M, Chiba H, Kojima T, Sawada N (2007b) Epigenetic silencing of claudin-6 
promotes anchorage-independent growth of breast carcinoma cells. Cancer Sci 98:1557–1562  

    Ostermann G, Weber KS, Zernecke A, Schroder A, Weber C (2002) JAM-1 is a ligand of the 
beta(2) integrin LFA-1 involved in transendothelial migration of leukocytes. Nat Immunol 
3:151–158  

    Paris L, Bazzoni G (2008) The protein interaction network of the epithelial junctional complex: a 
system-level analysis. Mol Biol Cell 19:5409–5421  

    Perou CM (2010) Molecular strati fi cation of triple-negative breast cancers. Oncologist 15(Suppl 
5):39–48  

    Perou CM, Sorlie T, Eisen MB, van de RM, Jeffrey SS, Rees CA, Pollack JR, Ross DT, Johnsen H, 
Akslen LA, Fluge O, Pergamenschikov A, Williams C, Zhu SX, Lonning PE, Borresen-Dale 
AL, Brown PO, Botstein D (2000) Molecular portraits of human breast tumours. Nature 
406:747–752  

    Polak-Charcon S, Shoham J, Ben-Shaul Y (1980) Tight junctions in epithelial cells of human fetal 
hindgut, normal colon, and colon adenocarcinoma. J Natl Cancer Inst 65:53–62  

    Polyak K (2007) Breast cancer: origins and evolution. J Clin Invest 117:3155–3163  
    Prat A, Perou CM (2009) Mammary development meets cancer genomics. Nat Med 15:842–844  



1958 Tight Junctions in Breast Cancer: Multifaceted Players…

    Raleigh DR, Boe DM, Yu D, Weber CR, Marchiando AM, Bradford EM, Wang Y, Wu L, 
Schneeberger EE, Shen L, Turner JR (2011) Occludin S408 phosphorylation regulates tight 
junction protein interactions and barrier function. J Cell Biol 193:565–582  

    Ren J, Hamada J, Takeichi N, Fujikawa S, Kobayashi H (1990) Ultrastructural differences in junc-
tional intercellular communication between highly and weakly metastatic clones derived from 
rat mammary carcinoma. Cancer Res 50:358–362  

    Resnick MB, Konkin T, Routhier J, Sabo E, Pricolo VE (2005) Claudin-1 is a strong prognostic 
indicator in stage II colonic cancer: a tissue microarray study. Mod Pathol 18:511–518  

    Ruffer C, Gerke V (2004) The C-terminal cytoplasmic tail of claudins 1 and 5 but not its PDZ-
binding motif is required for apical localization at epithelial and endothelial tight junctions. Eur 
J Cell Biol 83:135–144  

    Saitou M, Fujimoto K, Doi Y, Itoh M, Fujimoto T, Furuse M, Takano H, Noda T, Tsukita S (1998) 
Occludin-de fi cient embryonic stem cells can differentiate into polarized epithelial cells bearing 
tight junctions. J Cell Biol 141:397–408  

    Sallee JL, Burridge K (2009) Density-enhanced phosphatase 1 regulates phosphorylation of 
tight junction proteins and enhances barrier function of epithelial cells. J Biol Chem 284:
14997–15006  

    Santin AD, Cane S, Bellone S, Palmieri M, Siegel ER, Thomas M, Roman JJ, Burnett A, Cannon 
MJ, Pecorelli S (2005) Treatment of chemotherapy-resistant human ovarian cancer xenografts 
in C.B-17/SCID mice by intraperitoneal administration of Clostridium perfringens enterotoxin. 
Cancer Res 65:4334–4342  

    Satoh H, Zhong Y, Isomura H, Saitoh M, Enomoto K, Sawada N, Mori M (1996) Localization of 
7H6 tight junction-associated antigen along the cell border of vascular endothelial cells corre-
lates with paracellular barrier function against ions, large molecules, and cancer cells. Exp Cell 
Res 222:269–274  

    Sauer T, Pedersen MK, Ebeltoft K, Naess O (2005) Reduced expression of Claudin-7 in  fi ne needle 
aspirates from breast carcinomas correlate with grading and metastatic disease. Cytopathology 
16:193–198  

    Sobel G, Nemeth J, Kiss A, Lotz G, Szabo I, Udvarhelyi N, Schaff Z, Paska C (2006) Claudin 1 
differentiates endometrioid and serous papillary endometrial adenocarcinoma. Gynecol Oncol 
103:591–598  

    Soini Y (2005) Expression of claudins 1, 2, 3, 4, 5 and 7 in various types of tumours. Histopathology 
46:551–560  

    Soler AP, Miller RD, Laughlin KV, Carp NZ, Klurfeld DM, Mullin JM (1999) Increased tight 
junctional permeability is associated with the development of colon cancer. Carcinogenesis 
20:1425–1431  

    Sorlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel A, Deng S, Johnsen H, Pesich R, 
Geisler S, Demeter J, Perou CM, Lonning PE, Brown PO, Borresen-Dale AL, Botstein D 
(2003) Repeated observation of breast tumor subtypes in independent gene expression data 
sets. Proc Natl Acad Sci USA 100:8418–8423  

    Stelwagen K, van Espen DC, Verkerk GA, McFadden HA, Farr VC (1998) Elevated plasma cortisol 
reduces permeability of mammary tight junctions in the lactating bovine mammary epithelium. 
J Endocrinol 159:173–178  

    Stelwagen K, McFadden HA, Demmer J (1999) Prolactin, alone or in combination with glucocor-
ticoids, enhances tight junction formation and expression of the tight junction protein occludin 
in mammary cells. Mol Cell Endocrinol 156:55–61  

    Stevenson BR, Keon BH (1998) The tight junction: morphology to molecules. Annu Rev Cell Dev 
Biol 14:89–109  

    Swisshelm K, Machl A, Planitzer S, Robertson R, Kubbies M, Hosier S (1999) SEMP1, a senes-
cence-associated cDNA isolated from human mammary epithelial cells, is a member of an 
epithelial membrane protein superfamily. Gene 226:285–295  

    Swisshelm K, Macek R, Kubbies M (2005) Role of claudins in tumorigenesis. Adv Drug Deliv Rev 
57:919–928  



196 Y. Myal and A.A.A. Blanchard

    Takai E, Tan X, Tamori Y, Hirota M, Egami H, Ogawa M (2005) Correlation of translocation of 
tight junction protein Zonula occludens-1 and activation of epidermal growth factor receptor in 
the regulation of invasion of pancreatic cancer cells. Int J Oncol 27:645–651  

    Tan X, Egami H, Ishikawa S, Nakagawa M, Ishiko T, Kamohara H, Hirota M, Ogawa M (2004) 
Relationship between activation of epidermal growth factor receptor and cell dissociation in 
pancreatic cancer. Int J Oncol 25:1303–1309  

    Tanaka M, Kamata R, Sakai R (2005) Phosphorylation of ephrin-B1 via the interaction with claudin 
following cell-cell contact formation. EMBO J 24:3700–3711  

   Tay PN, LanY, Leung CH, Hooi SC (2008) Genes associated with metastasis and epithelial-
mesenchymal transition (EMT)-like phenotype in human colon cancer cells. Palladin in 
colon cancer metastasis. AACR.   http://www.aacr.org/home/scientists/meetings--workshops/
aacr-annual-meeting-2013/previous-annual-meetings/annual-meeting-2008/abstracts.aspx      

    Tobioka H, Isomura H, Kokai Y, Tokunaga Y, Yamaguchi J, Sawada N (2004) Occludin expression 
decreases with the progression of human endometrial carcinoma. Hum Pathol 35:159–164  

    Tokes AM, Kulka J, Paku S, Szik A, Paska C, Novak PK, Szilak L, Kiss A, Bogi K, Schaff Z (2005) 
Claudin-1, -3 and -4 proteins and mRNA expression in benign and malignant breast lesions: a 
research study. Breast Cancer Res 7:R296–R305  

    Trimboli AJ, Fukino K, de BA, Wei G, Shen L, Tanner SM, Creasap N, Rosol TJ, Robinson ML, 
Eng C, Ostrowski MC, Leone G (2008) Direct evidence for epithelial-mesenchymal transitions 
in breast cancer. Cancer Res 68:937–945  

    Tsukita S, Furuse M, Itoh M (2001) Multifunctional strands in tight junctions. Nat Rev Mol Cell 
Biol 2:285–293  

    Valles AM, Thiery JP, Boyer B (1994) In vitro studies of epithelium-to-mesenchymal transitions. 
In: Celis J (ed) Cell biology: a laboratory handbook. Academic, New York, pp 232–242  

    Vincent-Salomon A, Thiery JP (2003) Host microenvironment in breast cancer development: 
epithelial-mesenchymal transition in breast cancer development. Breast Cancer Res 
5:101–106  

    Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson RA, Come C, Savagner P, Gitelman I, 
Richardson A, Weinberg RA (2004) Twist, a master regulator of morphogenesis, plays an 
essential role in tumor metastasis. Cell 117:927–939  

    Yu K, Lee CH, Tan PH, Tan P (2004) Conservation of breast cancer molecular subtypes and tran-
scriptional patterns of tumor progression across distinct ethnic populations. Clin Cancer Res 
10:5508–5517  

    Yu KD, Shen ZZ, Shao ZM (2009) The immunohistochemically “ER-negative, PR-negative, 
HER2-negative, CK5/6-negative, and HER1-negative” subgroup is not a surrogate for the nor-
mal-like subtype in breast cancer. Breast Cancer Res Treat 118(3):661–663  

    Zahraoui A, Louvard D, Galli T (2000) Tight junction, a platform for traf fi cking and signaling 
protein complexes. J Cell Biol 151:F31–F36      

http://www.aacr.org/home/scientists/meetings--workshops/aacr-annual-meeting-2013/previous-annual-meetings/annual-meeting-2008/abstracts.aspx
http://www.aacr.org/home/scientists/meetings--workshops/aacr-annual-meeting-2013/previous-annual-meetings/annual-meeting-2008/abstracts.aspx


197T.A. Martin and W.G. Jiang (eds.), Tight Junctions in Cancer Metastasis, 
Cancer Metastasis - Biology and Treatment 19, DOI 10.1007/978-94-007-6028-8_9, 
© Springer Science+Business Media Dordrecht 2013

    Chapter 9   
 Regulation of Tight Junctions for Therapeutic 
Advantages       

      Lorenza   González-Mariscal        ,    Mónica   Díaz-Coránguez   , and    Miguel   Quirós     

  Abstract      Tight junctions (TJs) mediate cell-cell adhesion between epithelial 
cells, maintain cell polarity and regulate the paracellular transit of ions and 
molecules. Epithelial cells in order to become cancerous disassemble their TJs. 
Although many TJ proteins are down-regulated during cell transformation, others are 
in contrast overexpressed. The case is particularly relevant for claudins, where not 
only each tissue, but each tumor within a given organ expresses a speci fi c set of 
claudins. In this chapter we will explain how the expression of TJ proteins in 
cancerous cells, has been used as a molecular tool to identify tumors and predict 
patient survival rates. In addition we will describe novel strategies that target TJ 
proteins for cancer treatment and to enhance the delivery of therapeutic drugs 
through the paracellular pathway of tumors.  

  Keywords   Tight junctions • Cancer • Claudins • Paracellular pathway • Epithelia  

       9.1   Introduction 

 Tight junctions (TJs), located at the uppermost portion of the lateral membrane of 
epithelial cells, regulate the permeability of ions and molecules through the paracel-
lular pathway, located between neighboring cells, and maintain a polarized distribution 
of lipids and proteins between the apical and basolateral plasma membranes 
(Gonzalez-Mariscal et al.  2003  ) . Besides these canonical functions of barrier and 
fence, TJs have in more recent times, been recognized as the frontline structure that 
cells have to overcome to become cancerous and to metastasize. 

    L.   González-Mariscal   (*) •     M.   Díaz-Coránguez   •     M.   Quirós  
     Department of Physiology, Biophysics and Neuroscience ,  Center for Research 
and Advanced Studies (Cinvestav) ,   Ave IPN 2508 ,  México D.F   07360 ,  Mexico      
e-mail:  lorenza@ fi sio.cinvestav.mx   

 These authors contributed    equally to this manuscript 



198 L. González-Mariscal et al.

 Although leaky permeability and ultraestructural modi fi cations in the TJ 
network of epithelial tumors (Palekar and Sirsat  1975 ; Johnson and Sheridan  1971 ; 
Martinez-Palomo  1970  ) , were described a few years after TJ were  fi rst described in 
1963 (Farquhar and Palade  1963  ) , it was not until recently that TJ dysregulation 
came to be observed not as a consequence of cancer progression but as an integral 
step in cancer appearance and spreading. Breakdown of epithelial TJs allows the 
access of growth factors present in the apical surface (Salido et al.  1986  )  to their 
receptors on the basolateral side (Harris  1991  ) , and generates the loss of cell contact 
inhibition and of apico-basolateral polarity. These events lead to uncontrolled cell 
proliferation and to cell-cell dissociation, the  fi rst steps needed for primary tumor 
cell development and for allowing detached tumor cells to invade the surrounding 
stroma. The release of numerous factors by tumor cells, induces blood vessels in the 
tumor vicinity to become leakier, allowing detached tumor cells to enter the sys-
temic circulation and later on, permits the extravasation of tumor cells to their new 
secondary focus [for review see (Martin and Jiang  2009  ) ]. Hence it can be said that 
dismantling of TJs in epithelial and endothelial cells is seminal for epithelial cell 
transformation, invasion and metastasis. 

 Since a wide variety of different proteins assemble at TJs, it has become of 
utmost importance to analyze how their expression changes as tumors initiate, prog-
ress and metastasize, and ultimately as will be described in this chapter, to search 
which of these proteins can be employed for cancer detection, prognosis and as 
novel targets for therapeutic intervention.  

    9.2   TJ Proteins as Probes for Cancer Detection and Prognosis 

 Information on the state of TJ components in cancerous tissues and cell lines derives 
from studies that employ immunohistochemistry, proteomics analysis with mass 
spectrometry and gene expression pro fi ling by microarrays or SAGE (Serial Analysis 
of Gene Expression). The results obtained by these technics do not always correlate, 
since for example the increased expression of a messenger RNA for a TJ protein 
does not necessarily imply that the protein is being overexpressed. Furthermore, the 
overexpression of certain TJ proteins sometimes occurs when the structure no lon-
ger exists and the protein instead of being sorted to the plasma membrane remains 
diffusely distributed in the cytoplasm (Lioni et al.  2007  ) . Alternatively, the expres-
sion of a protein in a tumor can be heterogeneous. Such for example is the case of 
claudin-4 in human colorectal cancer (CRC) where at the surface of the tumor the 
expression is well preserved at the plasma membrane, but diminishes at the invasive 
front (Ueda et al.  2007  ) . These observations highlight the importance of analyzing 
the state of each TJ proteins in different cancers from several angles that include 
gene expression, protein abundance and subcellular localization. 

 Another important aspect to take into account is that TJs are constituted by a 
complex array of proteins that in cancerous tissues may be regulated in opposite 
manners. While down-regulation of TJ proteins in cancerous tissues is easy to 
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comprehend, considering that loosening of the structure is a pre-requisite for cell 
dissociation, the overexpression of certain TJ proteins constitutes a riddle more 
dif fi cult to understand. Maybe the aberrant overexpression of these proteins is the 
result of a failed effort of the cells to reestablish the junctional structure, or alterna-
tively, their accumulation at the cytosol, re fl ects their role as oncogenic factors. In 
this respect it has been observed that certain claudins promote the activation of 
metalloproteinases, cell migration and motility (Oku et al.  2006 ; Miyamori et al. 
 2001 ; Lee et al.  2008  ) . In the case of claudins, particular homotypic and heterotypic 
trans interactions take place among different members of the family (Furuse et al. 
 1999  ) . Therefore a faulty TJ barrier is proposed to result when the proportion among 
claudins is altered by either the over or under expression of a particular claudin. 

 Table  9.1  shows how in the wide variety of cancers analyzed, a down-regulation 
of occludin, tricellulin and Marvel D3 is observed. These proteins, form a group 
named TAMP ( t ight junction  a ssociated  M arvel  p roteins), characterized for contain-
ing a conserved four transmembrane Marvel domain. A similar behavior has been 
detected for the peripheral proteins ZO-2, ZO-3, Par-3, Mupp1 and AF6, although 
for all these proteins, with the exception of ZO-2, the number of studies performed 
has been too small to allow for a generalization. Instead, ZO-1 and the integral fam-
ily of JAM proteins display a mixed behaviour and their up and down-regulation is 
speci fi c for each type of carcinoma. In the case of claudins, the situation is even 
more complex, as different claudin expression pro fi les are present in each tissue, 
and these change in cancer according to the tumor type and stage of its progression. 
However, in an effort to describe a tendency, it can be said that in cancerous tissues 
it is common to  fi nd overexpression of claudins 2, 3, 4 and 7. We should also men-
tioned that claudins 1–5 and 7 have been proposed as markers of epithelial differen-
tiation in order to distinguish epithelial neoplasms from lymphomas (Soini  2005  )   

 Next we will describe how the under or over expression of certain TJ proteins is 
associated to a particular type of tumor (Table  9.2 ), to its prognosis (Fig.  9.1 ) and 
patient survival rate (Fig.  9.2 ).    

    9.2.1   Breast Cancer 

 Breast cancer is the most common cancer in women of developed countries. World 
wide, each year, it is diagnosed in approximately one million women, and 40% of 
them ultimately succumb to the disease (Ferlay  2008  )  

 Based on histological observations breast cancer develops from epithelial hyperpla-
sia, through atypical hyperplasia, and ductal carcinoma in situ to invasive carcinoma 
and to metastatic disease. Based on the status of estrogen and progesterone receptors 
(ER/PR), human epidermal growth factor receptor 2 (Her2), epidermal growth factor 
receptor (EGFR) and the expression of cytokeratins (CK) 5 and 6, the following  fi ve 
distinct breast cancer categories have been identi fi ed [for review see (Myal et al.  2010  ) ]: 
Luminal A (ER+ and/or PR+, Her2−); Luminal B (ER+ and/or PR+, Her2+); Her2 
overexpressing (ER−, PR−, Her2+); Basal like (ER−, PR−, Her2−, CK5,6+ and/or 
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a
Breast

Tumor

ZO-1 +++
ZO-2 +++
PAR3 +++
Cl 1 +++
Cl 4 +++
Cl 16 +++ +++

b
Lung

Tumor NSCC
SCC Met

SQ AC LCC

Occ − − −
ZO-1 + +

Cingulin −
Cl 1 + − − +
Cl 2 + + +
Cl 3 − + +
Cl 4 + + +
Cl 5 − + −
Cl 7 + + − +

AC adenocarcinoma, LCC large cell carcinoma, Met metastasis,
NSCC non-small cell carcinoma, SCC small cell carcinoma, SQ
aquamous cell carcinomac

Pancreas
Tumor

TJ 
protein

IPMN IIPMN Endocrine
Exocrine

AC SPT PB ACC

Cl 1 − +
Cl 2 − + +
Cl 3 + −
Cl 4 + ++ − + −
Cl 5 +
Cl 7 + + + +

AC ductal adenocarcinoma, ACC undifferentiated carcinoma with osteoclastic-like giant
cells and acinar cell carcinomas, IPMN intraductal papillary mucinous neoplasm, IIPMN
intestinal type IPMN, PB pancreatoblastoma, SPT solid pseudopapillary tumor

d Stomach
Tumor

TJ 
protein

IM Displasia IAC Difusse PDAC

Cl 2 − ++ +++
Cl 4 ++ ++
Cl 7 ++ ++ ++ +

IAC intestinal adenocarcinoma, IM intestinal metaplasia, PDAC poor differentiated 
adenocarcinoma

TJ
protein

Basal-like
(ER−, PR−, Her2−)

Her2 overexpressing
(ER−, PR−,Her2+)

TJ
protein

   Table 9.2    Expression pro fi le of TJ proteins in a variety of tumors of different organs             

(continued)



202 L. González-Mariscal et al.

e Endometrium
Tumor

Type I

Type II

SAC
Hyperplasia

EC CCEC EEC
Simple Complex Atypical

Cl 1 + +++
Cl 2 +++ +
Cl 3 +++ + + +++ +++ +++ ++
Cl 4 +++ + + +++ +++ +++ ++

CCEC clear cell endometrial cancer, EC endometrioid carcinomas, EEC endometrioid
endometrial cancer, SAC serouspapillary adenocarcinomas

f Ovary
Tumor

EOC Serous Adenoma

Cl 3 +++ ++ ++
Cl 4 +++ ++ ++
Cl 7 +++ ++ ++

EOC epitelial ovarian carcinoma.

g

Tumor HCC
Cholangiocarcinoma

Gall
bladder

Conventional Fibrolamelar

Occ −
Tric −
ZO-1 −
Cl 1 +
Cl 2 +++
Cl 3 − − +++
Cl 4 − − +++ +++
Cl 5 − ++ −
Cl 7 − − +++
Cl 10 + (↓)

+ (↓)

+ (↓)

+ (↓)

+ (↓)

+ (↓)

HCC hepatocellular cell carcinoma, () in comparison with normal tissue

h

i

Tumor
CCC Papillary Chromophobe Oncocytoma

Cl 1 − +
Cl 7 + +++ +++ ++

CCC clear cell carcinoma

TJ
protein 

TJ
protein

TJ
protein

Bladder and upper urinary tract.
Tumor

UP PUNLMP LG-UCC HG-UCC IUP

Cl 1 + + + +++
Cl 4 +++ +

HG-UCC invasive high grade urothelial cell carcinoma, IUP inverted UP, LG-UCC
low-grade urothelial cell carcinomas, PUNLMP papillary urothelial neoplasms of 
low malignana potential, UP urothelial papilloma

TJ 
protein

TJ
protein

Table 9.2 (continued)

(continued)
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j
Esophageal

Tumor 
TJ 
protein

SCC AC Barret’s 
esophagus LGD HGD Met

Cl 1 +++
Cl 2 +++ +
Cl 3 +++ ++ +++ +++
Cl 4 +++ +++ +++ +++
Cl 7 − ++ +++ +++ ++

AC adenocarcinoma, HGD high-grade dysplasia, LGD low-grade dysplasia, Met metastasis,
SCC squamous cell carcinoma

k

Tumor
TJ 
protein

SCC Low-MEC High-MEC

Occ −
Cl 1 +++ +++
Cl 3 + +++
Cl 4 ++
Cl 5 +
Cl 7 +++

MEC mucoepidermoid carcinoma, SCC  squamous cell carcinoma
l

Thyroid
Tumor 

TJ 
protein

Follicular Papillary PMC Medullary PDC UDC

Cl 1 ++ ++ ++ + ++ +
Cl 4 ++ ++ ++ ++ ++ +
Cl 7 + ++ ++ + + +

PDC poorly differentiated carcinoma, PMC papillary microcarcinoma, UDC undifferentiated 
carcinomam

Pediatric CNS
Tumor Teratoid/

Rhabdoid Germinomas Choroid 
plexus Wilms

Cl 6 +++ ++ ++ ++

n
Mesenchymal tissue of the gastrointestinal tract

Tumor
GIST Angiosarcoma Hemangiomas Leiomyoma Leiomyosarcoma

Cl 1 +
Cl 2 + + + + +
Cl 3 + +
Cl 4 + +
Cl 5 + + +
Cl 7 + +

GIST gastrointesinal stromal tumor

TJ
protein

TJ
protein

Oral cavity and minor salivary glands

(continued)

Table 9.2 (continued)



204 L. González-Mariscal et al.

o
Brain

Tumor
TJ 
protein

Meningioma Fibrous Hemangioperycitoma
Vestibular 

schwannoma

Cl 1 + − − −

p
Sarcoma

Tumor
TJ 
protein

AS Kaposi LGFM Perineurioma

Cl 1 + +
Cl 5 + + +

AS angiosarcoma, LGFM low-grade fibromyxoid

Bifasic
synovial

EGFR+) and Normal like (cells are somewhat similar to normal epithelia but yet 
display putative initiating stem cell phenotype). The luminal A subtype which is sensitive 
to hormones has the most favorable outcome, whereas those not sensitive to hormones 
are more aggressive and have fewer therapeutic options. 

