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Abstract  

Tight junctions consist of many proteins including transmembrane and associated 

cytoplasmic proteins, which act to provide a barrier regulating transport across 

epithelial and endothelial tissues. These junctions are dynamic structures that are able 

to maintain barrier function during tissue remodelling and rapidly alter it in response 

to extracellular signals. Individual components of tight junctions also show dynamic 

behaviour including migration within the junction and exchange in and out of the 

junctions. In addition, it is becoming clear that some tight junction proteins undergo 

continuous endocytosis and recycling back to the plasma membrane. Regulation of 

endocytic trafficking of junctional proteins may provide a way of rapidly remodelling 

junctions and will be the focus of this review. 

 

 

 

An introduction to tight junctions  

Tight junctions were first identified in electron micrographs showing close contacts 

linking adjacent epithelial cells [1]. These junctions that are also found in endothelial 

cells, provide a barrier that regulates diffusion through the paracellular space (Figure 

1). The history, function and molecular components of the tight junctions has been 

recently reviewed [2-3] Here we will provide a brief introduction to tight junctions 

before focusing on their dynamic nature and in particular the endocytic recycling of 

individual tight junction proteins. 

 

Although tight junctions provide a barrier to diffusion, this barrier is not absolute as it 

allows the passage of certain solutes [2]. In addition the permeability of tight 

junctions varies between different epithelial cells so that some epithelia form a “tight” 

barrier while others are “leaky”. Tight junctions not only provide a barrier but there is 

growing evidence they act as a platform for cell signalling molecules that regulate 

cellular behaviours including gene expression and cell proliferation rates [4].  

 

Molecular studies have shown that tight junctions consist of a number of proteins, 

including members of the claudin, occludin and junctional adhesion molecule (JAM) 
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families of transmembrane proteins [2]. The claudin proteins, consisting of over 20 

members in humans, are thought to be the main mediators of the epithelial 

permeability barrier [5-7]. There are many lines of evidence to support this 

hypothesis, for example claudins can promote tight junction strand formation when 

expressed in fibroblasts [8] and mouse knockout studies show alterations in barrier 

function in a wide range of tissues including the skin for claudin-1 knockouts [9] and 

kidney for claudin-2 knockouts [10]. Importantly, some claudins promote a high 

resistance barrier to diffusion, while others are thought to form pores that allow ionic 

diffusion [5]. Thus, variations in the expression profile of claudins is proposed to be a 

major determinant of tissue-specific variations in permeability [7]. The other 

transmembrane tight junction proteins appear to have a role in the 

regulation/modulation of this claudin based barrier [2-3]. A range of cytoplasmic 

proteins can associate with the transmembrane proteins, such as ZO-1 and cingulin, 

which indirectly link tight junctions to the actin cytoskeleton and various signalling 

proteins [11-13]. The formation of these large multi-subunit structures allows the tight 

junctions to fulfil the various functions associated with them, including barrier 

formation and regulation of cell signalling. 

 

The dynamic nature of tight junctions 

Tight junctions are found in tissues that show dynamic behaviours. For example, in 

the mammalian intestine, epithelial cells are replaced every 4/5 days [14] and during 

pregnancy there is a massive increase in mammary epithelial cells which are then 

removed at the end of lactation [15]. During the addition and removal of cells tight 

junctions must be able to maintain barrier function. In addition tight junctions must be 

remodelled during the transmigration of immune cells through epithelia and during 

wound healing [3]. Many stimuli, including inflammatory cytokines and bacterial 

infection, also rapidly modify the tight junction barrier [16]. These observations 

suggest that rapid alteration of tight junction composition occurs and there is general 

acceptance that tight junctions, like the epithelial tissues they are found in, are 

dynamic structures. The dynamic behaviour of the tight junctions includes movement 

of tight junction strands and of individual tight junction proteins, which can move 

within the tight junctions and in and out of the junctions [2-3]. There also appears to 

be continuous endocytosis and recycling back to the plasma membrane of tight 
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junction proteins in a range of epithelial cells types [17-19], an aspect to tight junction 

dynamics that will be the focus of this chapter. 