 TJ proteins that have been identi fi ed as new biomarkers predictive of poor 
prognosis in breast cancer patients are: 

    9.2.1.1   Peripheral TJ Proteins with PDZ Domains: 
ZO-1, ZO-2, MUPP1 and PAR3 

 In ductal carcinomas, immunohistochemical studies have shown that as tumors 
become more undifferentiated, the expression of ZO-1 and E-cadherin decreases 
(Hoover et al.  1998  ) , and in a similar fashion, PCR analysis demonstrated that the 
expression of ZO-1 and MUPP1 is signi fi cantly lower in samples derived from patients 
with metastatic disease than in those remaining disease free (Martin et al.  2004  ) . 
Another study detected by PCR and immunocytochemistry, a decrease in ZO-1 and 
ZO-2 in invasive breast carcinoma samples in comparison with normal breast tissue 
(Tokes et al.  2012  ) . Although these result indicate that loss of ZO-1, ZO-2 an MUPP1 
is associated with poor patient prognosis, the subtype of tumor should also be taken 
into account, as ZO-1, ZO-2 and PAR3 genes are unexpectedly upregulated in Her2 
overexpressing tumors (Tokes et al.  2012  )  (Fig.  9.1a  and Table  9.2A ).  

    9.2.1.2   Integral TJ Proteins: Occludin, JAM-A and Claudins 

      Occludin 

 PCR analysis and immunohistochemical staining show loss of occludin expression 
in human breast cancer tissue and correlation of this loss with a worse patient prog-
nosis. In accordance, ZO-2 silencing increases the invasiveness of breast cancer cell 
lines (Martin et al.  2010  )  (Fig.  9.1b ).  

Table 9.2 (continued)
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  Fig. 9.1    The expression of certain TJ proteins is indicative of the differentiation state of the tumor 
and of its capacity to proliferate, invade and metastasize       
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TUMOR
Survival

Good prognosis
Tumor grade Recurrence

Breast

Colorectal

Lung

Prostate

Stomach

Cervical

Endometrial

Ovarian

Liver

Kidney

Bladder

Esophageal

Oral cavity

Melanoma

Thyroid

Cl 7++ Cl 7+++,+or-

Cl 1 (PUNLMP)

     Cl 7 (EpCAM,
Tetraspanin C0-
029 and CD44v6)

Cl 1, 2, 4 and 7

Runx Cl 1

ZO-1 and Occ
Cingulin

Tcf4SMAD4

SMAD7

Met

Met
Met

β-cat

Cl 1
Cl 3

Cl 18

Cl 1

Cl 1
Cl 3

Cl 1 (stage ll)

Cl 1 and  7

Cl 1,3 and 4

Cl 11

Met

Met
Met

Cl 3 and 7

Cl1

Cl1

Cl 3
Cl 4 (LG-UCC)

Cl 1 and 4

Cl 1 and 4-
Cl 7-

ZO-1
Cl 1 and 3PKC

Cl 1,4 and 7

Occ

Cl 3 and  4

Cl 4

Cl 1,6 and 16

ZO-1,ZO-2 and
MUPP1
Occ-

JAM-A
Cl 1, 2and 7

Cl 4

Cl 1

  Fig. 9.2    The expression of TJ proteins in tumors correlates to survival rate, tumor grade, progno-
sis and disease recurrence       
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      JAM-A 

 Tissue microarray data reveal that JAM-A expression positively correlates with 
tumor stage, nodal status and poor human breast cancer prognosis (Murakami et al. 
 2011 ; McSherry et al.  2009  ) . However when a multivariate analysis is performed 
relating JAM-A to a variety of other factors like pathological stage, tumor grade, 
ER expression, nodal status, and the expression of Her2 and the cancer antigen 
Ki67, JAM-A looses its predictive value (Murakami et al.  2011  ) . The view in favor 
of JAM-A as a negative prognostic factor, is reinforced by experimental data where 
JAM-A null mice expressing the oncogenic protein Polyoma Middle T under 
the MMTV promoter, develop smaller tumors than JAM-A positive mice, due to 
an increased apoptosis triggered by the lack of JAM-A (Murakami et al.  2011  ) . 
In addition, the loss of JAM-A in breast cancer cell lines decreases cell migration 
(McSherry et al.  2009  ) . In contradiction to these results, it has also been observed 
that JAM-A expression in certain breast cancer cell lines has an inverse relation 
with cell migration on collagen gels, a property that correlates with the ability of 
these cells to metastasize (Naik et al.  2008  )  (Fig.  9.1a ).  

      Claudins 

 In breast carcinomas as the disease advances claudins 2 (Kim et al.  2008  )  and 7 
(Sauer et al.  2005  )  become down regulated, and silencing of the latter is due to 
promoter hypermethylation (Kominsky et al.  2003  ) . Additionally, in breast cell lines, 
the over expression of claudins 6 (Wu et al.  2010  )  and 16 (Martin et al.  2008  )  inhibits 
the malignant phenotype thus suggesting that these claudins play in breast cancer a 
tumor suppressor role. With regards to claudin-16, the observation is controversial 
since a signi fi cant elevation of the protein is seen in breast cancer tissues in comparison 
to normal ones, and the increased gene expression of claudin-16 negatively correlates 
with estrogen and progesterone receptor staining (Kuo et al.  2010  ) . 

 Claudin-1 functions as a tumor suppressor in breast tumorigenesis, and its 
reexpression induces apoptosis in breast cancer cell lines (Hoevel et al.  2004  ) . 
Accumulating evidence demonstrates that the partial or total loss of claudin-1 
correlates with an increased malignant potential and disease recurrence (Morohashi 
et al.  2007 ; Szasz et al.  2011  ) . In sporadic tumors and hereditary breast cancer 
patients, as well as in breast cancer cell lines, no genetic alterations in the promoter 
or coding sequences have been identi fi ed that could explain the loss of claudin-1 
expression (Kramer et al.  2000  ) . Instead, claudin-1 silencing is regulated during 
epithelial to mesenchymal transition (EMT) by the expression of the transcription 
factors snail and slug that bind to claudin-1 promoter and repress its activation 
(Martinez-Estrada et al.  2006  ) . In basal-like breast carcinomas, the overexpression 
of LOXL2, a member of the lysyl oxidase family that deaminates peptidyl-lysine 
residues to generate aldehyde groups that form covalent inter and intramolecular 
crosslinks, represses the transcription of claudin-1 (Moreno-Bueno et al.  2011  ) . 
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 Surprisingly, it has also been observed that the frequency of breast tumors, which 
are positive to claudins 1 and 4, is signi fi cantly higher in ER− than in ER+ tumors. 
Furthermore, claudins 1 and 4 positivity is associated with the basal like subtype of 
breast cancers, which display the worst prognosis and reduced patient survival 
(Blanchard et al.  2009 ; Kulka et al.  2009  ) . Therefore the expression of claudins 1 
and 4 could be employed in the future as a diagnostic tool for basal-like ER− breast 
cancer subset. With regards to claudin 4, it has additionally been observed that its 
increased expression in breast cancer and lymph node metastasis is associated with 
poor prognosis and high tumor grade (Lanigan et al.  2009  )  (Szasz et al.  2011  )  
(Fig.  9.1a  and Table  9.2A ). 

 It is dif fi cult to understand how a breast tumor can pass from a low to a high 
claudin-1 expression status, and how claudin-1 can switch from having a tumor sup-
pressor role to become instead a tumor enhancer. In accordance with the nonlinear 
model of breast cancer, it has been speculated that within a breast tumor some cells 
do not loose claudin-1 and are therefore predetermined to become ER- basal-like 
breast cancers. Following instead the linear model of breast cancer it is proposed 
that as cell progress from ER+ to ER−, a different set of transcription factors is 
expressed that allow the reexpression of claudin-1. The difference in behavior of 
claudin-1 might depend on the localization on the protein. Thus, when claudin-1 is 
not present at the TJ and accumulates in the cytosol or is randomly distributed in the 
plasma membrane, it could exert a tumor-facilitating role by promoting for instance 
the activation of metalloproteinases (Oku et al.  2006  ) .    

    9.2.2   Colorectal Cancer 

 Colorectal cancer (CRC) is the third most common cancer in men and the second in 
women. Although it is highly preventable through early detection by colonoscopy 
screening, around 608,00 deaths related to CRC still occur each year worldwide 
(Ferlay  2008  ) . The adenomatous polyposis coli (APC)/  b  -catenin pathway has 
long been recognized as the seminal route that regulates CRC, and in recent times 
it has become clear that several TJ proteins are indeed among the main targets of 
this pathway. 

    9.2.2.1   Peripheral TJ Proteins: ZO-1 and Cingulin 

 In a study done with samples of stage II colon cancer only 44% of the tumors exhib-
ited normal to elevated expression levels of ZO-1. In addition, the low expression of 
ZO-1 was associated with a higher tumor grade (Resnick et al.  2005  ) . It is notewor-
thy that although ZO-1 expression is reduced in primary CRC it is re-expressed in 
liver metastasized CRC (Kaihara et al.  2003  )  (Fig.  9.1e ). 

 Instead, the expression of cingulin in primary and metastatic CRC is maintained 
or upregulated (Citi et al.  1991  ) .  
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    9.2.2.2   Integral TJ Proteins: Occludin and Claudins 

      Occludin 

 A decreased expression of occludin in poorly differentiated CRC has been found 
(Kimura et al.  1997  )  and a strong inverse trend has been detected between levels of 
occludin expression and tumor grade (Resnick et al.  2005  )  (Fig.  9.1e ).  

      Claudins 

 In CRC an elevated expression of claudins 1 (Grone et al.  2007 ; Kinugasa et al. 
 2010  ) , 3 and 4 is observed (Mees et al.  2009 ; de Oliveira et al.  2005  ) . The increased 
expression of claudin-1 is accompanied by the cytoplasmic (Grone et al.  2007  )  and 
nuclear (Dhawan et al.  2005  )  accumulation of the protein and the loss of cell 
polarity. 

 Claudin-1 up-regulation results from the activation of the   b  -catenin pathway as 
claudin-1 transcription is positively regulated by two Tcf4 binding elements in the 
promoter region of the gene, thus explaining why claudin-1 expression decreases 
upon   b  -catenin reduction due to APC transfer into APC de fi cient colon cancer cells 
(Miwa et al.  2001  ) . In addition, in CRC the expression of claudin-1 is inversely 
regulated by the expression of the tumor suppressor Smad4, a signal transduction 
component of the transforming growth factor-  b   (TGF-  b  ) family of cytokines. 
Interestingly, Smad-4 inhibition of claudin-1 expression is independent of TGF-  b   
signaling as TGF-  b   receptor inhibitor LY364947 does not prevent Smad4 suppres-
sion of claudin-1 expression (Shiou et al.  2007  ) . In contrast, the overexpression of 
Smad7 enhances the formation of colon metastasis in the liver and correlates with 
an increased expression of claudins 1 and 4 (Halder et al.  2008  ) . 

 Despite all this evidence, the expression of claudins 1 and 4 has also been found to 
be signi fi cantly lower in cases of lymph node metastasis and in mucinous carcinoma 
cases (Ersoz et al.  2011  ) , and in another study of CRC, high claudin-1 expression 
was surprisingly found to lead to a better prognosis (Nakagawa et al.  2011  ) . 
Moreover, a tissue microarray study, demonstrated by immunohistochemistry anal-
ysis that a low expression level of claudin-1 protein is a strong predictor of recur-
rence and poor patient survival in stage II colon cancer (Resnick et al.  2005  ) . These 
discrepancies could be due to the employment of different cohorts in the various 
studies, and could pose a situation similar to the one described above for breast 
cancer, where in a particular cancer subset, the expression of a claudin like number 
1, exerts the opposite prognostic value than in the rest of the carcinomas. 

 In CRC, there is no agreement on the expression of claudin-2 and its potential as 
a diagnostic tool. Some studies show decrease immunoreactivity to claudin-2 in 
tumors cells in comparison to normal tissue, and no correlation of this expression to 
tumor differentiation or invasive pattern (Hahn-Stromberg et al.  2009  ) . Other reports 
indicate that CRCs exhibit a high level of claudin-2 mRNA but display claudin-2 
protein expression in only a 25.3% of CRCs (Aung et al.  2006  ) , without an obvious 
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correlation between claudin-2 expression and clinicopathological parameters. More 
recently a cohort with 309 patient CRC samples demonstrated an increase in clau-
din-2 expression that correlates with cancer progression and a similar increase in 
claudin-2 expression was found in in fl ammatory bowel disease (IBD) associated 
CRC. The role of claudin-2 in CRC appears to be mediated by EGFR as silencing 
of claudin-2 expression in a colon cancer cell line, reverts the EGF induced increase 
in cell proliferation (Dhawan et al.  2011  ) . 

 In addition, it has been observed that in IBD,   b  -catenin transcriptional activity is 
elevated, contributing to an increased expression of claudins 1 and 2 that could be 
involved in the early stages of transformation of IBD into CRC (Weber et al.  2008  ) . 

 Even though claudin-4 is overexpressed in CRC (de Oliveira et al.  2005 ; Mees 
et al.  2009  ) , a correlation has been found between lower levels of claudin-4 expres-
sion and more advanced stages of CRC (Resnick et al.  2005  ) . 

 With regards to claudin-7, a defective distribution of the protein along the crypt 
surface axis has been observed in CRC. In healthy human colon, the expression of 
claudin-7 is strong in differentiated postmitotic cells of the surface and low in the 
crypts due to the inhibitory effect on gene expression exerted by the transcription 
factors Tcf-4 and Sox-9. Instead, in CRC claudin-7 is overexpressed throughout 
(Darido et al.  2008  ) . An RT-PCR study revealed increased expression of claudin-7 
in CRC (Hewitt et al.  2006  )  and another analysis showed the upregulation of a com-
plex of proteins containing claudin-7, EpCAM, tetraspanin C0-029 and CD44v6, 
which is inversely correlated with disease-free survival (Kuhn et al.  2007  ) . In con-
trast other studies showed that in CRC the reduced expression of claudin-7 mRNA 
is an early event in the pathology (Bornholdt et al.  2011  )  and that it correlates with 
venous invasion and liver metastasis (Oshima et al.  2008  ) . It should be mentioned 
that hypermethylation of claudin-7 promoter has been detected in 20% of CRC with 
low claudin-7 expression (Nakayama et al.  2008  )  (Fig.  9.1e ). 

 Recently it has been found that the expression of claudin-18 correlates with poor 
survival in patients with CRC and is associated with the gastric phenotype (Matsuda 
et al.  2010  ) .    

    9.2.3   Lung Cancer 

 Lung cancer is the most common cause of death from cancer worldwide (Ferlay 
 2008  ) . Smoking is responsible for over 90% of cases of lung cancer, but exposure to 
asbestos, radon or heavy metals also contributes. There are two main groups of lung 
cancer: small (SCC) and non-small (NSCC) cell carcinomas. The latter has two main 
histological types, the squamous cell carcinoma characterized for cell keratinization, 
and adenocarcinoma distinguished for the production of mucin, and a rare type 
named large cell carcinoma. 

 The expression pattern of TJ proteins varies in dissimilar ways among the dif-
ferent types of lung cancer and could therefore give rise to a differential diagnosis of 
lung tumors (Tobioka et al.  2004b ; Paschoud et al.  2007 ; Moldvay et al.  2007 ; 
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Sormunen et al.  2007 ; Merikallio et al.  2011  ) . Thus while occludin remains 
 undetectable in SCC, squamous and large cell carcinomas, ZO-1 and claudins 2, 
4 and 7 are positive in squamous cell carcinomas and adenocarcinoma. Instead, in 
squamous cell carcinoma, claudin-1 is positive, and cingulin and claudins 3 and 5 
expression is negative, whereas in adenocarcinomas claudin-1 is negative and 
claudins 3 and 5 are positive. Large cell carcinomas are positive for claudin-4 and 
negative for claudins 1 and 7. Pulmonary epithelial metastasis are positive for 
claudins 1, 2, 3 and 7 and negative for claudin-5 (Table  9.2B ). 

 With regards to prognosis, patients with lung adenocarcinoma that have low 
claudin-1 expression have a shorter survival rate (Chao et al.  2009  )   

    9.2.4   Prostate Cancer 

 Prostate cancer is the second most frequent cancer of men and the sixth leading 
cause of death from cancer in men (Ferlay  2008  )  

 In prostate adenocarcinomas, immunohistochemical analysis revealed the down 
regulation of claudin-4, accompanied by the over-expression of claudins 2, 3 and 5 
in comparison to benign prostatic hyperplasia (Coutinho-Camillo et al.  2011  ) . With 
regards to prognosis, one study with 141 sections from prostatic adenocarcinomas 
showed that the decreased expression of claudin-1 correlates with high tumor grade 
and biochemical disease recurrence, whereas a decrease in claudin-7 correlates with 
high tumor grade. In contrast expression of claudin-3 correlates with advanced stage 
tumors and recurrence and expression of claudin-4 correlates with advanced stage 
(Sheehan et al.  2007  ) . Another study revealed that claudin-3 is overexpressed in 
prostatic adenocarcinoma and metastatic prostatic adenocarcinoma in comparison 
to benign prostatic hyperplasia and normal tissue adjacent to prostatic adenocarci-
noma, thus suggesting that claudin-3 could be a biomarker for primary and meta-
static prostate cancer (Bartholow et al.  2011  ) .  

    9.2.5   Pancreatic Cancer 

 Pancreatic cancer is the fourth most common cause of cancer related deaths world-
wide. This cancer has a poor prognosis. Thus the 5-year survival rate is 6% and the 
median survival for locally advanced and metastatic disease that together represent 
over 80% of individuals, is around 10 and 6 months respectively. 

 The vast majority of cancers of the pancreas are exocrine in type, and 90% of 
these are adenocarcinomas, meaning that they arise in the cells lining the ducts of 
the pancreas. The second most common type of exocrine pancreas cancer is muci-
nous whose prognosis is slightly better. Rarer types of exocrine pancreatic cancers 
are solid pseudopapillary tumor (SPT), pancreatoblastoma (PB), undifferentiated 
carcinoma with osteoclastic-like giant cells and acinar cell carcinomas (ACC). Only 
a minority of pancreatic tumors, start in the endocrine pancreas, where insulin and 
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other hormones are made. Most of these tumors are benign and are named after the 
hormone they produce. 

 Pancreatic adenocarcinoma arises from progressive tissue changes including a 
lesion named intraductal papillary mucinous neoplasm (IPMN) where an increased 
expression of claudin-4 has been observed in comparison with adenomas. In addi-
tion, a higher expression of claudin-4 is observed in the intestinal type IPMN than 
in the non-intestinal type, suggesting that claudin-4 expression is associated with 
neoplastic progression especially with the pathway that leads to intestinal differen-
tiation (Tsutsumi et al.  2011  ) . 

 Pancreatic endocrine tumors and exocrine cancers exhibit a different expression 
pro fi le for claudins. Thus endocrine tumors have a high expression of claudins 3 and 
7 but are negative for claudins 1, 2 and 4, whereas ductal adenocarcinomas are posi-
tive for claudins 1, 4 and 7 and half of them express claudin-2 (Borka et al.  2007  ) . 
SPT have intense membrane claudin-5 and cytoplasmic claudin-2 staining and lack 
claudins 3 and 4. Conversely, ACC and PB show a strong membrane expression of 
claudin-7 like endocrine tumors (Comper et al.  2009  )  (Table  9.2C ).  

    9.2.6   Stomach Cancer 

 Stomach cancer is the fourth most common malignancy in the world and the second 
leading cause of cancer death in both sexes worldwide (Ferlay  2008  ) . More than 
95% of stomach cancers are adenocarcinomas, meaning that they originate from 
the glandular epithelium of the gastric mucosa. There are two types of gastric 
adenocarcinomas: intestinal and diffuse type. In the former the cells form tubular 
structures and the tumors are pluristrati fi ed and have multiple lumens. Instead in 
the diffuse type adenocarcinomas, the cells are discohesive and produce large pools 
of mucus. 

 In gastric tissue the overexpression of claudins 2 and 7 correlates with gastric 
carcinogenesis. Thus the percentage of immunochemical claudin-2 positive cases 
found in a study done with human biopsies were 0% for chronic gastritis, 0% for 
intestinal type metaplasia, 36% for dysplasia and 74% for gastric intestinal type 
adenocarcinoma (Song et al.  2008  ) . Claudin-7 was signi fi cantly more expressed in 
intestinal metaplasia, dysplasia and cancer than in normal gastric epithelium. In 
addition, claudin-7 was more often expressed in intestinal type gastric cancer than 
in the diffuse type (Park et al.  2007 ; Johnson et al.  2005  ) . 

 Instead, in gastric cancer, the expression of claudins 1, 3 and 4 diminishes (Jung 
et al.  2011  )  and claudin-11 is silenced via hypermethylation of its promoter region 
(Agarwal et al.  2009  ) . Claudin-1 transcription is upregulated by the gastric tumor 
suppressor and transcription factor RUNX3, and in gastric cells from RUNX3 
knockout mice the tumorigenicity diminishes by restoring claudin-1 expression 
(Chang et al.  2010  ) . The lack or diminished expression of claudins 3 and 4 is associ-
ated to worse malignancy grades, positive lymphatic invasion and potential metastatic 
ability (Matsuda et al.  2007  ) . Decreased claudin-4 expression is usually found in 
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diffuse type tumors and poorly differentiated adenocarcinomas (Lee et al.  2005b ; 
Kuo et al.  2006 ; Lee et al.  2008  )  and is associated with signi fi cantly decreased over-
all survival rate (Jung et al.  2011 ; Ohtani et al.  2009  ) . Claudin-4 upregulation in 
gastric cancer cells suppresses cell invasion and migration, and loss of repressive 
histone methylations and gain of active histone modi fi cations are associated with 
claudin-4 overexpression in gastric cells. Therefore the epigenetic de-repression of 
claudin-4 has been proposed as a potential strategy for treating gastric cancer (Kwon 
et al.  2011  ) . This proposal however should be taken with caution as claudin-4 
expression is associated with matrix metalloproteinase 9 (MMP-9) expression, and 
has therefore been proposed to play a role in favoring intestinal type gastric cancer 
generation of distal metastasis (Lee et al.  2008  )  (Fig.  9.1d  and Table  9.2D ).  

    9.2.7   Gynecological Cancer: Cervical, Endometrial 
and Ovarian Cancers 

    9.2.7.1   Cervical Cancer 

 Cervical cancer is the third most common cancer in women and the seventh overall, 
with a mortality incidence ratio of 52% (Ferlay  2008  ) . Although Pap test has 
dramatically decreased the incidence and mortality rates of cervical cancer (Eddy 
 1990  ) , the morphological basis of this test makes it less than ideal for the manage-
ment of ambiguous or low-grade lesions. Therefore an attempt has been made to 
understand the molecular basis of cervical tumorigenesis and this has led to dis-
cover TJ markers for cervical cancer screening. 

 cDNA microarrays revealed that claudin-1 is among the top 62 genes that are 
overexpressed in cervical tumors and high grade intraepithelial lesions (HSIL) 
(Chen et al.  2003  ) , and immunohistochemistry in cervical tissue samples has indi-
cated increased expression of claudins 1, 2, 4 and 7 in the early phase of carcinogen-
esis in intraepithelial lesions, which decreases during progression to invasive disease 
(Sobel et al.  2005 ; Lee et al.  2005a  ) . Expression of claudin-1 appears to be the 
strongest in premalignant states and may thus serve as a good diagnostic marker.  

    9.2.7.2   Endometrial Carcinoma 

 Endometrial cancer is the sixth most common cancer in women worldwide. Body 
fatness increases the risk of endometrial cancer and abdominal fatness is probably a 
cause (Ferlay  2008  ) . Two distinct types of tumors develop in the endometrium. 
Type I that account for more than 80% of endometrial carcinomas, have an endo-
metrioid histology, favorable prognosis, are estrogen responsive and are preceded 
by endometrial hyperplasia. Type II have non-endometrioid histology, are serous, 
clear cell, mucinous, squamous, transitional cell, mesonephric and undifferentiated. 
These tumors have a poor prognosis, are non-estrogen related and lack association 
with endometrial hyperplasia. 
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 Claudins have a diagnostic potential in endometrial carcinoma as type I tumors 
have low claudin-1 and high claudin-2 protein contents, whereas seropapillary ade-
nocarcinomas have high claudin-1 and low claudin-2 levels (Sobel et al.  2006  ) . 
Claudins 3 and 4 are absent or have a weak expression in endometrial tissue, simple 
hyperplasia and complex hyperplasia and give an intense staining in atypical hyper-
plasia, endometrioid carcinomas (Pan et al.  2007  )  and serous papillary carcinomas 
(Santin et al.  2007a  ) . The rate of claudins 3 and 4 expression is higher in serous 
papillary carcinoma and clear cell endometrial cancer than in endometrioid 
endometrial cancer (Konecny et al.  2008  )  and the overexpression of claudin-4 
signi fi cantly correlates with myometrial invasion (Pan et al.  2007  ) . 

 In endometrial carcinomas occludin expression decreases progressively in paral-
lel with the increase in carcinoma grade and the decreased occludin expression cor-
relates with myometrial invasion and lymph node metastasis (Tobioka et al.  2004a  )  
(Fig.  9.1g  and Table  9.2E ).   

    9.2.8   Ovarian Cancer 

 Ovarian cancer is the eighth most common cancer in women and has the highest 
mortality rate of all gynecological cancers, as only 45% of women with ovarian 
cancer survive for 5 years. Ovarian cancer is often called a “silent killer” as its 
symptoms are ambiguous and often misdiagnosed (Ferlay  2008  ) . Epithelial ovarian 
tumors develop from the ovarian surface epithelium, a single layer of mesothelial 
type epithelia that covers the ovary. Several ovarian tumors are non cancerous, 
including serous adenomas, mucinous adenomas and Brenner tumors. There are 
some ovarian epithelial tumors whose appearance does not clearly identify them as 
cancerous and are therefore called borderline tumors or tumors of low malignant 
potential. Epithelial ovarian carcinomas account for 85–90% of all cancers of the 
ovaries. Interestingly, primary peritoneal carcinoma that develops in cells from the 
peritoneum, the abdominal lining, is closely related to epithelial ovarian cancer as it 
looks alike under the microscope and has similar symptoms, spread and treatment. 

 With the aim of searching for novel molecular biomarkers for early diagnosis 
and therapy for epithelial ovarian carcinomas, microarray data at RNA and protein 
levels have been done, revealing that claudins 3, 4 and 7 are among the most highly 
overexpressed genes and proteins in epithelial ovarian carcinomas in comparison 
to borderline serous tumors, adenomas and normal human ovarian epithelia 
(Bignotti et al.  2006 ; Choi et al.  2007 ; Tassi et al.  2008 ; Zhu et al.  2006  ) . The high 
expression of claudin-3 in epithelial ovarian carcinomas is an indicator of a shorter 
patient survival. 

 Serosal effusions arise  fi rst due to infections and second to metastasis. The 
cytophathologic analysis of malignant peritoneal and pleural effusions obtained 
from patients with ovarian and primary peritoneal carcinoma indicates that a high 
expression of claudins 3 or 7 predicts poor survival (Kleinberg et al.  2008  )  and the 
serous effusions from epithelial metastasis of different origin give a strong staining 
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for claudin-4, suggesting that this claudin can be used in serosal effusion for the 
detection of metastasis (Lonardi et al.  2011  )  (Fig.  9.1h  and Table  9.2F ).  

    9.2.9   Liver and Biliary Tract Cancers 

 Liver cancer is the  fi fth most common cancer in men and the seventh in women. 
It constitutes the third most common cause of death from cancer worldwide 
(Ferlay  2008  ) . Most cases of liver cancer are metastasis from other tumors, 
frequently of the gastrointestinal tract. The most frequent, malignant primary liver 
cancer is hepatocellular carcinoma (HCC) whose risk factors include viral hepatitis, 
alcoholic liver cirrhosis and exposure to hepatotoxins. There are several variants of 
HCC including  fi brolamellar HCC that is not associated with hepatitis or cirrhosis 
and occurs in young adults (Chung et al.  2009  ) . 

 Biliary tract cancers are relatively common malignant gastrointestinal tumors in 
the elderly. They comprise cholangiocarcinomas of the intrahepatic and extrahe-
patic bile ducts and gallbladder carcinomas. Bile ducts carcinomas are associated 
with primary sclerosing cholangitis and other risk factors include alcohol abuse, 
smoking and viral infections (Randi et al.  2009  ) . 

 In HCC, loss of occludin, tricellulin and ZO-1 expression is observed (Orban 
et al.  2008 ; Patonai et al.  2011  )  and attenuated expression of claudin-1 closely cor-
relates with the dedifferentiation and portal invasion of HCC, thus making claudin-1 
a marker for poor prognosis in HCC (Higashi et al.  2007  ) . The differential expres-
sion of claudins may serve to distinguish the subtypes of HCC and cholangiocarci-
nomas from HCC. Thus  fi brolamellar HCCs display a high expression of claudin-2, 
express claudin-5, have a low expression of claudin-1 and do not express claudins 
3, 4 and 7; cholangiocarcinomas have a high expression of claudins 3, 4 and 7, and 
do not express claudin-5, while conventional HCCs show no expression of claudins 
3, 4, 5 and 7 (Patonai et al.  2011 ; Nishino et al.  2008  ) . 

 In cholangiocarcinomas as well as in gallbladder carcinomas ZO-1 and occlu-
din are downregulated (Nemeth et al.  2009a  )  and in extrahepatic bile duct cancers 
and gallbladder carcinomas claudin-4 is overexpressed. Claudins 1 and 10 give in 
intrahepatic bile duct cancers a stronger signal than in extrahepatic bile duct can-
cers and gallbladder carcinomas, however the expression of claudin-10 in biliary 
tract carcinomas is lower than in normal tissue (Nemeth et al.  2009b  )  (Fig.  9.1f  
and Table  9.2G ).  

    9.2.10   Kidney Cancer 

 Kidney cancer is the 10th most common cancer worldwide and renal cell carcinoma 
(RCC) is the most common type of kidney cancer accounting for 85% of all malig-
nant kidney tumors. In RCC, cells of the kidney tubules become malignant and 
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grow to form a tumor. There are  fi ve main types of RCCs: (1) clear cell which is the 
most common and characterized for the very pale or clear appearance of the cells; 
(2) papillar, where the cancerous tissue forms  fi nger-like projections or papillae; (3) 
chromophobe where the cells are pale but large; (4) collecting duct, where the cells 
form irregular tubes, and (5) unclassi fi ed, where the appearance of the cells does not 
 fi t any of the other categories. 

 Renal tumor classi fi cation is important because the different subtypes are associ-
ated to distinct clinical behavior. For example, clear cell RCC has a worse prognosis 
compared to papillary or chromophobe cell RCCs, and more importantly, the rela-
tively common benign tumor named renal oncocytoma, cannot be easily distin-
guished from chromophobe RCC based on histological features. This highlights the 
importance that molecular markers have for the accurate classi fi cation of renal 
tumors and the subsequent management of patients and prognosis. 

 Claudins are a useful tool for renal tumor pro fi ling (Schuetz et al.  2005  ) . Thus, 
clear cell carcinomas are mostly negative for claudin-1, while papillary tumors 
are positive. Interestingly, claudin-1 positivity in clear cell carcinomas is a prog-
nostic of shortened patient survival (Fritzsche et al.  2008  ) . With regards to clau-
din-7 expression, chromophobe RCC is positive in 100% cases, papillary RCC in 
90%, clear cell RCC in 7% and the benign tumor oncocytoma in 45% (Li et al.  2008  ) . 
In the nephron, claudins 1 (Reyes et al.  2002  )  and 7 (Gonzalez-Mariscal et al. 
 2006  )  are markers of the distal nephron, therefore these results in addition suggest 
that chromophobe and papillary RCCs are more closely related to the distal than 
to the proximal nephron, whereas clear cell RCCs probably derive from the proxi-
mal nephron. 

 The simultaneous analysis of claudins 7 and 8 also serves to identify renal 
tumors. Thus, membranous claudin-7 and negative claudin-8 is seen in chromo-
phobe RCC and not in oncocytomas, while negative claudin-7 and cytoplasmic 
claudin-8 is observed in oncocytomas and not in chromophobe RCC (Osunkoya 
et al.  2009  )  (Table  9.2H ).  

    9.2.11   Bladder Cancer and Urothelial Carcinoma 
of the Upper Urinary Tract 

 Bladder cancer is the 11th most common cancer worldwide (Ferlay  2008  ) . Cigarette 
smoking and workplace exposure to industrial chemicals involved in rubber, 
leather, textiles and paint products are linked with bladder cancer (Society  2012  ) . 
Ninety- fi ve percent of bladder cancer is urothelial/transitional cell carcinoma that is 
classi fi ed as low and high grade. The latter has a worse outcome and exhibits cells 
that look more abnormal and grow more rapidly. The same type of cancers that grow 
in the bladder can also grow in other places of the urinary tract such as the lining of 
the kidney, the ureters and the urethra (Kaufman et al.  2009  ) . 

 The expression pro fi le of claudins changes during bladder transformation. 
Thus urothelial papillomas (UPs), papillary urothelial neoplasms of low malignant 
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potential (PUNLMPs) and low-grade urothelial cell carcinomas (LG-UCCs) have 
signi fi cantly decreased claudin-1 expression in comparison to inverted UPs 
(IUPs). This observation is important because IUPs almost always have a benign 
behavior, and diagnosing IUP is dif fi cult because it shares morphological charac-
teristics with urothelial carcinoma with inverted growth pattern and might mimic 
LG-UCC as well. With regards to prognosis it has been observed that 
LG-UCCs that overexpress claudin-4 are associated to a shorter recurrence free 
survival, whereas-PUNLMPs that overexpress claudin-1 have longer recurrence 
free survival (Szekely et al.  2011  ) . 

 It is noteworthy that the overexpression of claudin-4 in LG-UCCs, is followed in 
invasive high grade urothelial tumors by a strong downregulation. This effect 
appears to be due to hypermethylation of a CpG island present within the coding 
sequence of claudin-4 gene as treatment with a methyl-transferase inhibitor restores 
the expression of claudin-4 in primary cultures derived from high grade human 
bladder tumors (Boireau et al.  2007  ) . 

 Claudin-11 is strongly expressed in the non-invasive bladder cancer cell line 
RT112/84 in comparison to invasive cell lines T24/83 and EJ138, and in conformity, 
benign bladder tissue has a more intense staining of claudin-11 than bladder malig-
nant tissue. Interestingly, forced expression of claudin-11 reduces invasion in 
T24/83 cells (Awsare et al.  2011  ) . 

 In urothelial carcinoma of the upper urinary tract the increased expression of 
claudins 3 and 4 correlates with advanced stage and increased expression of clau-
din-3 is associated with poor overall survival (Nakanishi et al.  2008  )  (Table  9.2I ).  

    9.2.12   Esophageal Cancer 

 Esophageal cancer is the eighth most common cancer worldwide and the sixth 
most common cause of death from cancer (Ferlay  2008  ) . There are two main 
types of esophageal cancer named according to how cells look: (1) adenocarcinoma 
that is usually found in the lower part of the esophagus near the stomach, and (2) 
squamous cell carcinoma, found in the upper part of the esophagus. Around the 
world the later is the most common type of esophageal cancer (Enzinger and Mayer 
 2003  ) . Barrett’s esophagus is the replacement of the normal squamous epithelium 
of the lower esophagus by metaplastic columnar epithelium. It appears as a conse-
quence of prolonged gastro-esophageal re fl ux disease. It is a precancerous condi-
tion that predisposes to the development of esophageal adenocarcinoma (Flejou and 
Svrcek  2007  ) . 

 Immunohistochemistry analysis of esophagus samples (Gyorffy et al.  2005  )  
(Montgomery et al.  2006  )  reveals that claudin-1 expression is increased in squamous 
cell carcinoma in comparison to normal squamous epithelium, that claudin-2 
increases in adenocarcinoma in comparison to Barrett’s esophagus, and that clau-
dins 3 and 4 are elevated in Barrett’s esophagus, high grade dysplasia, adenocarci-
noma and metastases in comparison to normal esophagus squamous tissue and 
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foveolar epithelium, the mucus producing epithelium of the stomach. Another study 
shows that adenocarcinomas have higher claudins 2 and 3 expression than normal 
and Barrett’s epithelia (Gyorffy  2009  ) . Claudin-7 expression is minimal in squamous 
tissue, strong in Barrett’s esophagus and low-grade dysplasia, and less intense in 
high-grade dysplasia, adenocarcinoma and metastasis (Montgomery et al.  2006  ) . In 
squamous cell carcinoma, claudin-7 expression is often lost or localized to the cyto-
plasm (Lioni et al.  2007  ) . 

 Interestingly, in esophageal squamous cell carcinoma, the decreased expression 
of claudins 1 (Miyamoto et al.  2008  )  or 4 (Sung et al.  2011  ) , correlates with short 
disease-free survival and poor overall survival. Reduced expression of claudin-7 at 
the invasive front of the esophageal cancer is associated with depth of invasion, 
stage, lymphatic vessel invasion and lymph node metastasis (Usami et al.  2006  )  
(Fig.  9.1c  and Table  9.2J ).  

    9.2.13   Oral Cavity Cancer 

 Head and neck cancer is the sixth most common human cancer and 48% of cases are 
located in the oral cavity (Williams  2000  ) . The most common site for intraoral car-
cinoma is the tongue. Most tongue cancer occurs on the posterior lateral border and 
ventral surfaces of the tongue. The second most common intraoral location is the 
 fl oor of the mouth and the less common site is the gingival, buccal mucosa, labial 
mucosa and hard plate. Smoking, alcohol use, smokeless tobacco products, chewing 
betel quid and herpes virus infection are the major risk factors for oral cavity cancer. 
Oral squamous cell carcinoma (OSCC) accounts for 90% of all oral malignancies 
(Jemal et al.  2009  ) . 

 In squamous cell carcinoma of the tongue, occludin is negative or very weak, 
claudins 1 and 7 are strongly expressed, claudin-4 has moderate expression, whereas 
claudin-5 is barely expressed. Interestingly, a moderate expression of claudin-7 is 
associated with a good prognosis, while both low and high claudin-7 expression 
decreases the survival probability of patients (Bello et al.  2008  ) . 

 Other OSCC study has associated the absence of claudins 1 and 4 with moderate 
and poorly differentiated tumors, while the absence of claudin-7 observed in 
advanced stage OSCC, has been correlated with recurrence, bigger tumor size, and 
lower disease free survival (Lourenco et al.  2010a,   b  )  (Table  9.2K ).  

    9.2.14   Minor Salivary Gland Carcinomas 

 Minor salivary gland carcinomas develop in the glands in the lining of the mouth 
and throat. These cancers include adenoid cystic carcinoma, mucoepidermoid car-
cinoma and polymorphous low-grade adenocarcinoma. 



2199 Regulation of Tight Junctions for Therapeutic Advantages

 Mucoepidermoid carcinoma (MEC) of the salivary glands is subdivided into 
three categories based on histopathological parameters: low, intermediate and high 
grade. However histopathologic grading has shown problems of reproducibility and 
predictive accuracy, highlighting the importance of complementing the histopatho-
logic information with molecular probes. With this aim it was found that low grade 
MEC shows a high expression of claudin-1 and low expression of claudin-3, while 
intermediate and high grade MEC have high claudin-3 expression (Aro et al.  2011  )  
(Table  9.2K ).  

    9.2.15   Melanoma 

 Melanoma is a cancer that begins in the melanocytes and causes 75% of deaths 
related to skin cancers (Jerant et al.  2000  ) . ZO-1 expression is upregulated in mela-
noma cells and is located at N-cadherin based adherens junctions between mela-
noma cells and  fi broblasts. ZO-1 appears to play a pro oncogenic role in melanocytes 
as down regulation of ZO-1 through RNA interference makes melanoma cells more 
rounded and less invasive (Smalley et al.  2005  ) . 

 To better understand the molecular mechanism of melanoma, SAGE libraries 
from melanoma tissue were constructed revealing that among others transcripts, 
those of claudins 1 and 3 are upregulated (Weeraratna et al.  2004  ) . In melanoma 
cells claudin-1 is overexpressed and aberrantly located in the cytoplasm. This 
overexpression is regulated by PKC as activation of PKC with PMA causes an 
increase in claudin-1 transcription and protein expression. Claudin-1 contrib-
utes to melanoma cells invasion as transient transfection of claudin-1 increases 
MMP-2 secretion and activation and enhances cell motility (Leotlela et al.  2007  )  
(Fig.  9.1b ).  

    9.2.16   Thyroid Cancer 

 Thyroid cancer is the most common endocrine malignancy. Its rising frequency is a 
matter of debate. While some think it is due to some environmental cause including 
greater radiation or toxic exposure, others think is due to increased detection. 
Papillary thyroid carcinoma (PTC), the most highly differentiated cancer of the thy-
roid follicular epithelium, represents 3% of all cancers in women, 1% in men and 
1.4% in children (Wartofsky  2010  ) . 

 Upon analyzing claudins 1, 4 and 7 expression in thyroid follicular adenomas, 
follicular carcinomas, papillary carcinomas, papillary microcarcinomas, medullary 
carcinomas, poorly differentiated carcinomas and undifferentiated carcinomas, it 
was found that all claudins exhibited reduced expression in undifferentiated carci-
nomas. Claudin-1 was additionally reduced in medullary carcinomas and claudin-7 
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in follicular, medullary and poorly differentiated carcinomas. A correlation was 
found between loss of claudin-1 expression and worse disease free survival (Tzelepi 
et al.  2008  ) . Other study has revealed that in papillary carcinomas and papillary 
microcarcinomas primary tumors and lymph node metastases, the expression of 
claudin-1 is conspicuous (Nemeth et al.  2010  )  (Table  9.2L ).  

    9.2.17   Malignant Teratoid/Rabdoid and Other Pediatric Tumors 
of the Central Nervous System 

 Atypical teratoid/rhabdoid tumors (AT/RTs) are highly aggressive malignant central 
nervous system (CNS) tumors of children usually less than 2 years old. Their prog-
nosis is very poor having a median survival ranging from 6 to 17 months (Parwani 
et al.  2005  ) . 

 Differential diagnosis of AT/RTs from other CNS tumors has been very 
dif fi cult based on histopathology alone. Fortunately it was observed that in AT/
RTs chromosome 22 is lost and in consequence INI1 gene located in chromo-
some 22 is missing. Since then, the loss of protein INI1 has been used for the 
diagnosis of AT/RTs. However, there is a need of more molecular markers for 
AT/RTs as some tumors that display classic AT/RT features retain INI1 stain-
ing. Thus, a gene microarray was utilized to compare AT/RTs to other CNS 
tumors. This array followed my immunohistochemical staining revealed that 
claudin-6 is the most distinctive molecular marker of AT/RTs in comparison to 
other brain tumors (Birks et al.  2010  ) . Further studies have however revealed 
that claudin-6 is also expressed in germinomas and choroid plexus tumors and 
in around half of Wilms tumors and CNS primitive neuroectodermal tumors 
(Sullivan et al.  2012  ) . 

 The presence of claudin-6 in pediatric tumors is worth noting, as the expression 
of this claudin appears to be regulated developmentally since it is absent or barely 
detectable in adult tissue (Morita et al.  1999 ; Morita et al.  2002  )  and is expressed in 
embryonic and fetal life (Turksen and Troy  2001,   2002  )  (Table  9.2M ).   

    9.3   Mesenchymal Neoplasias of the Gastrointestinal Tract 

 Submucosal tumors (SMTs) are mesenchymal tumors of diverse origin. In the gas-
trointestinal tract among the benign submucosal tumors are leiomyomas, and the 
vascular hemangiomas, while the malignant submucosal tumors include leiomyo-
sarcomas, gastrointestinal stromal tumors and the vascular angiosarcomas. 
Distinguishing between benign and malignant SMTs is complex. Therefore it is of 
great value to identify novel proteins like claudins that can help in their classi fi cation. 
Accordingly, mesenchymal neoplasias express the following claudins: (1) gastroin-
testinal stromal tumors (GIST) exhibit claudins 2, 3, 4, 5 and 7; (2) angiosarcomas 
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have claudins 2 and 5; (3) hemangiomas and leiomyomas only express claudin-2, 
and (4) Leiomyosarcomas exhibit claudins 1–5 and 7 (Gyorffy  2009  )  (Table  9.2N ). 

    9.3.1   Other Tumors 

    9.3.1.1   Meningiomas 

 Meningiomas are tumors arising in the meninges and attached to the dura. 
Meningiomas are graded as malignancy grade I, II and III, although the vast major-
ity of them are malignancy grade I. Distinguishing between meningiomas and other 
tumors arising in the meninges is dif fi cult and important because other tumors have 
a much higher propensity to recur and metastasize than meningiomas. A study 
showed that 53% of meningiomas are immunoreactive for claudin-1 whereas, 
 fi brous tumors of the meninges, meningeal hemangiopericytomas and vestibular 
schwannomas are not (Hahn et al.  2006  )  (Table  9.2O ).  

    9.3.1.2   Sarcomas 

 A sarcoma is a cancer that arises from transformed cells of mesenchymal origin. 
The presence of claudin-5 has been explored in a variety of human mesenchymal 
tumors  fi nding a high expression in angiosarcomas, biphasic synovial sarcomas and 
Kaposi sarcomas (Miettinen et al.  2011  ) . 

 Low-grade  fi bromyxoid sarcoma is a soft tissue sarcoma with recurrent and low 
metastatic potential that appears morphological similar to perineurioma, a periph-
eral nerve sheath neoplasm which is usually benign. Distinguishing between the 
two entities is important for appropriate treatment. However when the expression of 
claudin-1 was tested it was found expressed in both low-grade  fi bromyxoid sarcoma 
and perineurioma (Thway et al.  2009  )  (Table  9.2P ).    

    9.4   TJ Proteins as Targets for Therapeutic Intervention 

 During EMT, several TJ proteins, particularly claudins are overexpressed. 
Therefore strategies have been designed to eliminate cancerous cells by targeting 
the overexpressed TJ proteins either with antibodies or speci fi c molecules like 
 Clostridium perfringens  enterotoxin (CPE). The tumor suppressor activity of cer-
tain TJ proteins like occludin, has on the other hand led to the idea of reactivating 
the expression of these proteins in order to induce mesenchymal to epithelia trans-
formation (MET). In addition, molecules and peptides that open the TJ can be 
used to enhance the paracellular delivery of chemotherapeutic agents to cancerous 
tissue (Fig.  9.3 ).  
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    9.4.1   Re-activation of Occludin Expression in Cancer Cells 

 Several proteins involved in cell-cell interaction are down regulated during EMT 
induced by activation of the Ras/Raf/MEK/ERK pathway. However only occludin 
is affected at the message level (Li and Mrsny  2000  ) . Thus an attempt has been 
made to revert EMT by re-expressing occludin in cancerous cells in order to increase 
cell sensitivity to apoptosis (Osanai et al.  2006  )  and senescence (Osanai et al.  2007  ) . 
Ras pathway inactivates occludin expression through the inhibitory action of the 
transcription factor slug on a speci fi c E box present within the occludin promoter. 
Therefore small peptides capable of  disrupting slug binding to occludin promoter 
were identi fi ed through a phage display experiment done in cells that express a 
reporter gene under the control of occludin promoter (Liu et al.  2012  ) . For their 
entry into the cell, these slug binding disruptor peptides will have to be modi fi ed to 
become targets of the cell surface import system for small peptides (hPepT1), which 
is up-regulated in cancerous cells.  

  Fig. 9.3    TJ proteins are targets for therapeutic intervention. Epithelial to mesenchymal transfor-
mation ( EMT ) triggers a change in cell morphology from polygonal to spindle-like, breaks cell-cell 
adhesion and induces the aberrant overexpression of certain TJ proteins like claudins. Antibodies 
and speci fi c molecules that target these proteins can be employed to eliminate cancerous cells. 
Alternatively, inducing the reexpression of antioncogenic TJ proteins like occludin in cancerous 
cells can be used to trigger mesenchymal to epithelial cell transformation ( MET ). Peptides and 
molecules that open the TJ can be employed to enhance the paracellular delivery of chemothera-
peutic agents to cancerous tissues       
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    9.4.2   Tight Junction Proteins as Antibody Targets 
for Cancer Therapy 

 Antibody based therapies against cancer in combination with standard chemother-
apy are starting to revolutionize cancer treatment. The use of antibodies grants the 
hope of generating lower side effects than antiproliferative and toxic drugs, as their 
antitumor activity is mediated by recruitment of cytotoxic immune cells and the 
activation of complement. 

 Antibody based therapies require target molecules to be overexpressed and/or 
readily exposed in cancerous cells in comparison to normal tissue. Thus for example 
the high overexpression of human epidermal growth factor receptor type 2 (HER-2) 
in breast cancer is the basis of therapeutic intervention with IgG1 antibody trastu-
zumab (Herceptin) (Goldenberg  1999  ) , and the chronic underglycosylation of 
mucin-1 in tumor cells allows the access of human IgG1 antibodies to new epitopes 
on the cell surface that are absent in normal tissue (Apostolopoulos and McKenzie 
 1994  ) . In addition, the loss of cell polarity in cancerous cells facilitates the access of 
antibodies to antigens like Ep-CAM present in the luminal side that may be less 
well accessible on normal tissue (McLaughlin et al.  2001  ) . 

 Of all the integral proteins of the TJ, claudins appear to better ful fi ll the charac-
teristics for becoming potential antibody targets for cancer therapy since some like 
claudins 3 and 4 are highly overexpressed in certain carcinomas and their exposure 
at the plasma membrane increases in cancerous tissue as the epithelial architecture 
is dismantled and they are no longer “hidden” within the TJ (Offner et al.  2005  ) .  

    9.4.3   Clostridium Perfringens Enterotoxin (CPE) 

 The gram-positive anaerobic bacterium  Clostridium perfringens , is a human and vet-
erinary pathogen that produces 14 different toxins including Clostridium perfringens 
enterotoxin (CPE). The latter is responsible for diarrhea associated to antibiotic treat-
ment (Bartlett  2002  )  and to food poisoning (Lindstrom et al.  2011  ) , the most common 
cause of foodborne illnesses in developed countries. Infections with CPE occur when 
foods are prepared in large quantities and kept warm for a long time before serving, 
therefore outbreaks often happen at institutions or at events with catered food. 

 CPE is a 319 amino acid protein with a molecular mass of 35 kDa. CPE is synthe-
sized in large amounts only in bacteria undergoing sporulation. It accumulates at 
intracellular inclusion bodies of the mother cell and is released upon spore maturation 
and cell lysis (Lof fl er and Labbe  1986  ) . CPE induces the complete disappearance of 
microvilli structure at the intestine, produces  fl uid accumulation (e.g. diarrhea) and 
leads to cellular sloughing, death and lysis (Sherman et al.  1994 ; McDonel et al.  1978  ) . 
In cultured epithelial cells from intestine, liver and kidney (McClane and McDonel 
 1979 ; Singh et al.  2001  ) , CPE depresses amino acid transport, induces structural 
damage to the plasma membrane and triggers cell lysis (Fig.  9.4a ).  
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    9.4.3.1   The Second Extracellular Loop of Claudins as CPE Receptor 

 The cellular receptor for CPE was cloned in 1997 from a cDNA expression library 
of CPE sensitive Vero cells that was transfected into non CPE sensitive L  fi broblasts, 
that were then analyzed by  fl ow cytometric analysis with a biotinylated CPE 
carboxyl terminal fragment as a probe (Katahira et al.  1997  ) . The CPE receptor 
(CPR) thus identi fi ed was surprisingly found to be similar to the rat withdrawal 
apoptosis protein (RVP1), whose gene is expressed in the ventral prostate after 
androgen withdrawal or castration, and the mouse oligodendrocyte speci fi c protein. 
Since the role of both of these proteins at the time remained unknown, the physio-
logical function of CPR remained unsolved. It was not until 1999, when Dr. Tsukita’s 
group in Japan identi fi ed claudins 1 and 2 from an isolated junction fraction from 
chicken liver (Furuse et al.  1998  )  and discovered the existence of a claudin gene 

  Fig. 9.4     Clostridium perfringens  enterotoxin ( CPE ) binds to claudins in the plasma membrane 
and triggers cell death. ( a ) CPE accumulates at intracellular inclusion bodies of bacteria. Upon 
sporulation, the toxin is released at the intestinal lumen, where it binds to claudins present in the 
plasma membrane of epithelial cells. ( b ) At the plasma membrane hexamers of CPE form a pore 
that allows the in fl ux of calcium triggering apoptosis or oncosis in a dose dependent manner. 
The  fi nal CPE complex contains claudins that bind to CPE like claudins 3 and 4, and non CPE 
binding claudins like claudin-1, as well as occludin       
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family, that it became clear that CPR is in fact a claudin, thereafter identi fi ed as 
number 3 (Morita et al.  1999  ) . This identi fi cation explains why CPE was able to 
exert a deleterious effect on HeLa and Vero cells in the presence but not in 
the absence of Ca 2+  (Matsuda and Sugimoto  1979  ) . Thus, claudin-3 like all TJ 
proteins is present at the plasma membrane only when the cells are incubated in 
Ca 2+  containing media, since the cation is needed for the formation of E-cadherin 
based adherens junction that assemble before TJs are formed (Gonzalez-Mariscal 
et al.  1985  ) . 

 CPE does not bind to all claudins. Thus, claudins 3, 4, 6, 7, and 9 are high af fi nity 
receptors for CPE, while claudins, 1, 2, 5, and 14 are low af fi nity receptors and 
claudins 10–13 and 15–24 do not bind CPE at all (Winkler et al.  2009  ) . Interestingly, 
all the high CPE af fi nity claudins belong to the group of classic claudins (Claudins 
1–10, 14, 15, 17 and 19) that are characterized for having high homology among 
each other and for sharing a common helix-turn-helix structure in their second 
extracellular loop (ECL2) (Krause et al.  2008  ) . The latter is the segment in claudins 
involved in binding CPE (Fujita et al.  2000 ; Robertson et al.  2010  ) . By substitution 
mapping, each position in a peptide homologous to the ECL2 of claudin-3 has been 
substituted by every other amino acid except cysteine, revealing that motif 
148NPLVP152 is essential for CPE binding to claudin-3. In agreement, it has been 
observed that all claudins that bind to CPE have the consensus sequence NP(L/M)
(V/L/T)(P/A) (Winkler et al.  2009  ) .  

    9.4.3.2   CPE Binding Domain for Claudins 

 Interestingly, the analysis of the residues in CPE involved in binding to claudins 
reveals that the 30 carboxyl terminal amino acids of CPE are essential for binding 
to claudins, and that Y306 is the pivotal residue, although Y310, Y312 (Harada 
et al.  2007  )  and L315 (Takahashi et al.  2008  )  also contribute to the interaction. 
Since Y306K, but not Y306F and Y306W mutants interfered with claudin binding 
(Ebihara et al.  2007  ) , it appears that the presence of aromatic rings and hydrophobic 
properties are essential for interaction of CPE with claudins. In fact, the crystal 
structure of CPE 

194–319
  has revealed a nine strand   b   sandwich similar to the receptor 

binding domain of other toxins of spore forming bacteria like Colg of  Clostridium 
histolyticum  and Cry of  Bacillus thuringiensis , where the critical binding residues 
form a hydrophobic pit (Van Itallie et al.  2008  ) .  

    9.4.3.3   CPE/Claudin Interaction 

 The ECL2 of claudin-5 is essential for the  trans  interaction of the protein and a 
similar behavior for all classic claudins has been suggested (Piontek et al.  2008  ) . 
By systematic single mutations that were then transfected to TJ free cells, it 
became evident that aromatic residues F147, Y148 and Y158 of claudin-5, form 
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an aromatic core among the ECL2 of neighboring claudins that is essential for the 
 trans  interaction. 

 Since  trans  interaction among classic claudins and CPE binding is mediated by 
aromatic residues, it was logical to propose that the association between claudins 
and CPE relied on the interaction among these critical aromatic residues. Therefore 
it was a surprise to  fi nd that the removal of the aromatic residues in the ECL2 of 
claudins 2, 3 and 5 increased CPE binding capacity, and that the aromatic residues 
in the ECL2 do not  fi t sterically with the aromatic residues in CPE when analyzed 
in a molecular model (Winkler et al.  2009  ) . In fact, it has been observed that the 
carboxyl terminal region of CPE binds claudins in the plasma membrane that have 
not yet become incorporated to TJs (Winkler et al.  2009  )  and that the residues in 
claudin that interact with CPE are those present in the C-terminal  fl ank of the loop 
and in the following trans membrane 4 region, and not the aromatic residues in the 
 fl anking helices (Winkler et al.  2009  ) .  

    9.4.3.4   CPE Activity on Epithelial Cells 

 After CPE binds to claudins present on the plasma membrane of epithelial cells, a 
small SDS sensitive complex of around 90 kDa is formed (Wieckowski et al.  1994  ) . 
This complex contains both claudins that act as CPE receptors as well as other 
associated claudins, like nonclassical ones, that cannot bind CPE by themselves. 
Gel shift analysis has revealed that this complex then oligomerizes into an SDS 
resistant one of around 450 kDa, named the CPE hexamer-1 (CH-1) for containing 
claudins and six CPE molecules per complex (Robertson et al.  2007  ) . The CH-1 
complex assembles in the plasma membrane and forms with amino acids 81–106 
of CPE a pore (Smedley et al.  2007  )  that results in calcium in fl ux that at low doses 
triggers death by apoptosis, whereas at high concentration kills the cells by onco-
sis, a process characterized, as the greek word  ónkos  indicates, by cell swelling 
(Chakrabarti and McClane  2005 ; Chakrabarti et al.  2003  ) . During this process a 
second larger complex of around 650 kDa named CH-2 is formed and in contrast 
to the other, this one also contains occludin (Singh et al.  2000  ) . The formation of 
CH-2 complex completely disrupts TJs and leads to the internalization of occludin 
and claudins (Fig.  9.4b ).  

    9.4.3.5   CPE for Cancer Therapy 

 Claudins 3 and 4 are abundantly expressed in breast (Kominsky et al.  2004  ) , uterine 
(Santin et al.  2007b  ) , prostate (Maeda et al.  2012 ; Long et al.  2001  ) , pancreatic 
(Michl et al.  2001  )  and ovarian (Gao et al.  2011  )  cancers. As claudins 3 and 4 are 
speci fi c receptors for CPE, the idea emerged of using this toxin as a novel claudin 
directed therapy for malignant tumors. However since claudins 3 and 4 are also 
expressed in other normal tissues such as urinary bladder (Acharya et al.  2004  ) , 
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kidney (Reyes et al.  2002  ) , lung (Wang et al.  2003  ) , cornea (Yoshida et al.  2009  ) , 
cochlea (Florian et al.  2003  )  and the gastrointestinal tract (Rahner et al.  2001  ) , sys-
temic administration is not a viable approach, and instead the local administration 
of CPE has been employed to treat these cancers. 

 In the case of breast cancer, CPE induces cytolysis exclusively in the cell lines 
expressing claudins 3 and 4, and when applied intratumorally, CPE signi fi cantly 
reduces tumor volume. Necrotic reactions are also observed when CPE is adminis-
tered to freshly resected primary breast carcinoma samples (Kominsky et al.  2004  ) . 
Furthermore, in a murine model of breast cancer metastasis to the brain, intracranial 
CPE treatment inhibited tumor growth, without generating any toxicity, apparently 
due to the fact that claudins 3 and 4 are absent in normal brain tissue (Kominsky 
et al.  2007  ) . In a similar manner, bone metastatic androgen independent prostate 
adenocarcinoma cells are lysed upon treatment with CPE (Long et al.  2001  ) . 

 With regards to ovarian cancer, in vitro exposure of primary tumors to CPE, 
produces cell death, regardless of cell’s resistance to chemotherapy (Santin et al. 
 2005  ) , and CPE treatment sensitizes ovarian cancer cells to clinically relevant che-
motherapeutic drugs like taxol and carboplatin (Gao et al.  2011  ) . Furthermore, in an 
 in vivo  mouse xenograft model with chemotherapy resistant human ovarian cancer 
cells OVA-1, CPE produced a signi fi cant inhibitory effect on tumor progression 
(Santin et al.  2005  ) . 

 In uterine serous papillary carcinoma (USPC) cell lines, CPE administration pro-
duces a dose dependent cytotoxic effect and in vivo intratumoral injections induce the 
disappearance of large subcutaneous mouse xenografts (Santin et al.  2007b  ) . Similarly 
in pancreatic cancer, intratumoral injections of CPE to xenografts of the Panc-1 cell 
line, produce areas of tumor cell necrosis and a signi fi cant reduction in the tumor 
growth rate (Michl et al.  2001  ) . PKC   a   inhibitors enhance the sensitivity of pancreatic 
cancer cells to CPE. This occurs as PKC   a   activation, frequently observed in pancre-
atic cancer, delocalizes claudin-4 from the cell borders (Kyuno et al.  2011  ) . 

 Recently, CPE has been successfully employed as suicide gene therapy for the 
selective treatment of cancer cells and tumors that overexpress claudins 3 and 4 
(Walther et al.  2012  ) . Thus the expression of vectors bearing wild type CPE cDNA 
or translation optimized CPE, produces a rapid and intense cytotoxic effect in tumor 
cell lines that express claudins 3 and 4, heightened by CPE release by bystander 
effect. Additionally, the nonviral intratumoral in vivo gene transfer of translation 
optimized CPE leads to reduced tumor growth.  

    9.4.3.6   Use of the C-Terminal Domain of CPE for Cancer Treatment 

 The C-terminal half of CPE (C-CPE) has claudin binding activity and is non cytoxic, 
as it lacks the regions of the amino domain necessary for insertion into the plasma 
membrane and pore formation (Hanna et al.  1989  ) . These properties allow C-CPE 
to be used in cancer for two speci fi c purposes: As a speci fi c carrier for cytotoxic 
drugs to cancerous cells that overexpress claudins 3 and 4, and as a tool to enhance 
the delivery of chemotherapeutic agents through the paracellular pathway. 
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      C-CPE/Toxins Fusion Proteins 

 Conventional cancer therapies have their limitations. For example, chemotherapy 
targets uncontrolled cell division that constitutes the hallmark of transformed cells. 
However due to tumor progression, the response to chemotherapy becomes modest as 
the growth rate of the cells in a tumor decreases. Radiation therapy also has its draw-
backs as it affects not only the tumor but also the surrounding normal tissue, and sur-
gery is applicable only at the initial stages of solid tumors. This situation shows the 
need of novel therapies such as fusion proteins/immunotoxins, which are targeted 
therapies aimed at cancerous tissues and not to normal tissue. These fusion proteins 
contain toxins selected for their action as protein synthesis inhibitors, derived from 
plants (e.g. ricin, gelonin), bacteria (diphtheria toxin, pseudomonas exotoxin), fungus 
(e.g. restrictocin) or animals (e.g. hemolytic toxin from sea anemones), which are 
fused genetically or by chemical ligation to factors with the ability to target the conju-
gated toxin to cancerous cells. Cancer cells have speci fi c antigens overexpressed in 
their surface, therefore cytokines, antibodies and growth factors that selectively asso-
ciate to them can be used as targeting molecules [for review see (Potala et al.  2008  ) ]. 

 C-CPE has been employed as a target factor for tumor therapy. Thus, C-CPE fused 
to tumor necrosis factor (CPE 

290–319
 -TNF) (Yuan et al.  2009  )  exerts a cytotoxic effect 

in human ovarian cancer cells 2008, and fused to the  diphtheria  toxin fragment A 
(DTA-C-CPE) and to the protein synthesis inhibitory factor derived from  Pseudomonas 
aeuruginosa  exotoxin (C-CPE-PSIF), produces cytotoxicity only in claudin-4 expressing 
L  fi broblasts (Kakutani et al.  2010b ; Saeki et al.  2009  ) . In addition, the intratumoral 
injection of C-CPE-PSIF triggers a signi fi cant reduction in the tumor growth rate of 
mice xenografts of the breast cancer cell line 4T1 (Saeki et al.  2009  ) .  

      C-CPE as a Drug Delivery Enhancer 

 The capacity of C-CPE to remove speci fi c claudins from the plasma membrane 
(Sonoda et al.  1999  )  can be used to modulate the degree of paracellular sealing of 
epithelial cells, and in cancer it could be used to increase the delivery of chemo-
therapeutic agents to the interior of tumors expressing claudins 3 and 4. As proof of 
principle of this approach, it has been demonstrated that molecules that speci fi cally 
interact with the second extracellular loop of claudins such as homologous peptides, 
open the paracellular pathway and have been hence claimed as novel strategies to 
enhance drug delivery (Quay et al.     2007 ). 

 To examine if C-CPE could be used to enhance drug delivery, the absorption of 
dextran was assessed in an in situ loop assay in rat jejunum. C-CPE proved to be 
400 fold more potent at enhancing dextran absorption than the clinically used 
enhancer capric acid and this effect is not accompanied by injury of the intestinal 
mucosa as assessed by leakage of lactose dehydrogenase (Kondoh et al.  2005  ) . 
This observation lead the way for studying if by targeting claudin-4 in the nasal 
epithelium, C-CPE could be employed for mucosal vaccination. While parenteral 
vaccination only induces systemic immune responses and requires injections, 
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which are invasive and painful for patients, mucosal vaccines elicit both systemic 
and mucosal responses, and provide humoral and cell-mediated protection not only 
at the original mucosal surface, but throughout the body. In addition, mucosal 
vaccination is needle-free. However, the problem with mucosal vaccination is that 
in order to elicit an immune response, antigens need to reach the mucosa associ-
ated lymphoid tissues (MALT) that lie below the epithelia, usually monolayers that 
cover the cavities and ducts of the body. In order to deliver antigens to MALT, 
several strategies have been attempted, including the use of microparticles, lipo-
somes, saponins and chitosans (Ryan et al.  2001  ) , and more recently of C-CPE. 
Nasal vaccination has been a prime objective, as it produces greater systemic 
responses than other mucosal immunizations and induces mucosal IgA antibody 
responses in the salivary glands, respiratory, genital and intestinal tracts (Staats 
et al.  1997 ; Imaoka et al.  1998  ) . Thus when a fusion protein of the model antigen 
ovalbumin (OVA) and C-CPE is used for nasal immunization, it induces the pro-
duction of OVA-speci fi c IgG serum and nasal, vaginal and fecal IgA, and provokes 
anti tumor activity in mice inoculated with OVA expressing thymoma cells 
(Kakutani et al.  2010a ; Suzuki et al.  2010  ) . 

 C-CPE also has the potential to enhance the absorption of biologics. For instance, 
C-CPE enhances nasal absorption of human parathyroid hormone derivative hPTH 

1–

34
  and when 10 amino acids of N-terminal of C-CPE are deleted its solubility 

increases by 30 fold, making it capable of enhancing jejunal and pulmonary absorp-
tion of hPTH 

1–34
  (Uchida et al.  2010  ) . 

 In order to optimize C-CPE function as a paracellular drug delivery system, sev-
eral deletions and mutations have been done in the original C-CPE comprising 
amino acids 184–319. For example, C-CPE opening of the paracellular pathway is 
lost by deletion of amino acids 184–219 (Masuyama et al.  2005  )  or 290–319 
(Kondoh et al.  2005  ) , as with the alanine substitution of tyrosines 306, 310, 312, and 
leucine 315 (Harada et al.  2007 ; Takahashi et al.  2008  ) . Instead, paracellular deliv-
ery is enhanced with the deletion of amino acids 184–204 coupled to the alanine 
substitution of asparagine 309 and serine 313 (Takahashi et al.  2011  )  or with a 
mutant that starts at amino acid 194 and contains the latter alanine substitutions 
(Suzuki et al.  2012  )  (Fig.  9.5 ).     

    9.4.4   TJ Proteins as Targets for the Enhancement 
of Drug Delivery 

 Although chemotherapy is often received by infusion therapy, a rising number of oral 
chemotherapies are being developed to give cancer patients a less invasive treatment 
option, to avoid multiple of fi ce visits and to give them a sense of control over their own 
care. However, patients on regimen that combine oral and parenteral therapy  fi nd it more 
convenient to receive their entire regimen by infusion therapy (Weingart et al.  2008  ) . 
This situation highlights the convenience of having an exclusively oral regime of 
chemotherapy for cancer patients. The latter has not been easy to develop, as hydrophilic 
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drugs cannot cross epithelial membranes and transit through the transcellular route 
involves transport mechanisms such as channels, carriers and pumps, which are tightly 
regulated. In addition, drugs that are going to be moved by these transport systems, need 
to be modi fi ed in order to be recognized as transport targets. 

 The paracellular route instead allows the passage of hydrophilic molecules across 
epithelia and endothelia. Hence drug delivery strategies have started to focus on 
ways to modulate TJ sealing. Although no reports have yet appeared indicating the 
use of the paracellular route for the transit of chemotherapeutic agents through epi-
thelia, here we will give a brief description of the strategies so far developed to 
enhance drug delivery by targeting TJ proteins. 

    9.4.4.1   Peptides Homologous to Sequences in the Extracellular 
Loops of Occludin, Claudins and JAMs 

 The  fi rst indication suggesting that TJ adhesion could be modulated by the addition 
of extracellular peptides arose after observing that synthetic peptides homologous 
to the  fi rst extracellular loop of occludin inhibited adhesion induced in  fi broblasts 
by exogenous occludin (Van Itallie and Anderson  1997  ) . Since then several 

  Fig. 9.5    Optimization of C-CPE 
184–319

  for paracellular drug delivery. Alanine substitutions at Asn 
309 and Ser313 together with deletion of 9–20 residues in the amino terminal segment of C-CPE 
enhance drug delivery. Instead opening of the paracellular pathway is lost by deletion of 35 or 16 
residues from the respective amino or carboxyl terminals of C-CPE, as with the alanine substitu-
tion of Tyr 306 coupled with alanine substitutions at Tyr 310 and 312 or Leu 315       
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 synthetic peptides homologous to the  fi rst and second loops of occludin (Lacaz-Vieira 
et al.  1999 ; Tavelin et al.  2003 ; Wong and Gumbiner  1997 ; Nusrat et al.  2005  )  and 
claudins (Quay et al.  2007 ) or that correspond to segments present in the mem-
brane distal Ig loop of the extracellular domain of human JAM-A have been 
reported to reduce TER and to increase paracellular permeability . 

 In cell adhesion proteins the minimal sequences required for the establishment of 
cell contacts are named  c ell  a dhesion  r ecognition (CAR) sequences, and are composed 
of at least three amino acids. In the case of occludin the sequence LYHY present in the 
second extracellular loop constitutes a CAR sequence (   Blaschuk et al.  2002b ) that has 
been claimed in patents for the purpose of drug delivery (Blaschuk et al.  2001 ). 
A similar situation is encountered with JAM-A and claudins where a CAR motif 
that corresponds to the sequence DPK of JAM-A (Blaschuk et al.  2003 ) or to the amino 
terminal end of the  fi rst extracellular loop of claudins 1–9 (Blaschuk et al.  2004 ,  2002a ), 
has been claimed to enhance the passage of drugs through the paracellular pathway.  

    9.4.4.2   TJ Proteins Silencing with siRNA and Antisense Oligonucleotides 

 siRNAs and antisense oligonuleotides have been designed to silence the expression 
of genes for TJ proteins. For the transient opening of TJs in the human respiratory 
epithelium siRNA for JAM-A, occludin and claudins 1, 3, 4, 9, 12 and 20 have been 
developed (Cui and Dutzar  2005 ). Nasal drug delivery appears to be very promising 
for the use of siRNAs as this route is non-invasive, involves no  fi rst pass metabo-
lism, and has the potential for direct delivery to the central nervous system. Antisense 
ZO-1 siRNAs that have been chemically modi fi ed with phosphorothioate linkages, 
to improve binding and selectivity, have successfully been employed to decrease 
 fl ow resistance induced by steroids in the human eye Schlemm’s canal and trabecu-
lar network (Underwood et al.  1999  ) . In addition several patents have been granted 
claiming the use of antisense oligonucleotides against JAM-C (Dobie  2003  )  and 
occludin (O’Mahony  2000  )  for enhancing drug delivery.  

    9.4.4.3   Other Protein and Peptides that Open the Paracellular Pathway 

      ZOT and Zonulin/Prehaptoglobin-2 

 The zonula occludens toxin (ZOT) originally identi fi ed as the factor responsible for 
residual diarrhea generated with  Vibrio cholera  vaccines of cholera toxin, opens the 
paracellular pathway by triggering a chain reaction that starts with activation of 
PKC  a  , induction of actin polymerization, contraction of the perijunctional actinomi-
osin ring and the subsequent membrane displacement of TJ proteins that ultimately 
leads to opening of the paracellular pathway. A 12 kDa carboxyl fragment of ZOT 
named Delta G retains the ability to increase the paracellular transit of low bioavail-
ability agents, and in this segment a sequence named AT1002 consisting of amino 
acids FCIGRL constitutes the minimal ZOT receptor binding domain and is capable 
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of enhancing the transport of several therapeutic agents after nasal, intraduodenal 
and intratracheal administration (Song and Eddington  2012  ) . 

 Interestingly, an endogenous protein named Zonulin opens the TJ after binding 
to the same receptor activated by ZOT: the EGF receptor (EGFR) via proteinase 
activated receptor 2 (PAR 

2
 ) activation. Proteomic analysis revealed that zonulin is 

the precursor for haptoglobulin 2 (Tripathi et al.  2009  ) , a protein that in mature form 
scavenges free hemoglobin to inhibit its oxidative activity. Although no function 
had been previously ascribed to zonulin/prehaptoglobin-2, it now constitutes the 
only known physiological modulator of TJ sealing and as such appears to be up-
regulated in autoimmune, in fl ammatory and neoplastic diseases (Fasano  2011  ) . 
Thus, in glioma, oral squamous cell carcinoma, lung, pancreatic and hepatocellular 
cancer zonulin/prehaptoglobin-2 is overexpressed.  

      VP8 

 Rotaviruses are a major cause of diarrhea in young children. Rotaviruses use integ-
rins as cell receptors in epithelia cells. However, when rotaviruses reach the intesti-
nal lumen, their integrin receptors located on the basolateral membrane, are hidden 
below the TJ. This observation led to an effort to explore if rotavirus outer capsid 
proteins had the capacity to open TJs. Thus it was found that VP8, a protein that 
arises from the proteolitic cleavage of VP4, a protein that forms spikes that project 
from the outermost layer of proteins of the rotavirus, opens the TJ in a dose depen-
dent and reversible manner. The capacity of VP8 to open the TJ and enhance drug 
delivery was demonstrated in vivo, when VP8 allowed insulin administered orally 
to reduce blood glucose concentration (Nava et al.  2004  ) .  

      PN159 

 With the aim of translocating polar compounds such as antisense oligonucleotides and 
peptides across the plasma membrane in a model independent of endocytic uptake, 
amphipatic peptides were designed containing a high relative abundance of positively 
charged amino acids such as lysine or arginine, and non-polar, hydrophobic amino 
acids (Hallbrink et al.  2001  ) . Unexpectedly, one of these amphipatic peptides named 
PN159 with sequence KLALKLALKALKAALKLA, decreases TER and increases 
paracellular permeability. Therefore this peptide has been claimed to enhance drug 
delivery of therapeutic agents by the paracellular route (Cui et al.  2006 )         
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  Abstract   Breast cancer spreads to the bones, lungs, brain and liver. While the 
mechanisms of breast metastasis to bones and lungs have been studied and charac-
terized, there is little information about the molecular basis for metastasis to the 
brain. The disruption of the blood brain barrier (BBB) by brain metastases of triple-
negative and basal-type breast cancers, but not of Her2/neu positive breast cancer, 
was reported recently. To metastasize to the brain, breast cancer cells must attach to 
brain microvascular endothelial cells (BMECs) and invade the BBB. Structurally, 
the BBB is a barrier comprised mainly of BMECs. BBB function is maintained by 
the tight junctions protein complexes (TJs) between adjacent BMECs which is com-
prised mainly of zonula occudens-1 and -2 (ZO-1 and -2), occludin, claudins, junc-
tional adhesion molecules, actin and cingulin. Very little is known about extravasation 
of breast cancer cells across the BBB and their effects on TJs expression and func-
tion as well as their interactions with BMECs. 

 Here, we focused on VEGF as a mediator for breast cancer cell extravasation 
across the BBB and the function of VEGF on TJs expression and activation of 
BMECs. Our results showed that breast cells with high homing capacity to the brain 
secrete high levels of VEGF but no Angiopoietin-2. VEGF induced signi fi cant 
changes in the localization and distribution of ZO-1 and claudin-5 in BMECs as 
well as alterations in BMEC permeability and integrity, resulting in transmigration 
of tumor cells across the BBB. Further, VEGF acts as an important biological 
determinant in remodeling and cytoskeletal reorganization in BMECs, leading to 
formation of brain microvasculature niche for colonization of breast cancer in brain. 
Thus, therapies targeted to TJs in the BBB in conjunction with anti-antiangiogenic 
therapies may hold signi fi cant promise for the treatment and prevention of breast 
cancer metastasis to the brain.  

    S.   Avraham   •     S.   Jiang   •     L.   Wang   •     Y.   Fu   •       H.  K.   Avraham   (*)
     The Division of Experimental Medicine ,  Beth Israel Deaconess Medical Center 
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  Abbreviations  

  BBB    Blood-brain barrier   
  BMEC    Brain microvascular endothelial cells   
  CNS    Central nervous system   
  EC    Endothelial cells   
  FAs    Focal adhesion sites   
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  HUVECs    Human umbilical vein endothelial cells   
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  IF    Immunostaining   
  TEER    Trans-endothelial electrical resistance   
  TJs    Tight junctions   
  VEGF    Vascular endothelial growth factor   
  VEGFR    Vascular endothelial growth factor receptor   
  WB    Western blotting         

    10.1   Introduction 

 Brain metastasis entails several biological functions that collectively enable cancerous 
cells to disseminate from a primary site and colonize in brain (Sharma and Abraham 
 2007 ; Cheng and Hung  2007 ; Eichler and Loef fl er  2007 ; Kaal and Vecht  2007  ) . The 
sequential steps of brain metastasis include local invasion, intravasation, survival in 
the circulation following extravasation and colonization of breast tumor cells in 
brain. The BBB, with its tight layer of endothelial cells and astrocyte foot processes 
around the brain parenchyma, is in fi ltrated by circulating cancer cells that possess 
highly specialized functions, many of such mechanisms remain to be uncharacter-
ized (Palmieri et al.  2006 ; Aragon-Ching and Zujewski  2007  ) . Breast cancer cells 
extravasate through the BBB capillaries TJs and are lodged in brain capillaries as 
single cells, suggesting that brain metastases result from the ability of these cells to 
breach the BBB (Palmieri et al.  2006 ; Aragon-Ching and Zujewski  2007 ; Hawkins 
and Davis  2005  ) . 

 An important step in metastasis to the brain is the interaction of brain microvas-
cular endothelial cells (BMECs) with cancer cells and the transmigration of tumor 
cells across BMECs. The BMECs are the major constituent of the BBB (Hawkins 
and Davis  2005  ) . For metastatic cells to reach the brain parenchyma, they need to 
 fi rst cross the blood-brain barrier (BBB), a highly selective BMEC barrier that 
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separates the central nervous system (CNS) from the peripheral circulation in the 
brain. In terms of their structures and properties (see Hawkins and Davis  2005 ; 
Harhaj and Antonetti  2004 ; Wolburg and Lippoldt  2002  for review), BMECs are 
different from endothelium in other tissues. In the brain, the “neurovascular unit” 
is comprised of the cerebral microvascular endothelium, neurons, astrocytes, peri-
cytes and the extracellular matrix (Hawkins and Davis  2005 ; Harhaj and Antonetti 
 2004 ; Wolburg and Lippoldt  2002  ) . The permeability properties of the BBB are 
determined mainly by the expression and regulation of TJs complexes and adhe-
rens junctions (AJs) located between the adjacent endothelial cells (Fig.  10.1 ). 
These inter-endocellular junctional proteins contribute to the dynamic regulation 
of passage of ions, nutrients, cells as well as potential neurotoxins across the brain 
(Wolburg and Lippoldt  2002  ) . It is commonly accepted that cohesive assembly and 

  Fig. 10.1    Proposed interactions of the major proteins associated with tight junctions (TJs) at 
the blood-brain barrier (BBB). Tight junctions and adherens junctions exist in the blood-brain 
 barrier ( BBB ). Three transmembrane proteins, Claudins, Occludin, and Junctional adhesion 
 molecules ( JAMs ), form integral tight junctions between adjacent endothelial cells. They provide 
the primary “seal” and paracellular permeability regulation of the BBB. Other accessory proteins, 
such as Zonula occludens ( ZO-1  and  ZO-2 ), AF6, 7H6, and Cingulin play as structure support, 
regulation, location recognition, and signal transduction proteins for the tight junctions. Adherens 
junctions consist of one transmembrane protein, VE-Cadherin, and three sturcutre support pro-
teins, Catenins ( a ,  b ,  g ),  a -actinin, and Vinculin, that link to major cytoskeleton proteins, actin. For 
more details, please see Huber et al.  (  2001  )  (This  fi gure was modi fi ed based on Fig.  10.2  shown in 
Huber et al.  (  2001  )  with permission by Dr. Davis (Huber et al.  2001  ) )       
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interactions of the TJ molecules (e.g. claudins, occludin, ZO-1) primarily give the 
barrier its permeability properties for maintaining cerebral homeostasis.  

 Disruption of intercellular protein structures and increased BBB permeability are 
frequently observed in the development and progression of diseases that affect the 
CNS (Harhaj and Antonetti  2004  ) . For instance, impairment of the BBB leads to an 
increase in permeability and formation of edema in the brain. In the event of 
in fl ammation, mediators such as histamine, bradykinin, and Substance P have been 
shown to cause rapid formation of endothelial “gaps” (Rameshwar  2007 ; Chappa 
et al.  2006  ) , which in turn induced changes in BBB permeability in vivo. While 
changes in BBB permeability are often seen as the cause of many pathological condi-
tions (Hawkins and Davis  2005  ) , in some circumstances the failure of BBB is 
identi fi ed as the outcome (Hawkins and Davis  2005  ) . As metastatic tumor cells 
adhere to BBB endothelium, the generally accepted assumption is that they induce a 
retraction of the endothelium and penetrate through the exposed vascular basement 
membrane beneath. Many studies have demonstrated that after binding to speci fi c 
components in the vascular membrane, tumor cells initiate extravasation, colonization 
and growth at secondary organ sites. Most tumor metastasis studies were focused on the 
effects of degrading enzymes (e.g. metalloproteinase) or adhesion molecules (e.g. 
alpha-v-beta3) on tumor cells. Little is known about the role of TJs of the microvas-
cular endothelium integrity during tumor cell transmigration across the BBB. 

    10.1.1   Tight Junctions and Blood-Brain Barrier Integrity 

 The junctional complexes, which include adherens junctions (AJs), tight junctions 
(TJs) and gap junctions (Pardridge  1983 ; Morita et al.  1999 ; Musch et al.  2006 ; 
Schneeberger and Lynch  2004 ; Harhaj and Antonetti  2004 ; Umeda et al.  2006 ; 
Bradbury  1993 ; Bradbury and Deane  1993  )  (See Fig.  10.1 ), are focused in the 
interendothelial space of the BMECs. The gap junctions mediate intercellular 
communication between endothelial cells while AJs and TJs act to restrict the 
permeability across the endothelium. Composed of VE-cadherin,  AJs  are important 
structures for vascular adhesion of endothelial cells, catenins ( a ,  b ,  g ), vinculin, 
and  a -actinin (Fig.  10.1 ), focal adhesions, contact inhibition during vascular 
growth, remodeling, initiation of cell polarity and partial regulation of paracellular 
permeability (Harhaj and Antonetti  2004  ) . The  TJs  are composed of a dynamic 
complex of claudins, occludin and the junctional adhesion molecules (JAM-1 and 
JAM-2) (JAMs), and of belt-like zonula occluden proteins (ZO-1 and ZO-2) 
(Fig.  10.1 , Morita et al.  1999 ; Musch et al.  2006 ; Schneeberger and Lynch  2004 ; 
Harhaj and Antonetti  2004 ; Umeda et al.  2006 ; Bradbury  1993  ) . In the brain 
microenvironment The TJs confer low paracellular permeability and high electrical 
resistance (Harhaj and Antonetti  2004  ) . 

 The ZO proteins, in particular, are involved in clustering of protein complexes to 
the cell membrane, and link transmembrane proteins of the TJ to the actin cytoskeleton 
(Umeda et al.  2006  ) .  
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    10.1.2   Identi fi cation of Genes that Facilitate Breast Cancer 
Metastasis to the Brain 

 The disruption of the BBB by brain metastasis was observed in triple-negative and 
basal-type breast cancers (TNBCs) but not in Her2/neu-positive breast cancer 
(Yonemori et al.  2010  ) . 

 Examination of human brain tissue revealed decreased expression of TJs in 
BMECs in pathological diseases (Harhaj and Antonetti  2004 ; Wolburg and Lippoldt 
 2002 ; Schneeberger and Lynch  2004  ) . During brain development, BMECs gradually 
acquire the ability to form a highly selective barrier (Wolburg and Lippoldt  2002  )  
and astrocytes play an inductive role in this process (Hawkins and Davis  2005  ) . 
BMECs are joined together by intercellular TJs that are responsible for acquisition of 
highly selective permeability. This dynamic property is unique to BBB TJs and prob-
ably dependent on the higher density of structural organization of proteins such as 
occludin, claudins, JAM-1, JAM-2 and ZO-1 in the BBB TJs (Hawkins and Davis 
 2005 ; Harhaj and Antonetti  2004 ; Wolburg and Lippoldt  2002  ) . ZO-1 binds to actin 
 fi laments and to the C-terminus of occludin and claudins which couples the structural 
and dynamic properties of perijunctional actin to the paracellular barrier. Most of the 
studies on TJs were performed on epithelial cells and less information is available on 
TJs in BMECs. Therefore, to prevent breast cancer metastasis to the brain, it is essen-
tial to focus on the role of HBMEC-TJs in human BMECs (HBMECs) function. 

 Several genes were shown to facilitate the development of brain metastasis and 
they include the cyclo-oxygenase COX-2, the EGFR ligand HBEGF, and  a  2, 6-sia-
lyltransferase ST6GALNAC5 (Bos et al.  2009 ; Nguyen et al.  2009  ) . In this study, 
COX-2 and EGFR ligands were examined for their roles as mediators for BBB 
transmigration using BBB in vitro model that includes HUVEC cells (Bos et al. 
 2009  ) , of which are quite different from HBMECs and therefore may not represent 
the BMECs. 

 Reactive astrocytes were identi fi ed as the most active cells that immediately 
localize to individual tumor cells invading the brain after their extravasation across 
the BBB (Lorger and Felding-Habermann  2010 ; Fitzgerald et al.  2008  ) . Further, the 
vascular basement was found to promote co-option and colonization of tumor cells 
in the brain (Carbonell et al.  2009  ) .  

    10.1.3   VEGF and Brain Metastasis 

 Vascular endothelial growth factor (VEGF) is primarily responsible for angiogenesis, 
vasculogenesis and vascular permeability (Machein and Plate  2000  ) . VEGF is a 
member of a family of growth factors that include PIGF-1 and-2 (Placenta growth 
factor), VEGF-B, VEGF-C, VEGF-D and VEGF-E (Maglione et al.  1991 ; Olofsson 
et al.  1996 ; Jaukov et al.  1996 ; Grimmond et al.  1996 ; Yamada et al.  1997 ; Meyer 
et al.  1999  ) . VEGF binds to endothelial cells via interactions with high-af fi nity 
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tyrosine kinase receptors Flt-1 (VEGFR-1) and Flk-2 (VEGFR-2) (Shibuya et al. 
 1990 ; De Vries et al.  1992 ; Terman et al.  1992 ; Millauer et al.  1993  ) . VEGF is regu-
lated by hypoxia at both the transcriptional and post-transcriptional levels (Ikeda 
et al.  1995 ; Damert et al.  1997  ) . Transcriptional regulation of HIF-1 (hypoxia induc-
ible factor-1), which accumulates under hypoxia and binds to a HIF-1 consensus 
sequence, is located in the 5 ¢   fl anking region of VEGF gene (Forsythe et al.  1996  ) . 

 Marked neovascularization is a hallmark of brain tumor (Machein and Plate 
 2000  ) . The expression patterns of VEGF and its receptors in brain tumors indicate 
that VEGF plays a major role in brain tumor angiogenesis and formation (Machein 
and Plate  2000  ) . VEGF is essential for angiogenesis and BBB functioning. Our 
previous studies (Radisavljevic et al.  2000 ; Lee et al.  2002,   2003,   2004,   2005,   2006 ; 
Price et al.  2001,   2004 ; Avraham et al.  2003  )  showed that VEGF upregulated ICAM-1 
via phosphatidylinositol 3 OH-kinase/AKT/Nitric oxide pathway and modulated 
migration of HBMECs. Previous studies by other groups also showed that VEGF 
increased BMEC monolayer permeability by affecting occludin expression and TJ 
assembly (Wang et al.  2001 ; Mayhan  1999 ; Zhang et al.  2000  ) . Using human cytokine 
cDNA array, we found that VEGF induced a signi fi cant increase in expression of 
monocytes chemoattractant protein-1, the chemokine receptor CXCR4 as well as 
IL-8 in HBMECs (Lee et al.  2002  ) . VEGF increased IL-8 production in HBMECs by 
activating nuclear factor- k B via calcium and phosphatidylinositol 3-kinase pathways 
(Lee et al.  2002,   2003  ) . We also showed that VEGF secreted from breast cancer cells 
signi fi cantly increased the adhesion and penetration of these cells across the HBMECs 
monolayer, via observation of changes in VE-cadherin induced by SU-1498 inhibitor 
for VEGFR-2 and calcium chelator (Lee et al.  2003  ) . VEGF also regulated focal 
adhesion assembly in HBMECs through activation of FAK and RAFTK/Pyk2 
(Avraham et al.  2003  ) . These focal adhesions are complexes comprised of scaffold-
ing and signaling proteins organized by adhesion to the extracellular matrix (ECM). 
Further, VEGF upregulated the expression of  a 6 integrin and  a 6 b 1 integrin in 
HBMECs, both were important for VEGF-induced adhesion, migration, in vivo 
angiogenesis and tumor angiogenesis (Lee et al.  2006  ) . 

 Thus, understanding how VEGF axis modulates the BBB integrity and permea-
bility should contribute to better understanding of the mechanisms involved in BBB 
impairment and breast cancer metastasis to the brain (Fig.  10.2 ) and may lead to 
better therapeutic strategies for treatment modalities targeted to the BMECs using 
speci fi c inhibitors for VEGF/VEGFR-2 pathways.    

    10.2   Results 

    10.2.1   VEGF and Angiopoietin-2 Secretion by Breast Cancer Cells 

 Using VEGF and Angiopoietin-2 ELISA assays, breast cancer cells secreted high 
levels of VEGF (Table  10.1 ). As shown in Table  10.1 , breast cancer cells that “home” 
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Structure of the Neural Capillary Endothelial 
Cells VS non-neural capillary endothelial cells

1. In CNS capillary endothelial cells joined by specialized ‘tight junctions’.

2. Astrocytes involved in regulating ionic microenvironment (particularly
     Ca2+and K+ ions).

•  Functional differences between brain microvascular endothelial cells and
   peripheral endothelial cells:

− Highly selective permeability to most substances.

− Increased expression of transport and carrier proteins: receptor mediated
   endocytosis.

− Limited paracellular and transcellular transport.

ENDOTHELIAL NEURAL
CAPILLARY

ENDOTHELIAL NON-NEURAL
CAPILLARY

  Fig. 10.2    Schematic presentation of tumor cell penetration across the BBB       

   Table 10.1    Secretion of VEGF and Angiopoietin 2 by breast cancer cells. Quanti fi cation of VEGF 
and Angiopoietin 2 levels in breast cancer cells as indicated. Cells (1 × 10 6 ) were grown in serum 
free media for 24 h. The results are presented as the mean of VEGF levels and Ang2 levels respec-
tively (pg/ml;  n  = 4)   

 Cell lines  VEGF (ng/ml) 
 Angiopoietin-2 
(pg/ml) 

 1.  GFAP-MDA-MB-231  3.11 ± 0.027*  N.D. 
 2.  GFAP-MDA-MB-231-BrM2  3.086 ± 0.15*  N.D. 
 3.  GFAP-CN34- BrM2  3.036 ± 0.06*  N.D. 
 4.  MCF-10A  N.D.  N.D. 

   N.D.  not detected 
 *    p < 0.05  versus MCF-10A non-tumorogenic epithelial cells  

to the brain have high levels of VEGF but do not secrete Ang2. These cells also 
express VEGFR-1/VEGFR-2 as well as Tie2 (data not shown) which may result in 
constitutive activation of VEGF receptors on tumor cells.   
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    10.2.2   Cocultures of HBMEC and Human Astrocytes 
as an In-Vitro 3D Human Blood-Brain Barrier Model 

 Cocultures were established and initiated by transferring inserts containing astrocytes 
directly into wells containing con fl uent HBMECs as detailed previously (Avraham 
et al.  2008  ) . The cocultures were tested for the maintenance of a tight endothelial 
permeability barrier by determination of the paracellular permeability of the BBB 
monolayers for  3 H-inulin and  14 C-sucrose (Avraham et al.  2008  ) . HBMEC monolayers 
were always monitored after various treatments to ensure that the monolayers are 
intact. Further, we continuously monitored the human astrocytes used in the 3D cocul-
tures to ensure that these cells are not altered or overgrown by other cell types.  

    10.2.3   Effects of Breast Tumor Cells on Adhesion, 
Transmigration and Permeability Changes in HBMECs 

 We observed that in comparison to breast tumor cells that do not secrete VEGF 
(MDA-MB-231/sh VEGF), cell adhesion (Table  10.2a ) and transmigration 
(Table  10.2b ) were signi fi cantly increased in breast tumor cells that do secrete 
VEGF (MDA-MB-231) in the presence of tumor cells. The increased adhesion is 
mediated by binding of VEGF secreted from tumor cells to HBMECs expressing 
VEGFR-2 receptors. Further, the permeability changes induced by adhesion of 
breast tumor cells on HBMEC were measured by Trans Endothelial Electrical 
Resistance (TEER). Signi fi cant changes in HBMEC permeability were observed 
following adhesion of tumor cells secreting VEGF, as compared to tumor cells lacking 
expression of VEGF (Table  10.2c ).          

    10.2.4   Tight Junction Expression in HBMECs Following 
Adhesion of Tumor Cells 

 We examined TJ expression following adhesion of tumor cells to HBMEC monolayer. 
Within 30 min, TJs of the HBMEC monolayer were disrupted and by 24 h, redistribu-
tion of ZO-1 (Fig.  10.3a ) and claudin-5 (Fig.  10.3b ) to the cytosol were signi fi cant. Of 
note, we previously showed that VEGF disrupts HBMEC endothelial cell-cell junctions 
and increased the permeability of brain microvascular capillaries (Lee et al.  2003  ) .   

    10.2.5   Effects of VEGF on KDR/VEGFR-2 and Tie2 Receptors 
on HBMECs 

 Exposure of HBMEC to VEGF induced VEGFR-2 translocation from the cell surface 
to the nucleus in a time-dependent manner, as shown in Fig.  10.4a . Further, VEGF 
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induced Tie-2 redistribution and translocation within 15 min of VEGF exposure and 
by 30 min, Tie-2 was translocated back to the cell surface as shown in Fig.  10.4 , 
indicating the “cross-talk” between VEGF and Tie-2 receptors to be a short-term 
“cross-talk”-mediated effects.   

    10.2.6   VEGF Induces Cytoskeletal Remodeling of HBMECs 

 VEGF also induced cytoskeletal reorganization as shown by redistribution of the 
focal adhesion kinase (FAK) (Fig.  10.5 ) in a time-dependent manner. Cytoskeletal 
reorganization is required for endothelial cell migration. As shown in Fig.  10.5 , 
following 30 min of VEGF exposure of HBMECs, FAK was translocated from focal 
adhesion sites to the cytosol.    
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 Table 10.2    ( a ) Adhesion of breast tumor cells to HBMEC co-cultures: About 100,000 HBMECs 
were added to  fi bronectin-coated 24 well Transculture inserts with pore sizes of 0.4  m m and 
grown for 5 days in 5%  CO 

2
  at 37 °C in 3D-cocultures with human astrocytes. 100,000 Di I 

labeled tumor cells in 500  m l were added to each well. After incubation for 2 h, the cells were 
 fi xed and washed extensively with PBS to remove  fl oating tumor cells. Attached labeled tumor 
cells were observed by a  fl uorescent microscope and counted from 10 random  fi elds of ×200 
magni fi cation. The results are mean ±S.D. of triplicate samples.  Lane 1 : MDA-MB-231,  Lane 2 : 
MDA-MB-231-shVEGF,  Lane 3 : MDA-MB-231-shControl, and  Lane 4 : MDA-MB-231-VEGF 
inhibitor treated with SU6668. * p < 0.05  as compared to parental control cells. ( b ) Transmigration 
of breast tumor cells across HBMEC co-cultures: The tumor cells were added to HBMECs co-
cultures. DiI labeled tumor cells were added to the apical chamber for 6 h. After incubation, the 
apical chamber was  fi xed and washed extensively with PBS. Only the migrating labeled tumor 
cells were observed by a  fl uorescent microscope and counted from 10 random  fi elds. The results 
are presented as the mean ±S.D. of triplicate samples.  Lane 1 : MDA-MB-231,  Lane 2 : 
MDA-MB-231/shControl,  Lane 3 : MDA-MB-231/shVEGF. * p < 0.05  as compared to 
MDA-MB-231/sh control. ( c ) Effects of breast tumor cells on permeability of HBMEC co-cul-
tures: Approximately 100,000 HMBECs were added to factor-coated 24 well Transculture inserts 
with pore sizes of 0.4  m m and grown for 5 days in 5%  CO 

2
  at 37° C, in a 3D co-cultures with 

human astrocytes. 100,000 Di I labeled tumor cells were added to each well for 2 h. Cells were 
washed extensively, and 0.4 ml of the fresh medium containing { 3 H} inulin (1  m  Ci) was added to 
the apical chamber. The basolateral chamber was  fi lled with 0.6 ml of the same medium without 
{ 3 H} inulin. After 2 h of incubation, 30  m l medium was collected from the basolateral chamber 
and the amount of { 3 H} inulin across the monolayers was determined by scintilation counting. 
The data represent the mean values of total cpm of three separate experiments.  Lane 1 : 
MDA-MB-231/shControl,  Lane 2 : MDA-MB-231/shVEGF,  Lane 3 : CN34-BrM2/shControl, 
 Lane 4 : CN34- BrM2/shVEGF. * p < 0.05  as compared to parental control cells  
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  Fig. 10.4    Effects of VEGF on KDR/VEGF-2 and Tie-2 receptors localization in HBMECs. 
HBMECs were exposed to VEGF (100 ng/ml) for the indicated times and immunostained with 
KDR/VEGFR-2 ( green color ) and Phalloidin, which speci fi cally binds to F-actin ( red color ). 
Nuclei were counterstained with DAPI staining ( blue ) in HBMECs. Images were captured using a 
confocal microscopy       

  Fig. 10.3    Effects of VEGF on ZO-1 ( Panel A ) and claudin-5 ( Panel B ) localization in HBMECs. 
HBMECs were exposed to VEGF (100 ng/ml) for the indicated times and immunostained with 
ZO-1 or claudin-5 ( red ). Nuclei were counterstained with DAPI staining ( blue ) in HBMECs. 
Images were capture using a confocal microscopy       
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    10.3   Discussion 

 Breast cancer cell metastasis is a complex clinical and biological problem and entails 
several biological functions that collectively enable cancerous cells to disseminate 
from a primary site and colonize in brain (Bos et al.  2009 ; Nguyen et al.  2009  ) . The 
sequential steps of brain metastasis include local invasion, intravasation, and survival 
in the circulation following extravasation and colonization of breast tumor cells in 
brain. The BBB, with its tight layer of microvascular endothelial cells and astrocytes 
foot processes, resists the in fi ltration of circulating breast cancer cells into the brain 
parenchyma (Cheng and Hung  2007 ; Abbott et al.  2006 ; Dejana  2004  ) . Breast cancer 
cells extravasate through capillaries with highly selective TJs and are lodged in brain 
capillaries as single cells, suggesting that brain breast tumor cell metastases result 
from the ability of these cells to breach the BBB (Carbonell et al.  2009  ) . 

 Our results showed that breast tumor cells secrete high levels of VEGF but not 
Angiopoietin-2 (Table  10.1 ). The tumor cells also express VEGFR-1 and VEGFR-2, 
suggesting an autocrine loop signaling pathway mediated by VEGF in tumor cells 
(Lee et al.  2007  ) . VEGF induced signi fi cant changes in the localization and distribu-
tion of ZO-1 and claudin-5 in BMECs as well as changes in BMEC permeability and 
integrity (Table  10.2 , Fig.  10.3 ). Further, VEGF acts as important biological determi-
nant in adhesion of breast tumor cells to BMECs (Table  10.2 ), which is the  fi rst 
crucial step before breast tumor cell transmigration cross the BMECs. VEGF also 
disrupted the integrity of the BMECs by modulating the localization and distribution 
of TJs in BMECs (Fig.  10.3 ) and remodeling of BMECs, as shown by actin cytoskel-
etal reorganization (Fig.  10.5 ). Taken together, VEGF is an important modulator of 
TJs in BMECs and can enhance the transmigration of tumor cells across the BBB. 

  Fig. 10.5    Effects of VEGF on FAK expression and cytoskeletal reorganization. HBMECs were 
exposed to VEGF (100 ng/ml) for the indicated times and immunostained with FAK ( green color ) 
and Phalloidin ( red color ). Phalloidin binds to F-actin. Nuclei were counterstained with DAPI 
staining ( blue ). Images were captured using a confocal microscopy       
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 Disruption of the BBB-BMEC-TJs was observed in various diseases can lead to 
impaired BBB function and compromise homeostasis of the CNS. Failure of the 
BBB is a critical event in the development and progression of several diseases that 
affect the CNS, including metabolic brain tumors and metastasis development. 
Therefore, therapies targeted to the BBB-BMEC-TJs should hold signi fi cant promise 
for the treatment and prevention of breast cancer cell metastasis to the brain. 

 The majority of both in vivo experimental models of brain metastasis and analy-
sis of human clinical specimens showed that over 95%  of early breast tumor cell 
micrometastases demonstrated vascular co-option with little evidence for isolated 
neurotropic growth (Carbonell et al.  2009  ) . The neurovasculature was identi fi ed as 
the critical partner for brain tumor growth (Carbonell et al.  2009  ) , while cancer 
survival was recognized by the ability of cancer cells to speci fi cally interact with 
components of the microvessel endothelial cells (Carbonell et al.  2009 ; Gevertz and 
Torquato  2006  ) . Thus, the existing microvasculature is a key niche for malignant 
progression and therapies targeted to the BBB should hold signi fi cant promise for 
the treatment of breast tumor cells metastases in the brain. 

 Loss of the quiescent endothelial phenotype is a common feature of tumor angio-
genesis (Saharinen et al.  2004 ; Lohela et al.  2009 ; Huber et al.  2001 ; Mayhan  1999 ; 
Zhang et al.  2000  ) . The functions of Tie receptors and Angiopoietins in BMECs 
following contact with tumor cells in quiescent stable brain endothelium, as com-
pared to activated/angiogenic brain endothelium, are unknown. Understanding and 
elucidation of the speci fi c roles of VEGF in seeding of primary tumor cells in brain 
and in the transition of HBMECs from quiescent to angiogenic endothelium, may 
lead to signi fi cant advance in delineating the signaling pathways of VEGF/Ang2 
axis in BMECs that lead to vascular remodeling, co-option of tumor cells with 
BMECs, and colonization in brain. 

 Blocking of the VEGF-VEGFR2 pathway is accepted as one of the  fi rst anti-
angiogenic approaches. However, since tumors often develop evasive resistance to 
this therapy, the development of new anti-angiogenic approaches is necessary for 
successful anti-angiogenic therapy. This can be achieved by better understanding of 
the receptors and pathways involved in vascular remodeling in the brain. 

 In conclusion, this study provides additional  fi ndings and insights into the molec-
ular mechanisms of VEGF axis in HBMEC integrity and as mediator that facilitates 
tumor cell metastasis to the brain.      
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  Abstract   The claudin family of proteins plays a critical role in the maintenance of 
epithelial and endothelial tight junctions, maintenance of the cytoskeleton and in cell 
signaling. While the exact functions of claudins in cancer cells are not fully under-
stood, some studies suggest that claudins are involved in survival and invasion of 
cancer cells. Claudin-5, forming the backbone of tight junctions in blood vessels and 
lymphatic endothelial cells, has an important role in maintaining the homeostasis of 
the tissue microenvironment and tumors showing claudin-5 expression could have 
some additional af fi nity for blood vessels. Metastasis is a complex phenomenon that 
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requires a number of speci fi c steps such as decreased adhesion, increased motility and 
invasion, proteolysis, and resistance to apoptosis. Several studies about signi fi cance of 
claudin-5 expression in cancer cells were reported, suggesting that it may play an 
important role in regulation of metastasis, angiogenesis and tumor growth.  

  Keywords   Claudins  •  Claudin-5  •  Metastasis  •  Tumorigenesis  •  Cancer  •  Tight 
junction  •  Cell proliferation  •  Invasion  •  Cell survival  •  Cell-cell adhesion      

    11.1   Tight Junctions 

 Tight junctions (TJs) are the most apical cellular adhesion structures, constituting 
paracellular barriers that regulate  fl ux of ions and proteins in addition to maintain-
ing cell polarity (Anderson  2001  ) . These junctions are composed of several mem-
brane and peripheral proteins – mainly ocludins, zonula ocludens ZO-1, 2 and 3 
proteins and claudins (Langbein et al.  2002 ; Chiba et al.  2003 ; Gonzalez-Mariscal 
et al.  2003  )  (Fig.  11.1 ). Due to their ability to recruit signalling cascades, tight junc-
tion proteins have also been hypothesized to control proliferation, differentiation, 
and other cellular functions (Anderson  2001 ; Morin  2005 ; Singh et al.  2010  ) .  

 Claudins, discovered in 1998 are the main sealing proteins of TJ and appear to be 
important in the assembly and stabilization of TJ strands. They are connected to the 
actin cytoskeleton and participate in intracellular signaling (Furuse et al.  1998, 
  1999 ; Tsukita and Furuse  1999  ) . 

 The claudin family of proteins regulates the formation and function of tight junctions 
(Furuse et al.  1998  ) . To date, there are at least 27 human claudin family members, which 
are expressed in epithelial and endothelial cells. Claudins are integral transmembrane 
proteins that have four membrane-spanning regions and range in molecular weight from 
20 to 27 KDa (Kominsky  2006     ; Furuse  2010 ; Turksen and Troy  2011  ) . The sealing of 
tight junctions by claudins is likely to be mediated in part by phosphorylation. The cyto-
plasmic C-terminus of claudins contains not only several phosphorylation sites but also 
a PDZ-binding motif, to which PDZ domain-containing proteins, such as the tight junc-
tion proteins ZO-1, -2, and -3, bind (Kominsky  2006 ) (Fig.  11.2 ).  

 Studies have shown that the epithelial tight junctions are dynamic structures and 
are subject to modulation during epithelial tissue remodeling, wound repair, 
in fl ammation and neoplastic pathogenesis (Singh et al.  2010  ) . Cell-cell adhesion is 
critical in the establishment and maintenance of cell polarity and cell-cell adhesive-
ness is generally reduced in various human cancers. Tumor cells are dissociated from 
the tumor masses, lose their cell polarity and in fi ltrate the stroma, leading to subse-
quent metastatic events. This process is a crucial step for tumour progression and the 
suppression of cell-cell adhesiveness may trigger the release of cancer cells from the 
primary cancer nests and confer invasive properties on a tumor (Frixen et al.  1991 ; 
Hirohashi  1998 ; Martin and Jiang  2009  ) . Previous reports have indicated a relation-
ship between tumors and alterations in tight junctions’ structure (Turksen and Troy 
 2004 ; Singh et al.  2010 ; Ouban and Ahmed  2010 ; Turksen and Troy  2011  ) .  
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    11.2   Claudins and Tumorigenesis 

 The distribution of claudin subtypes has been examined in several tissues and 
organs. The patterns of expression of these molecules vary according to the tissue 
and lesion. Gain or losses of these molecules appear to relate to lesion progression 
and type (Morin  2005 ; Soini  2005 ; Hewitt et al.  2006 ; Kominsky  2006 ; Oliveira and 
Morgado-Díaz  2007 ; Ouban and Ahmed  2010 ; Singh et al.  2010  ) . 

 In tumor tissues, claudins are mainly present in neoplasms originating from epi-
thelia, endothelia and mesothelia (Soini  2005 ; Soini et al.  2006a  ) . Tumors of 

  Fig. 11.1    Schematic representation of tight junction structure and major components of the com-
plex. Tight junctions are composed of cytoplasmic proteins, such as zonula occludens ( ZO-1  to 
 ZO-3 ), in addition to three transmembrane proteins: occludin, junctional adhesion molecules 
( JAMs ) and claudins       
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hematopoietic origin do not express claudins, and their expression has been found 
only in a few sarcomas, such as synovial sarcoma, for instance (Billings et al.  2004 ; 
Soini  2005  ) . In epithelial tumors, expression of claudins may vary depending on the 
site and cellular origin. Glandular and squamous epithelia express claudins differ-
ently and consequently, claudin expression is also different in tumors originating 
from squamous epithelial or glandular cells (Väre and Soini  2010  ) . 

 While the exact functions of claudins in cancer cells are not fully understood, 
some studies suggest that claudins are involved in survival and invasion of cancer 
cells (Michl et al.  2003 ; Agarwal et al.  2005 ; Morin  2005  ) . Tumorigenesis is accom-
panied by changes in adhesion, such as tight junction (TJ) disruption and the subse-
quent loss of cell-cell adhesion. These events can mediate the loss of cell 
differentiation and uncontrolled cell proliferation, leading to the cell-invasive phe-
notype in malignant neoplasms. Loss of claudin expression has also been associated 
with epithelial-mesenchymal transition (EMT), a phenomenon where tumor cells 
attain properties of mesenchymal cells, making it easier for them to invade and 
metastasize (Väre and Soini  2010  ) . 

 Claudin expression could be lost as a direct result of protein down-regulation as 
well as phosphorylation by mitogen-activated protein kinase (MAPK), protein 
kinase C, cyclic adenosine-5 ¢ -monophosphate (cAMP)-dependent protein kinase 
and with-no-lysine(K)-4 kinase (WNK-4), leading to junction disruption and cyto-
plasmic internalization. Regulation of claudin expression is also dependent upon the 
immediate tissue microenvironment and, in this way, several growth factors and 
cytokines will have a role, such as epidermal growth factor (EGF), transforming 
growth factor (TGF)-beta, tumor necrosis factor (TNF)-alpha and interferon-gamma, 
among others (Oliveira and Morgado-Díaz  2007 ; Singh et al.  2010  ) . 

  Fig. 11.2    Schematic representation of claudin structure. The claudin protein consists of four 
transmembrane ( TM1  to  TM4 ) and 2 extracellular loops ( EC1  and  EC2 ). The C-terminus contains 
a phosphorylation site and a PDZ-binding motif       
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 Dysregulation of adhesion molecules can also manifest with gain in their expression 
in several types of neoplasms. There are tumors, such as ovarian, cervical, hepato-
cellular, colorectal and prostate carcinoma (Agarwal et al.  2005 ; Lee et al.  2005 ; 
Cheung et al.  2005 ; Dhawan et al.  2005 ; Coutinho-Camillo et al.  2011  ) , in which 
claudin expression is up-regulated. This may seem paradoxal, given that claudins 
are known to be involved in sealing epithelial junctions. One possible mechanism is 
that aberrant claudin expression may contribute to neoplasia by directly altering 
tight junction structure and function or that claudins may also affect cell signaling 
pathways (Singh et al.  2010  ) . 

 Some studies have shown that claudin overexpression activates TCF-LEF/
beta-catenin, an important cell cycle control pathway. This complex acts as a 
transcription factor that induces the expression of oncogenes that affect cell pro-
liferation, survival, and invasion (myc, cyclin D1, MMP-7) (Dhawan et al.  2005  ) . 
Claudins may also account for the invasive behavior of cancer cells, since there are 
able to interact with membrane-type matrix metalloproteinases (MT-MMPs) and 
promote MMP activity (Oliveira and Morgado-Díaz  2007  ) . Colon cancer cells 
expressing high levels of claudin-1 were able to increase cell migration and MMP-2 
and -9 activity (Dhawan et al.  2005  ) . Another study reported that in oral squamous 
cell carcinoma cell lines, claudin-1 expression also enhances invasion through the 
increased expression of matrix metalloproteinase (MMP)-2 (Oku et al.  2006  ) .  

    11.3   Claudin-5 and Cancer Metastasis 

 Early studies suggested that the diverse barrier functions of different epithelial 
and endothelial tissues re fl ect the use of different claudins. Claudin-5 is, for 
instance, strongly expressed in endothelial cells and takes part in the formation of 
the blood brain barrier (Väre and Soini  2010  ) . Claudin-5, forming the backbone 
of tight junctions in blood vessels and lymphatic endothelial cells, has an impor-
tant role in maintaining the homeostasis of the tissue microenvironment (Chiba 
et al.  2010  ) . However, the role of claudin-5 expression in cancer mestastasis has 
not been elucidated. 

 Metastasis is a complex phenomenon that requires a number of speci fi c steps 
such as decreased adhesion, increased motility and invasion, proteolysis, and resis-
tance to apoptosis: cells detach from a primary, vascularized tumor, penetrate the 
surrounding tissue, enter nearby blood vessels (intravasation) and circulate in the 
vascular system. Some of these cells eventually adhere to blood vessel walls and are 
able to extravasate and migrate into the local tissue, where they can form a second-
ary tumor (Wirtz et al.  2011  ) . 

 Considering that interaction and penetration of the vascular endothelium by dis-
sociated cancer cells is an important step during the metastatic process, tight junc-
tions (TJs) represent the  fi rst barrier that cancer cells must overcome in order to 
metastasize (Martin and Jiang  2009  ) . Martin et al.  (  2002  )  have demonstrated that TJ 
of vascular endothelium in vivo function as a barrier between blood and tissues 
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against metastatic cancer cells. Several studies have demonstrated TJ leakiness in 
tumoral tissues (Tobioka et al.  1996 ; Soler et al.  1999 ; Mullin et al.  2000  ) . 

 Regulation of vascular permeability is one of the most important functions of 
endothelial cells, and endothelial cells from different organ sites show different 
degrees of permeability. Tumor blood vessels are more permeable on macro-
molecular diffusion than normal tissue vessels. However, the cause and mecha-
nism of hyperpermeability of human vessels had not been clear (Martin and 
Jiang  2009  ) . Sakaguchi et al.  (  2008  )  have speculated that disruption of the 
integrity of interepithelial tight junctions may be one of the causes of hyperper-
meability. To test this hypothesis, they examined the expression status of claudin-5 
and found that an attenuated expression of claudin-5 in sinusoidal endothelial 
cells (SECs) was associated with increased hepatitic or  fi brotic grade and lower 
claudin-5-microvessel density (MVD) was associated with poor differentiation 
and vasculobiliary invasion. Down-regulated claudin-5 expression in tumor 
vessels may serve as a useful predictor for poor prognosis in hepatocellular 
carcinoma. 

 Dendritic cells are equipped with tight junction proteins that enable them to 
migrate into the luminal space by passing through the mucosal layer composed of 
epithelial cells expressing identical tight junction proteins (Rescigno et al.  2001 ; 
Sung et al.  2006  ) . Cancer cells with aberrant claudin-5 expression may tend to colo-
nize in the lymphatic sinus because claudin-5-positive cancer cells have an af fi nity 
for the sinus-lining endothelial cells of lymph nodes that express the speci fi c molec-
ular architecture of cellular junctions, including claudin-5 (Pfeiffer et al.  2008  ) . 
Alternatively, aberrant expression of claudin-5 may re fl ect the malignant potential 
of cancer cells because claudin-5 regulates cell proliferation in a variety of tumor 
tissues (Soini et al.  2006b ; Takala et al.  2007 ; Chiba et al.  2010  ) . 

 Miyamori et al.  (  2001  )  have shown that claudin-5 promotes processing of pro-
MMP-2 by MT1-MMP. Expression of claudin-5 not only replaced TIMP-2 in pro-
MMP-2 activation by MT1-MMP but also promoted activation of pro-MMP-2 
mediated by all MT-MMPs. MT1-MMP plays an essential role in angiogenesis. 
Therefore, they speculated that it is possible that claudins may regulate MT1-MMP 
activity during angiogenesis and/or that interaction of MT1-MMP with claudins 
would affect TJ functions such as vascular permeability.  

    11.4   Claudin-5 Expression in Cancer Tissues 

 Several studies about signi fi cance of claudin-5 expression in cancer cells were 
reported (Table  11.1 ). Soini  (  2005  )  has investigated claudin expression in a variety 
of tumors. Lymphomas, naevocytic lesions and soft tissue lesions were negative for 
claudin-5. Vascular tumors express mainly claudin-5 although its expression has 
also been reported in several epithelial tumors such as bladder, breast, colon, endo-
metrium, oesophagus, lung, pancreas, prostate, stomach and thyroid whereas renal 
and hepatocellular carcinomas express hardly any claudin-5.  
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 Bello et al.  (  2007  )  investigating claudin expression in ameloblastomas and 
developing human teeth found that claudin-5 was negative in most peripheral cells 
except in ameloblastic carcinomas, in which weak immunostaining was observed. 

 Bello et al.  (  2008  )  also found weak immunoreactivity for claudin-5 in super fi cial 
and invasive front areas of squamous cell carcinoma of the tongue. Loss of claudin 
expression, especially claudin-5 in oral squamous cell carcinoma (OSCC) is also 
signi fi cant, being more striking in poorly differentiated OSCC, but its clinical-
pathological value is yet to be determined (Fig.  11.3 ) (Lourenço et al.  2010  ) .  

 In lung cancer, claudin-5 expression pattern varies according to histological sub-
type: adenocarcinomas are positive for claudin-5 whereas squamous cell carcinomas 
are negative suggesting different pathways in tumor development and progression 
(Paschoud et al.  2007  ) . 

 Mullin et al.  (  2006  )  have demonstrated that Barrett’s metaplasia exhibits a para-
cellular transepithelial leak to small nonelectrolytes and low levels of claudin-5 
when compared to normal esophageal mucosa. Another study by Chiba et al.  (  2010  )  
demonstrated that in super fi cial esophageal squamous cell carcinoma, claudin-5 
expression may be useful for predicting lymph node metastasis and thereby reduc-
ing the number of patients undergoing additional surgery after successful endo-
scopic resection. 

 A study by Fedwick et al.  (  2005  )  demonstrated regulation of claudin-5 during 
 Helicobacter pylori  infection. Gastric cancer is associated with  H. pylori  infection 
and Soini et al.  (  2006b  )  observed 50% of the gastric adenocarcinoma cases positive 
for claudin-5. Expression of claudin-5 seems to be associated with biological mark-
ers associated with tumor growth, such as proliferation and apoptosis and seems to 
be lower in diffuse-type carcinomas. 

   Table 11.1    Expression of claudin-5 in cancer   

 Tumor  Expression  Reference 

 Breast carcinoma  Up  Soini (2004), Szasz et al.  (  2011  )  
 Ovarian surface epithelial carcinomas  Up  Soini and Talvensaari-Mattila  (  2006  )  
 Ovarian sex cord stromal tumors  Down  Soini and Talvensaari-Mattila  (  2006  )  
 Endometrial carcinoma  Up  Sobel et al.  (  2006  )  
 Gastric carcinoma  Up  Soini et al. (  2006b  )  
 Adenocarcinoma of the lung  Up  Paschoud et al.  (  2007  )  
 Squamous cell carcinoma of the lung  Down  Paschoud et al.  (  2007  )  
 Oral squamous cell carcinoma  Down  Lourenço et al.  (  2010  )  
 Ameloblastomas  Down  Bello et al.  (  2007  )  
 Squamous cell carcinoma of the tongue  Down  Bello et al.  (  2008  )  
 Esophageal adenocarcinoma  Up  Takala et al.  (  2007  )  
 Esophageal squamous cell carcinoma  Down  Takala et al.  (  2007  )  
 Prostatic carcinoma  Up  Coutinho-Camillo et al.  (  2011  )  

 Down  Väre et al.  (  2008  ) , Seo et al.  (  2010  )  
 Metastatic adenocarcinoma of the pleura  Up  Soini et al.  (  2006a  )  
 Mesothelioma  Down  Soini et al.  (  2006a  )  
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 In another study from our group, increased expression of claudin-5 was observed 
in prostate adenocarcinoma samples when compared with benign prostatic hyper-
plasia samples (Fig.  11.3 ). Higher expression of claudin-5 was associated to the 
presence of tumor perineural invasion of the specimens (Coutinho-Camillo et al. 
 2011  ) . The presence of extensive perineural invasion in prostate biopsies can pre-
dict extraprostatic tumor invasion and lymph node metastasis. In some studies, 
this standard, with Gleason histological grade, is an independent prognostic factor 
(De Torres Ramirez  2007  ) . Some studies have investigated the prognostic signi fi cance 
of perineural invasion in radical prostatectomy specimens; however the results 
remained controversial, due to the dif fi culty of a quantitative measurement of nerve 
invasion in pathological samples and the superiority of other well-established prog-
nostic factors (Marchesi et al.  2010 ; Masieri et al.  2010  ) . 

 Soini  (  2004  )  evaluated the expression of claudin-5 in 20 cases of Paget’s disease 
(13 mammary and 7 extramammary cases), and compared the results with those of 
other neoplastic skin lesions, including actinic keratoses, basal cell carcinomas, and 
malignant melanomas. Expression of claudin-5 was seen in 50% of Paget’s disease 
cases and in 47% of breast carcinoma cases whereas claudin-5 was not seen in the 

  Fig. 11.3    Immunoexpression of claudin-5 in oral and penile squamous cell carcinoma samples 
and in prostate adenocarcinomas: ( a ) super fi cial squamous cell carcinoma of the lip: altered pat-
tern of claudin expression with cytoplasmic expression at invasion front; ( b  and  c ) invasive oral 
squamous cell carcinoma ( b ) and penile squamous cell carcinoma ( c ): reduced expression of clau-
din-5 in areas of invasive front; ( d ) prostate adenocarcinoma: strong membrane expression of 
claudin-5 in areas with high cell proliferation and mitosis       
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other skin lesions. Claudin-5 was found more often in ductal carcinomas than in 
lobular carcinomas. However, the lack of difference in claudin expression between 
Paget’s disease and breast tumors suggests that changes in the phenotype of clau-
dins 2, 3, 4, and 5 are not necessary for epidermal invasion. Szasz et al.  (  2011  )  
observed high claudin-5 expression was found more frequently in ductal than in 
lobular breast carcinomas, although increased expression of claudin-5 in lymph 
node metastases was observed in both histological types. Martin et al.  (  2004  )  
demonstrated that HGF, a cytokine secreted by stromal cells, regulates the level of 
claudin-5, disrupting tight junction in human breast cancer cell lines. 

 In endometrial tissues, strong expression of claudin-5 was observed without 
signi fi cantly different patterns in carcinoma, hyperplasia, secretory and prolifera-
tive endometrium (Sobel et al.  2006  ) . Strong expression of claudin-5 was also seen 
in a variety of benign and malignant epithelial ovarian tumors and in the epithelial 
component of immature teratomas (Soini and Talvensaari-Mattila  2006  ) . Turunen 
et al.  (  2009  )  found that claudin-5 expression was associated with aggressive behavior 
in serous ovarian adenocarcinoma.  

    11.5   Concluding Remarks 

 The claudin family of proteins plays a critical role in the maintenance of epithelial 
and endothelial tight junctions, maintenance of the cytoskeleton and in cell signal-
ing. While the exact functions of claudins in cancer cells are not fully understood, 
some studies suggest that claudins are involved in survival and invasion of cancer 
cells and the understanding of instrinsic mechanisms that regulate the expression 
and function of this important class of protein, may in future be important for the 
development of new anticancer therapies.      
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    Abstract      Tumor metastasis, the spread of cancer cells from primary tumor sites to 
distant organs, is the main cause of mortality in cancer patients. The key steps lead-
ing to metastasis are tumor cell intravasation and extravasation, the processes by 
which tumor cells penetrate the junctions between endothelial cells in blood vessels 
and lymphatic vessels. Endothelial cell-cell junctions are organized by adherens 
junctions and tight junctions, and dynamically regulated by various types of extra-
cellular stimuli to sustain vascular homeostasis and to control the transendothelial 
migration of in fl ammatory cells. Tumor cells need to weaken endothelial cell-cell 
junctions to successfully penetrate the endothelial barrier. Thus, transendothelial 
migration and metastasis of tumor cells are tightly controlled by endothelial cell-
cell junctions. This article describes the molecular mechanisms that positively and 
negatively regulate endothelial cell-cell junctions and their impact on transendothe-
lial migration of tumor cells and metastasis.    

Keywords Endothelial cell-cell junctions • Transendothelial migration • Extravasa-
tion • Intravasation adherens junction • Tight junction • VE-cadherin  

    12.1   Introduction 

 Metastasis, the spread of cancer cells from primary tumor sites to distant organs, is 
the main cause of mortality in cancer patients. Tumor metastasis consists of a series 
of complex processes, which include tumor cell invasion from the primary tumor, 
intravasation, survival in the circulation, and extravasation and colonization at distinct 
sites (Joyce and Pollard  2009  ) . Tumor cells metastasize either via blood vessels to 
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remote organs (remote metastasis) or via lymphatic vessels to regional lymph nodes 
(regional metastasis). Therefore, transmigration of tumor cells through blood and 
lymphatic vessels is an essential step in intravasation and extravasation, and is 
tightly controlled by endothelial cell-cell junctions (Fig.  12.1 ) (Joyce and Pollard 
 2009  ) . Tumor cells interact with endothelial cells and disrupt endothelial cell-cell 
junctions through various mechanisms, leading to their penetration across the 
endothelium. In contrast, the transendothelial migration of tumor cells is thought to 
be suppressed by potentiation of endothelial cell-cell junctions.  

 Endothelial cell-cell junctions act as a barrier which restricts the passage of 
plasma proteins and circulating cells across the endothelial cells. Compromising 
vascular integrity leads to an increase in vascular permeability, which is associated 
with not only tumor metastasis but also chronic in fl ammation, edema and tumor 
angiogenesis (Dejana et al.  2009  ) . Similar to epithelial cells, endothelial cells have 
two types of specialized junctional domains, adherens junctions (AJs) and tight 
junctions (TJs). Endothelial cell-cell junctions need to be highly dynamic to sustain 
vascular homeostasis and to control the transendothelial migration of leukocytes 
during in fl ammation (Dejana et al.  2009  ) . Therefore, the AJs and TJs are intermin-
gled throughout cell-cell contacts in endothelial cells, although TJs are located api-
cally with respect to AJs in epithelial cells (Dejana et al.  2009  ) . 

 The endothelial cell-cell adhesions are positively and negatively regulated by a 
variety of extracellular stimuli (Fig.  12.1 ) (Vestweber et al.  2009  ) . In fl ammatory 
mediators such as thrombin and histamine induce intercellular gap formation lead-
ing to an increase in endothelial permeability (Gavard  2009  ) . Inter-endothelial cell-
cell junctions are also weakened by vascular endothelial growth factor (VEGF), 

  Fig. 12.1    Endothelial barrier function is dynamically regulated by various signaling molecules. 
Barrier stabilizing factors potentiate endothelial cell-cell junctions, reduce endothelial permeability, and 
inhibit transendothelial migration of in fl ammatory cells and tumor cells. On the other hand, barrier 
destabilizing factors weaken endothelial cell-cell junctions, increase endothelial permeability, and 
facilitate transendothelial migration of in fl ammatory cells and tumor cells       
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which is thought to be required for the initiation of angiogenesis (Dejana et al.  2008 ; 
Weis et al.  2004  ) . In addition, tumor cells also induce disruption of endothelial cell-
cell junctions to successfully undergo intravasation and extravasation (Joyce and 
Pollard  2009  ) . In contrast, endothelial barrier integrity is stabilized by various fac-
tors such as angiopoietin (Ang)-1 and sphingosine-1-phosphate (S1P) (Adams and 
Alitalo  2007 ; Fukuhara et al.  2009 ; Obinata and Hla  2012  ) . Furthermore, an increase 
in intracellular cyclic AMP (cAMP) level in endothelial cells strengthens barrier 
function and attenuates endothelial permeability both in vitro and in vivo (Kooistra 
et al.  2005 ; Fukuhra et al.  2006 ; Fukuhara et al.  2005 ; Cullere et al.  2005  ) . 

 In this article, we highlight the recent progress in elucidating the signaling 
pathways regulating endothelial cell-cell junctions as a barrier to metastatic tumor 
cells by focusing mainly on remote metastasis. Role of cell-cell junctions between 
lymphatic endothelial cells in regional metastasis has been reviewed previously 
(Alitalo  2011  ) .  

    12.2   Cell-Cell Adhesion Molecules in Endothelial Cells 

    12.2.1   VE-cadherin and N-cadherin 

 Endothelial AJs are constituted by vascular endothelial (VE)-cadherin (also known 
as cadherin-5 and CD144) and nectins. VE-cadherin is a single-span transmem-
brane protein that belongs to the classical cadherin superfamily, and exhibits  cis - 
and  trans -homophilic association via its extracellular domains in a Ca 2+ -dependent 
manner (Dejana et al.  2008  ) . Its cytoplasmic region binds three armadillo-family 
proteins,  b -,  g - and p120-catenins. p120-catenin associates with the juxtamembrane 
region, while  b -/ g -catenins bind the distal cytoplasmic region. Since  b -/ g -catenins 
also bind  a -cetenin that is connected to actin cytoskeleton, it is believed that cad-
herin-mediated cell-cell adhesions are stabilized by the actin cytoskeleton. Although 
the Weiss and Nelson groups have previously challenged this model by showing 
that  a -catenin does not stably connect actin to cadherin (Drees et al.  2005 ; Yamada 
et al.  2005  ) , several recent reports have also shown that cadherin stabilizes at cell-
cell junctions by anchoring to circumferential actin bundles through  a -catenin and 
 b -catenin (Abe and Takeichi  2008 ; Noda et al.  2010 ; Yonemura et al.  2010  ) . 

 VE-cadherin-mediated cell-cell junctions act as a barrier to tumor cell intravasa-
tion and extravasation. Thus, tumor cells disrupt VE-cadherin-dependent cell adhe-
sions to penetrate the endothelial barrier. Consistently, disrupting the endothelial 
cell-cell junctions by anti-VE-cadherin antibody ampli fi es tumor cell metastasis 
(Weis et al.  2004  ) . 

 In addition to VE-cadherin, N-cadherin (also known as cadherin-2) is also 
expressed in endothelial cells. Although N-cadherin appears to be involved in inter-
actions between endothelial cells and pericytes, its role in formation and mainte-
nance of endothelial cell-cell junctions remains controversial (Luo and Radice 
 2005 ; Giampietro et al.  2012  ) .  



278 S. Fukuhara and N. Mochizuki

    12.2.2   Nectins 

 Nectins are Ca 2+ -independent cell-cell adhesion molecules of the immunoglobulin 
superfamily, which comprise four members (Takai et al.  2008  ) . Each nectin 
homophilically and heterophilically  trans -associates to establish cell-cell adhesions. 
Similar to cadherins, nectins are also linked to actin cytoskeleton through afadin 
(Takai et al.  2008  ) . It has been suggested that nectins regulate the initial step of cell-
cell junction formation and then recruit cadherins to the nectin-based adhesion sites 
to form AJs (Takai et al.  2008  ) . However, the role of nectins in formation of endothe-
lial cell-cell junctions is still largely unknown.  

    12.2.3   Tight Junction Proteins 

 TJs regulate the passage of ions and solutes through the paracellular route. 
Endothelial TJs are organized by several cell adhesion molecules which include 
claudins, occludins, junctional adhesion molecule (JAM) family members and 
endothelial cell-speci fi c adhesion molecule (ESAM) as well as intracellular adap-
tors such as the zonula occludens (ZO) proteins ZO-1 and ZO-2 (Dejana et al.  2009 ; 
Fukuhra et al.  2006  ) . Endothelial TJs play a key role in the function of the blood-
brain barrier (BBB), which is a selective interface separating circulating blood from 
the brain extracellular  fl uid in the central nervous system (Zlokovic  2008  ) . Therefore, 
metastatic tumor cells need to disrupt the BBB TJs to invade the brain. Claudin-5 is 
a major cell adhesion molecule involved in formation of BBB TJs (Furuse  2009 ; 
Nitta et al.  2003  ) . Consistently, claudin-5-de fi cient mice exhibit size selective open-
ing of the BBB (Furuse  2009 ; Nitta et al.  2003  ) .   

    12.3   Disruption of Endothelial Cell-Cell Junctions 
and Promotion of Tumor Cell Metastasis 

    12.3.1   VEGF 

 VEGF is unique among angiogenic growth factors, since it not only regulates vas-
cular network formation but also induces increase in endothelial permeability by 
disrupting endothelial cell-cell adhesions (Weis and Cheresh  2005 ; Gavard  2009  ) . 
Indeed, the original designation for VEGF is vascular permeability factor (VPF). 
VEGF is produced by tumor cells via hypoxia-inducible factor-1, and promotes 
tumor cell extravasation and metastasis by disrupting VE-cadherin-dependent cell-
cell adhesions (Weis et al.  2004  ) . VEGF also induces BBB breakdown by inducing 
down-regulation of claudin-5 (Argaw et al.  2009  ) . VEGF-induced endothelial 



27912 Signaling Pathways Regulating Endothelial Cell-Cell Junctions as a Barrier…

barrier disruption occurs through VEGF receptor 2 (VEGFR2)-mediated activation 
of Src tyrosine kinase (Weis et al.  2004 ; Weis and Cheresh  2005 ; Criscuoli et al. 
 2005  ) . Consistently, genetic inhibition of Src or pharmacological blockade of 
VEGFR2 and Src inhibit not only VEGF-induced vascular permeability but also 
metastasis and extravasation of VEGF-expressing tumor cells in vivo (Weis et al. 
 2004 ; Weis and Cheresh  2005  ) . 

 Until now, several mechanisms have been suggested to account for the disruption 
of VE-cadherin-mediated cell-cell junctions by VEGF. Gavard and Gutkind have 
reported that VEGF induces p21-activated kinase (PAK)-mediated phosphorylation 
and internalization of VE-cadherin (Gavard and Gutkind  2006  ) . This process is ini-
tiated by the activation of Rac by VEGFR2 through the Src-dependent phosphoryla-
tion of Vav2, a guanine nucleotide-exchange factor (GEF) for Rac (Gavard and 
Gutkind  2006  ) . It has also been reported that VEGF induces activation of focal 
adhesion kinase (FAK), which leads to dissociation of  b -catenin from VE-cadherin 
and breakdown of endothelial cell-cell junctions through direct phosphorylation of 
 b -catenin at tyrosine 142 (Chen et al.  2012  ) . Recently, the crucial role of T cell-
speci fi c adaptor (TSAd) in VEGF-induced vascular permeability has been reported 
(Sun et al.  2012  ) . VEGF-induced tyrosine phosphorylation of VEGFR2 facilitates 
binding of VEGFR2 to the Src homology (SH) 2-domain of TSAd, which in turn 
leads to Src activation and increases vascular permeability (Sun et al.  2012  ) .  

    12.3.2   Angiopoietin-2 and Angiopoietin-Like Proteins 

 Ang family consists of Ang1, Ang2, Ang3 and Ang4. Among them, Ang1 and Ang2 
are well characterized (Fukuhara et al.  2010 ; Adams and Alitalo  2007  ) . Ang1 binds 
to Tie2 and stimulates its kinase activity to promote vascular quiescence and angio-
genesis, whereas Ang2 is known to act as a context-dependent agonist and antago-
nist for Tie2 (Fukuhara et al.  2010 ; Adams and Alitalo  2007  ) . Ang1/Tie2 signaling 
maintains quiescence of mature blood vessels by enhancing vascular integrity and 
endothelial survival. In contrast, Ang2 induces disruption of vascular integrity and 
facilitates VEGF-induced angiogenesis by blocking Ang1-induced Tie2 activation 
(Fiedler and Augustin  2006  ) . 

 Ang2 expression is induced in hypoxic vascular endothelial cells in tumors, 
where it promotes tumor angiogenesis and growth (Nasarre et al.  2009 ; Fiedler and 
Augustin  2006  ) . Consistently, Ang2-de fi cient mice exhibit inhibition of early stages 
of tumor growth and angiogenesis (Nasarre et al.  2009  ) . In addition, the blockade of 
Ang2 by neutralizing antibody and inhibitory Ang2 binding peptide fused to immu-
noglobulin Fc results in reduction of primary tumor growth and angiogenesis 
(Brown et al.  2010 ; Falcon et al.  2009 ; Nasarre et al.  2009 ; Oliner et al.  2004  ) . 
Recently, it has also been reported that Ang2-blocking antibody promotes vascular 
integrity, thereby suppressing tumor metastasis (Holopainen et al.  2012  ) . These 
results suggest that Ang2 facilitates tumor metastasis by disrupting endothelial cell-
cell junctions. 
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 Recently, Ang-like proteins that do not bind to Tie2 but contain motif structurally 
conserved in Ang have been identi fi ed. Among them, the role of Ang-like protein-4 
(ANGPTL-4) in tumor metastasis has been reported (Padua et al.  2008  ) . Transforming 
growth factor- b  induces expression of ANGPTL4 via the SMAD signaling pathway 
in tumor cells (Padua et al.  2008  ) . Tumor cell-derived ANGPTL4 disrupts endothe-
lial cell-cell junctions and increases the vascular permeability, thereby facilitating 
the transendothelial migration of tumor cells (Huang et al.  2011  ) . Recently, it has 
also been reported that tumor-secreted C-terminal  fi brinogen-like domain of 
ANGPTL4 (cANGPTL4) binds integrin  a 5 b 1 to activate Rac1/PAK-signaling path-
ways which weakens endothelial cell-cell junctions (Huang et al.  2011  ) . In addition, 
cANGPTL4 associates with and declusters VE-cadherin and claudin-5, leading to 
disruption of endothelial cell-cell junctions (Huang et al.  2011  ) . In addition to 
ANGPTL4, Ang-like protein-2 (ANGPTL2) is also expressed by tumor cells, and 
promotes tumor cell metastasis (Aoi et al.  2011 ; Endo et al.  2012  ) . Very recently, 
the immune-inhibitory receptor leukocyte immunoglobulin-like receptor B2 
(LILRB2) and its mouse orthologue paired immunoglobulin-like receptor (PIRB) 
have been identi fi ed as receptors for several ANGPTLs (Zheng et al.  2012  ) . Thus, it 
is interesting to investigate whether these receptors are involved in regulation of 
tumor cell metastasis.  

    12.3.3   Extracellular Matrix and Matrix Metalloproteinases 

 Extracellular matrix (ECM) proteins secreted by tumor cells and stromal cells affect 
the transendothelial migration of tumor cells by modulating the interaction between 
tumor cells and endothelial cells (Bernstein and Liotta  1994  ) . Consistently, large-
scale analyses of gene expression pro fi les of human cancers have revealed that aber-
rant expression patterns of ECM proteins are observed in various types of cancers 
(Buckhaults et al.  2001  ) .  b ig-h3/TGFBI (transforming growth factor,  b -induced) is 
a secreted ECM protein with a domain structure identical to periostin.  b ig-h3/
TGFBI contains an N-terminal signal peptide, followed by a cyctein-rich domain, 
four internal homologous repeats (FAS1 domain), and a C-terminal RGD motif. 
This ECM protein is known to be highly expressed in various types of cancers 
which include colon cancer (Argani et al.  2001 ; Zhang et al.  1997  ) . Overexpression 
of  b ig-h3/TGFBI in colon cancer cells leads to a more aggressive phenotype of 
metastasis (Ma et al.  2008  ) .  b ig-h3/TGFBI secreted by colon cancer cells induces 
disruption of VE-cadherin-mediated endothelial cell-cell junctions through the 
 a v b 5 integrin-Src signaling pathway, which leads to enhanced tumor cell extravasa-
tion and metastasis (Ma et al.  2008  ) . 

 Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopepti-
dases, and are known to mediate many aspects of tumorigenesis (Kessenbrock et al. 
 2010  ) . Among them, MMP-2 and MMP-9 are secreted from leukemic cells, which 
frequently invade from the primary site to distinct parts of the body which include 
the brain (Feng et al.  2011  ) . MMP-2 and MMP-9 produced by leukemic cells 
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increase the permeability of BBB by inducing degradation of TJ proteins claudin-5, 
occludin and ZO-1, which facilitates the extravasation of leukemia cells into the 
brain (Feng et al.  2011  ) . In addition, it has also been shown that tissue inhibitor of 
metalloproteinase-2 (TIMP-2) released by metastatic breast cancer cells induces 
activation of endothelial MMP2 in a MMP-14-dependent manner, which leads to 
disruption of endothelial cell-cell junctions and transendothelial migration of the 
tumor cells (Shen et al.  2010  ) .   

    12.4   Signaling Pathways Which Potentiate Endothelial 
Cell-Cell Junctions and May Suppress Transendothelial 
Migration of Tumor Cells 

    12.4.1   Cyclic AMP and Rap1 

 cAMP, a second messenger downstream of Gs-coupled receptor, improves endothe-
lial cell barrier function. Consistently, cAMP-elevating G protein-coupled receptor 
agonists such as adrenomedullin, prostacyclin, prostaglandin E2 and  b -adrenergic 
agonists, reduce endothelial hyperpermeability induced by in fl ammatory stimuli 
(Langeler and van Hinsbergh  1991 ; Hippenstiel et al.  2002 ; Farmer et al.  2001  ) . 
cAMP regulates diverse cellular functions via two downstream effectors, protein 
kinase A (PKA) and exchange protein directly activated by cAMP (Epac), a GEF 
for Rap1 (Bos  2003  ) . Previously, we and others have revealed that cAMP potenti-
ates VE-cadherin-dependent cell-cell adhesions by inducing activation of a Rap1 
small GTPase through Epac, thereby enhancing endothelial cell-cell junctions 
(Kooistra et al.  2005 ; Fukuhra et al.  2006 ; Fukuhara et al.  2005 ; Cullere et al.  2005  ) . 
Rap1 is a small GTPase which belongs to the Ras superfamily and is thought to 
antagonize Ras functions by competing Ras effector molecules such as c-Raf, 
RalGDS, and phosphatidylinositol 3-kinase (PI3 kinase) (Bos et al.  2001 ; Bos 
 2003  ) . However, recent data have revealed that Rap1 functions, not only as a Ras 
competitor, but also as a regulator of cell-ECM and cell-cell adhesions (Bos et al. 
 2001 ; Bos  2003  ) . Interestingly, VE-cadherin engagement also induces Rap1 activa-
tion at nascent cell-cell contacts by inducing junctional recruitment of MAGUK 
with an inverted domain structure-1 (MAGI-1) through  b -catenin (Sakurai et al. 
 2006  ) . MAGI-1 subsequently recruits PDZ-GEF, a GEF for Rap1, into the cell-cell 
junctions, thereby inducing activation of Rap1. Rap1 activation by VE-cadherin 
engagement is responsible for maturation of VE-cadherin-mediated cell adhesions 
(Sakurai et al.  2006  ) . Thus, Rap1 and VE-cadherin reciprocally in fl uence each other 
to regulate endothelial cell-cell junctions. 

 Activation of Rap1 leads to stabilization of VE-cadherin-mediated cell-cell con-
tacts by inducing formation of circumferential actin bundles along the cell-cell junc-
tions (Noda et al.  2010  ) . Circumferential actin bundles anchor VE-cadherin to cell-cell 
contacts through  a - and  b -catenins, thereby stabilizing VE-cadherin-dependent 
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endothelial cell-cell adhesions (Noda et al.  2010  ) . Several downstream signaling 
pathways have been proposed to account for Rap1-induced endothelial barrier func-
tions (Bos et al.  2001 ; Bos  2003  ) . K-Rev Interaction Trapped gene-1 (Krit-1) acts as 
an effector of Rap1 to enhance the stability of endothelial cell-cell junctions (Glading 
et al.  2007 ; Liu et al.  2011  ) . Krit-1 is encoded by the  CCM1  gene, which is mutated 
in 60 % of patients affected by cerebral cavernous malformation (CCM), a disease 
associated with defective endothelial junctions (Laberge-le et al.  1999 ; Sahoo et al. 
 1999  ) . Loss of Krit-1 expression results in increased RhoA activity and stress  fi ber 
formation, which destabilizes endothelial barrier function (Borikova et al.  2010 ; 
Stockton et al.  2010  ) . Thus, it is believed that Rap1 enhances VE-cadherin-mediated 
endothelial cell-cell junctions by suppressing RhoA activity through Krit-1. In addi-
tion to Krit-1, other Rap1 effectors such as AF-6 and Vav2 and Tiam1, a subset of 
Rac GEFs, have been reported to act downstream of Rap1 to regulate actin cytoskel-
eton and barrier integrity (Boettner et al.  2000 ; Arthur et al.  2004  ) . 

 Although Rap1 signal appears to regulate VE-cadherin-mediated endothelial 
cell-cell junctions, its role in transendothelial migration of tumor cells remains 
unknown.  

    12.4.2   Angiopoietin-1 

 Ang1 potentiates endothelial barrier function through Tie2 receptors by strengthen-
ing inter-endothelial cell adhesions (Fukuhara et al.  2010  ) . Mice over-expressing 
Ang1 develop vessels resistant to in fl ammatory agent-induced vascular leakage 
(Fukuhara et al.  2010 ; Thurston et al.  1999  ) . Consistently, Ang1 enhances 
VE-cadherin-dependent cell-cell junctions, leading to the decreased permeability of 
cultured endothelial monolayer (Gamble et al.  2000  ) . As discussed above, VEGF 
disrupts VE-cadherin-mediated cell-cell adhesions through the Src tyrosine kinase 
(Gavard and Gutkind  2006  ) . Ang1/Tie2 signal counteracts Src activation by VEGF, 
thereby preventing VEGF-induced endothelial barrier dysfunction (Gavard et al. 
 2008  ) . Two members of Rho family small GTPases, Rac and Rho, have opposite 
effects on endothelial barrier function; the former increasing barrier function and 
the latter reducing barrier function. It has also been reported that Rac-mediated 
inhibition of Rho through p190RhoGAP is critical for the protective effect of Ang1 
against endotoxin-induced vascular leakage (Mammoto et al.  2007  ) . Furthermore, 
it has been shown that sphingosine kinase-1, a key enzyme catalyzing the formation 
of S1P, is required for the vessel-stabilizing effect of Ang1 (Li et al.  2008  ) . 

 Ang1/Tie2 signal not only maintains vascular quiescence but also promotes 
angiogenesis. Previously, we and others have reported that Ang1 assembles distinct 
Tie2 signaling complexes in either presence or absence of endothelial cell-cell adhe-
sions. In con fl uent endothelial cells, Ang1 induces  trans -association of Tie2 at cell-
cell contacts, while Tie2 is anchored to the ECM by Ang1 at the cell-substratum 
interface in sparse endothelial cells (Fukuhara et al.  2008 ; Saharinen et al.  2008  ) . 
Interestingly,  trans -associated Tie2 and ECM-anchored Tie2 induce preferential 



28312 Signaling Pathways Regulating Endothelial Cell-Cell Junctions as a Barrier…

activation of AKT and extracellular signal-regulated kinase (ERK) 1/2, thereby 
regulating vascular quiescence and angiogenesis, respectively (Fukuhara et al. 
 2008  ) . Tie2 interacts with vascular endothelial protein tyrosine phosphatase 
(VE-PTP), which regulates maintenance of vascular stability (Fachinger et al.  1999  ) . 
VE-PTP also associates with VE-cadherin and reduces the tyrosine phosphorylation 
of VE-cadherin, thereby restricting vascular permeability (Nawroth et al.  2002 ; 
Nottebaum et al.  2008  ) . Analysis of VE-PTP-de fi cient mice reveals the requirement 
of VE-PTP for developmental vascular formation (Dominguez et al.  2007  ) . It has 
been reported that VE-PTP and Tie2 colocalize at cell-cell contacts and coopera-
tively reduce the permeability of endothelial cell monolayer (Saharinen et al.  2008  ) . 
Thus,  trans -associated Tie2 may form a complex with VE-PTP at cell-cell contacts, 
thereby maintaining vascular quiescence. 

 As discussed above, Ang2 is thought to disrupt endothelial cell-cell junctions 
and facilitate tumor metastasis by counteracting vascular stabilization induced by 
Ang1/Tie2 signal (Holopainen et al.  2012  ) . Thus, it might be possible that Ang1/
Tie2 signal restricts transendothelial migration of tumor cells by enhancing endothe-
lial cell-cell junctions. However, further studies are required to clarify this 
hypothesis.  

    12.4.3   Sphingosine-1-Phosphate 

 S1P is a bioactive lysophospholipid mediator which plays a crucial role in diverse 
physiological functions such as maintenance of vascular barrier integrity, immune 
cell traf fi cking, and in fl ammation (Spiegel and Milstien  2011 ; Hla  2004  ) . S1P exerts 
biological functions mostly through activating cell surface G protein-coupled recep-
tors, S1P1-S1P5, while intracellular S1P is also known to act as a second messenger 
to regulate in fl ammation (Spiegel and Milstien  2011 ; Hla  2004  ) . S1P is generated 
inside of the cell by phosphorylation of sphingosine in a reaction catalyzed by 
sphingosine kinase 1 and 2, and is exported toward the outside of the cell to stimu-
late its cell-surface receptors (Spiegel and Milstien  2011 ; Hla  2004  ) . Recently, we 
have revealed that Spinster 2 (Spns2) functions as a S1P transporter in endothelial 
cells, thereby regulating lymphocyte traf fi cking (Fukuhara et al.  2012  ) . 

 Several lines of evidences have revealed the crucial role of S1P signaling in the 
maintenance of vascular barrier integrity (Obinata and Hla  2012  ) . It has been 
reported that mutant mice that lack S1P in plasma exhibits basal vascular leakage 
attributed to the increased interendothelial cell gap formation in venules, which is 
reversed by acute treatment with an agonist for S1P1 receptors (Camerer et al. 
 2009  ) . These  fi ndings suggest that plasma S1P maintains basal vascular integrity 
by potentiating endothelial cell-cell junctions via S1P1 receptors. Consistently, in 
cultured endothelial cells, S1P induces formation of cortical actin bundles and 
localization of VE-cadherin at cell-cell contacts mainly through S1P1 receptors, 
thereby promoting endothelial cell-cell junctions and reducing endothelial perme-
ability (Lee et al.  1999 ; Garcia et al.  2001  ) . In contrast to barrier protective role of 
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S1P1, activation of S1P2 receptors in endothelial cells leads to disruption of 
endothelial cell-cell junctions through activation of Rho/Rock pathway (Sanchez 
et al.  2007  ) . 

 Tumor growth and progression are positively and negatively regulated by S1P 
signaling pathways via distinct types of S1P receptors (Takuwa et al.  2011  ) . S1P 
promotes tumor cell migration, invasion and metastasis by activating S1P1 recep-
tors expressed in tumor cells (Takuwa et al.  2011  ) . Tumor angiogenesis is also 
induced by activation of endothelial S1P1 receptors (Takuwa et al.  2011  ) . In clear 
contrast, S1P inhibits tumor cell migration and tumor angiogenesis by activating 
S1P2 receptors expressed in tumor and endothelial cells, respectively (Takuwa et al. 
 2011  ) . Thus, S1P is thought to induce tumor-promoting and tumor-suppressive 
effects via S1P1 and S1P2 receptors, respectively. However, S1P may also inhibit 
tumor metastasis via S1P1 receptors expressed in endothelial cells (Van Sluis et al. 
 2009  ) . Activated protein C (APC) is a natural anticoagulant serine protease that has 
not only anticoagulant activity but also direct cell-signaling properties. APC is 
known to promote endothelial barrier function through activation of endothelial 
protein C receptor, protease activated receptor-1, and S1P1 receptor pathway 
(Obinata and Hla  2012  ) . Interestingly, it has been reported that APC limits tumor 
cell extravasation by enhancing S1P1 receptor-mediated VE-cadherin-dependent 
endothelial barrier functions (Van Sluis et al.  2009  ) . Thus, S1P1 signal may inhibit 
transendothelial migration of tumor cells by potentiating endothelial cell-cell 
junctions.   

    12.5   Concluding Remarks 

 In this article, we summarized the recent  fi ndings on the molecular mechanisms 
regulating endothelial cell-cell junctions and their impact on the transendothelial 
migration and metastasis of tumor cells. Tumor cells need to weaken endothelial 
cell-cell junctions to undergo intravasation and extravasation. Thus, the molecular 
signaling pathways underlying tumor-induced disruption of endothelial barrier 
functions may be ideal targets for preventing tumor metastasis. Indeed, Src inhibitor 
prevents not only VEGF-induced vascular permeability but also metastasis and 
extravasation of VEGF-expressing tumor cells in vivo (Weis et al.  2004 ; Weis and 
Cheresh  2005 ; Criscuoli et al.  2005  ) . In addition, activating the signaling pathways 
that potentiate endothelial cell-cell junctions may also suppress tumor metastasis. 
However, since there is no clear evidence supporting this hypothesis yet, it is impor-
tant to validate if enhanced endothelial barrier function limits transendothelial 
migration and metastasis of tumor cells.      
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       Abstract   An important step in the formation of cancer metastases is penetration of the 
vascular endothelium by dissociated cancer cells. Epithelial cell-cell contacts consist of 
three main adhesive structures: tight junctions (TJs), adherens junctions (AJs) and des-
mosomes. Tight junctions are the most apical component of this epithelial junction com-
plex and therefore present an important barrier for cancer cells to overcome in order to 
metastasise. As essential cytoskeletal regulators and modulators of gene expression, 
RhoGTPases have been recognized as major signalling components associated with TJs. 
This current chapter reviews the role of the Rho kinase ROCK in TJ regulation and 
presents information on the inhibition of ROCK function on the distribution of TJ pro-
teins in relation to motility and invasion in invasive MDA-MB-231 and less invasive 
MCF-7 breast cancer cell lines, as well as looking at potential binding partners for Rho-
associated serine-threonine protein kinases (ROCKs) in breast cancer cells.

Keywords ROCK • Tight junctions • HGF • ZO proteins  
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  Rho    Ras homologue gene   
  ROCK    Rho-associated serine-threonine protein kinase   
  TER    Trans-epithelial resistance   
  TJ    Tight junctions   
  ZO    Zona occludens         

    13.1   Introduction 

    13.1.1   Tight Junctions 

 Tight junctions function as dynamic barriers, or gates, to selectively regulate the diffusion 
of water, ions, and other small molecules through the paracellular space between neigh-
bouring cells (Terry et al.  2010  )  and thus are regulators of paracellular permeability. 
They also help to maintain cell polarity by acting as a molecular fence, thus restricting 
the diffusion of apical and basolateral membrane components (Balda and Matter  2008  ) . 
It has been shown that TJs of vascular endothelium function in vivo as a barrier between 
blood and tissues against metastatic cancer cells (Martin and Jiang  2009  ) . 

 The protein components of TJs can be divided into the transmembrane proteins 
which include the TJ–associated MARVEL Proteins (TAMP) (occludin, tricellulin, 
MARVELD3), junctional adhesion molecules (JAMs) and the claudins; cytoplas-
mic plaque proteins including Zona Occludens ZO-1, ZO-2, ZO-3; and associated 
regulatory proteins including  α -catenin, cingulin etc. The transmembrane proteins 
are linked to the cytoplasmic plaque proteins formed by a network of scaffolding 
and adaptor proteins, signaling components and actin-binding cytoskeletal linkers. 
The cytoplasmic tails of the transmembrane proteins serve as a binding site for 
plaque proteins of the ZO family and other PDZ proteins (Lapointe et al.  2010  ) . 

 As important cytoskeletal regulators and modulators of gene expression, 
RhoGTPases have been identi fi ed as being major signalling components associated 
with TJs. RhoGTPase-dependent mechanisms that regulate actin  fi lament dynamics 
may also play an important role in the regulation of TJ permeability (Gorovoy et al. 
 2009  ) . In addition, activation of RhoGTPase signaling may result in the direct 
modi fi cation of TJ transmembrane proteins by inducing phosphorylation and, 
thereby, resulting in altered permeability (Terry et al.  2010  ) . There is also evidence 
that RhoA is involved in the regulation of membrane-membrane interactions and 
ERM-actin cytoskeleton associations (Granes et al.  2000  ) . It has been demonstrated 
that the apical actin cytoskeleton plays a central role in the regulation of TJ function. 
As F-actin organisation is regulated by Rho-GTPases then they have an important 
role to play in TJ regulation (Walsh et al.  2001  ) . Other work has shown a direct rela-
tionship between the RhoGTPase and TJ proteins in MDCK cells; with inhibition of 
Rho resulting in decreased localisation of ZO-1 and occludin at cell junctions and 
conversely, constitutive Rho signalling causing an accumulation of ZO-1 and occlu-
din at cell junctions (Gopalakrishnan et al.  1998  ) . It was concluded that Rho GTPase 
signalling induces post-translational outcomes within TJ components.  
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    13.1.2   ROCK and Tight Junctions 

 Rho-associated serine-threonine protein kinases (ROCKs) are key factors in regulation 
of motility and invasion of breast cancer cells. They function as downstream effec-
tors of the Rho-GTPase signalling pathway and are associated with tumour progres-
sion by regulation of actin cytoskeletal reorganisation and formation of focal adhesion 
complexes, both of which are required for cell motility (Ishizaki et al.  1997 ; Nishimura 
et al.  2003  ) . ROCKS affect cell-cell adhesion in epithelial and endothelial cells and 
are involved in regulation of TJ and AJ (Riento and Ridley  2003  ) . It has been shown 
that the permeability of endothelial cells is readily inhibited by dominant negative 
ROCK constructs or by ROCK inhibitors indicating that ROCK activation can result 
in loss of TJ integrity (Wojciak-Stothard and Ridley  2002  ) . 

 Walsh et al .   (  2001  )  and Terry et al. ( 2010  ) , studied the role of ROCK in the regu-
lation of TJ in model intestinal (T84) cells. It was found that ROCK inhibition 
induced reorganisation of apical F-actin arrangement and enhanced paracellular 
permeability. Work in our laboratories has investigated the effect of inhibiting 
ROCK function, by utilising the ROCK inhibitor Y-27632, on the distribution of the 
TJ proteins occludin and ZO-1 as well as the linker molecule ezrin, in relation to 
motility and invasion, in the invasive MDA-MB-231 and the less invasive MCF-7 
breast cancer cell lines as described below. 

    13.1.2.1   Effects of HFG and/or ROCK Inhibitor Y-27632 
on In Vitro Breast Cancer Cell Motility 

 The motility of both MDA-MB-231 and MCF-7 breast cancer cells was seen to 
increase signi fi cantly ( p  < 0.001) with the addition of HGF in these experiments, 
with the addition of the HGF/Y-27632 combination negating the effect of HGF, with 
these cells exhibiting a greatly reduced motility ( p  < 0.002) (Fig.  13.1 ).   

    13.1.2.2   Effects of HFG and/or ROCK Inhibitor Y-27632 
on Trans-epithelial Resistance of Breast Cancer Cells 

 The MDA-MB-231 cells exhibited reduced trans-epithelial resistance (TER) when 
treated with HGF compared with untreated cells, whereas the addition of the ROCK 
inhibitor Y-27632greatly reduced this effect (Fig.  13.2 ).   

    13.1.2.3   Effects of HFG and/or ROCK Inhibitor Y-27632 
on In Vitro Cell Invasion 

 When both MDA-MB-231 and MCF-7 cells were treated with HGF they showed a 
signi fi cant increase in invasion compared with untreated cells ( p  < 0.001). The addition 
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of the ROCK inhibitor Y-27632 to the assay caused a signi fi cant decrease in invasion 
( p  < 0.001). Cells treated with a combination of HGF/Y-27632 showed a 
signi fi cant decrease in invasion compared with untreated and HGF treated cells 
(Fig.  13.3 ).   
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  Fig. 13.1    Effects of HFG and/or ROCK inhibitor (RI) Y-27632 on in vitro breast cancer cell 
motility       
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    13.1.2.4   Immunocytochemical Staining for the Tight Junction 
Proteins ZO-1 and Occludin and the Linker Molecule Ezrin 

 Following immunocytochemical staining of the MCF-7 and MDA-MB-231 cells for 
the TJ proteins ZO-1 and occludin together with ezrin an overall increase in staining 
was seen, with cells more tightly packed together when treated with Y-27632 and 
with HGH/Y-27632 combination than in the untreated cells or in cells treated with 
HGF alone. Staining of ZO-1 was seen to be more intense in MCF-7 cells than in 
the MDA-MB-231 cells with edge staining of occludin and ezrin seen in the MCF-7 
cell line. Membrane ruf fl ing was observed in the MDA-MB-231 cells which had 
been treated with HGF with lamellopodia formation and separation of individual 

Invasion of MCF-7 breast cancer cells

0.25

0.2

0.15

0.1

0.05

0

MCF7 control

In
va

si
on

 In
de

x 
(r

du
)

In
va

si
on

 In
de

x 
(r

du
)

0.6

0.5

0.4

0.3

0.2

0.1

0

MCF7 HGF MCF7 RI MCF7 HGF&RI

MDA control MDA HGF MDA RI MDA HGF&RI

Invasion of MDA-MB-231 breast cancer
cells

  Fig. 13.3    Effects of HFG and/or ROCK inhibitor (RI) Y-27632 on in vitro cell invasion       

 



296 J. Lane et al.

cells observed. Conversely, no membrane ruf fl ing was seen in MCF-7 cells treated 
with the ROCK inhibitor alone or with HGF/Y27632 combination (Fig.  13.4 ).   

    13.1.2.5   Immuno-Precipitation Studies 

 Immuno-precipitation revealed that in MDA-MB-231 WT  cells; ROCK I was found to 
precipitate with  α -catenin, AF6, ROCK II, RhoC and, as expected, actin (Fig.  13.5 ). 
All these components are involved in various signalling pathways. ROCK I did not 
however interact with the TJ plaque proteins ZO-1, ZO-2 and ZO-3, nor the signal-
ling molecule Rho B.  

 Interestingly, MDA-MB-231  Δ ROCKII  when precipitated with ROCK I did not show 
a signal for  α -catenin, although there was a signal in the MDA-MB-231  Δ ROCKI  cells, 
revealing a potentially interesting difference in in fl uence between ROCK I and 
ROCK II. 

 The co-localisation between ROCK I and ROCK II, AF6, and  α -catenin was 
con fi rmed using dual IFC (Fig.  13.6 ). ROCK II showed some overlap in staining 
with ROCK I, more in the nuclear area and cytoplasmic bodies. Denser nuclear 
staining was seen with ROCK II, also some membrane staining. AF6 showed very 
good overlap, particularly in the peri-nuclear region and nuclear bodies. Alpha 
catenin showed excellent overlap of perinuclear region with some cytoplasmic 
staining also.  α -catenin stainined beautifully at the junctions. RhoC had apparently 
the same distribution as ROCK I, staining in the nuclear, perinuclear and cytoplasmic 
regions. RhoB showed similar localisation particularly in the perinuclear region but 
no nuclear bodies. Occludin staining showed some overlap surrounding the nucleus 
and at the pseudopodia.     

    13.2   Discussion 

 TJs are dynamic structures, and their permeability is regulated by several physiologi-
cal mechanisms. Ca 2+ /calmodulin-dependent phosphorylation of myosin light chain 
(MLC) by MLC kinase is known to stimulate contraction of perijunctional actin, caus-
ing distension of transmembrane TJ strands and a consequent increase in paracellular 
permeability (Turner et al.  1997  ) . Rho kinase (ROCK), which may be activated by 
caspase-3 or the small GTPase RhoA, also phosphorylates MLC (Terry et al.  2010 ; 
Amano et al.  1996 ; Kimura et al.  1996 ; Coleman et al.  2001 ; Sebbagh et al.  2001  ) . 

 In addition to its prominent role in the regulation of epithelial cell contraction 
and TJ assembly and permeability (Terry et al.  2010 ; Amano et al.  1996 ; Kimura 
et al.  1996  ) , ROCK is involved in the formation of actin stress  fi bres and focal adhe-
sion complexes, both of which are required for cell motility (Hopkins et al.  2007 ; 
Leung et al.  1995  ) . 

 Many studies have implicated both actinomyosin contractility and actin dynamics, 
such as  fi lament polymerization, as being important mechanisms in the formation, 
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maintenance, and regulation of the permeability properties of TJs (Benais-Pont 
et al.  2003 ; Hartsock and Nelson  2008  ) . The pathway by which RhoGTPases regu-
late permeability of TJs appears to involve GEF-H1 and RhoA, (Nie et al.  2009  ) . 
This leads to ROCK activation and regulation of non-muscle myosin II activity, 
resulting in actinomyosin contractility (Amano et al.  1996  ) . It has been shown that 
ROCK plays a role in the regulation of TJs via its effect on the F-actin cytoskeleton 
and is critical for the assembly of apical junctional proteins and F-actin cytoskeleton 
organisation (Terry et al.  2010  ) . 

 ROCK is also known to participate in various pathological processes. It is 
involved in IFN- γ -mediated TJ disruption and contributes to in fl ammation during 
Crohn’s disease (Utech et al.  2005 ; Segain et al.  2003  ) . Furthermore, a study using 
colon cancer cell lines demonstrated that ROCK promotes cell invasion through the 
modulation of matrix metalloproteinase-2 and 13 activity (Vishnubhotla et al.  2007  ) . 
Links have also been uncovered between the claudins and ROCK, with tight junc-
tional claudin-4 disruption via IL-1RI-dependent activation of ROCK (Lapointe 
et al.  2010  ) , and protein–protein interactions con fi rmed between Claudin-5 and 
ROCK (Escudero-Esparza et al.  2012  ) . 

 The present study demonstrates that the use of the ROCK selective inhibitor 
Y27632 was able to negate the effect of HGF on the motility and invasion of breast 
cancer cell lines. ROCK inhibitor decreased the motility and invasive action of HGF 
in both invasive MDA-MB-231 and less invasive MCF-7 breast cancer cells. Staining 
of junctional and cytoskeletal linker molecules showed a stronger concentration of 
occludin and ezrin at TJ regions of the MCF-7 cells when the cells were treated with 
ROCK inhibitor and with HGF/Y-27632 combination, suggesting a role for ROCK 
in the signalling pathway for TJ regulation.  

1 2 3
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  Fig. 13.5    Precipitation of binding partners to ROCK I       
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    13.3   Conclusions 

 This study has demonstrated novel binding proteins for ROCK in human breast 
cancer cells and revealed new partner proteins that are primarily TJ related proteins. 
Immunoprecipitation studies revealed that ROCK did not precipitate with the ZO 
proteins in MDA-MB-231 breast cancer cells which is in contrast to  fi ndings by 

  Fig. 13.6    Dual  fl uorescence staining showing co-localisation       
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Walsh et al.  2001  who found that ROCK co-localised with the TJ protein ZO-1 in 
polarized T84 (model intestinal epithelial) cells. However, this may be due to tissue 
speci fi c differences as well as complex differences in distribution of TJ proteins in 
pathology and disease. These  fi ndings may contribute to understanding how changes 
in ROCK expression may modulate TJ function.      
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