 

Is continuous recycling of tight junction proteins a common feature of epithelial 

cells? 

Following endocytosis from the plasma membrane into early endosomes, 

transmembrane cargo proteins can follow the degradative pathway to the lysosome or 

be recycled back to the plasma membrane. They can also undergo retrograde transport 

to the trans golgi network (TGN) where they may undergo further sorting [20]. In 

epithelial cells the picture is further complicated by endocytosis from distinct apical 

and basolateral membrane domains into apical or basolateral early endosomes and 

transcytosis between the two domains [4, 21] (Figure 2). There are also multiple 

independent pathways responsible for recycling proteins back to the plasma 

membrane [22] making endocytic protein trafficking, particularly in epithelial cells,  

an extremely complex process.  

 

Identifying the trafficking fate of an endocytosed transmembrane tight junction 

protein can be achieved using a biotinylation assay that labels extracellular lysine 

residues of proteins allowing their trafficking to be monitored [23]. The biotinylation 

assay was used to provide the first evidence that tight junction proteins can be 

continuously recycled in confluent epithelial cells when occludin was found to be 

endocytosed and recycled back to the plasma membrane in a mouse mammary cell 

line (MTD1A) [19]. In contrast, claudin-1 was not endocytosed in these cells. 

However, a potential limitation of this study is that the rate of degradation of occludin 

was not measured. Due to the nature of the biotinylation assay employed it is possible 

that at least some of the occludin trafficking classified as recycling could have been a 

consequence of degradation.  

 

Subsequent experiments with MDCK II cells, a canine kidney line [17] which is 

commonly used to study tight junctions, examined the trafficking of claudin-1 and 

occludin. Importantly, this work added an additional control so that degradation and 

recycling could be distinguished. Claudin-1 was found to be constantly endocytosed 

and recycled in MDCK II cells, with no detectable degradation observed over the time 

frame of these assays (20 minutes for degradation and recycling). Over longer time 
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periods (hours/days) claudin-1 is degraded [24] indicating that a small percentage of 

endocytosed claudin-1 is directed for degradation in MDCK II cells. This would 

produce a gradual turnover of claudin-1 protein. Subsequent work showed that, like 

claudin-1, claudin-2 is endocytosed and recycled in MDCK II cells [18]. In contrast, 

significant endocytosis of occludin [17] and claudin-4 [18] was not detected in 

MDCK II cells using the same assay and incubation time (1 hour), showing that tight 

junction proteins have different rates of flux through the endocytic system.  

 

Analysis of additional epithelial cell lines showed that claudin-1 is constantly 

recycled in the human colon-cancer derived line CaCo-2 and the human lung derived 

line 16-HBE[17]. Interestingly, unlike in MDCK II cells, in these lines occludin was 

endocytosed. Its fate was then split with some protein being recycled and the rest 

degraded. Combining results from the four different epithelial cell lines currently 

analysed shows that recycling of at least a subset of tight junction proteins is a 

common feature of epithelial cells. In addition there is cell type specific variation in 

the rate that individual tight junction proteins are trafficked through the endocytic 

system. This data is summarised in Table 1. Most of this work is very recent and there 

are a number of issues that remain to be addressed. For example, it will be important 

to determine which other tight junction proteins are recycled and whether similar rates 

of recycling occur in vivo. It is also important to stress that the biotin assay does not 

label cytoplasmic proteins. This means it cannot be used to follow the fate of proteins 

such as ZO-1, which could be transported with the transmembrane tight junction 

proteins they associate with.   

  

 

How is endocytosis of tight junction proteins mediated? 

The first step in endocytic trafficking is the internalisation of transmembrane proteins 

from the plasma membrane. Endocytosis can occur via clathrin dependent [25] and 

clathrin independent mechanisms which include caveolae-driven endocytosis and 

macropinocytosis [26]. Endocytosis of tight junction proteins has been reported to 

occur by all of these mechanisms: for example calcium depletion, a non-physiological 

stimulus that induces tight junction breakdown, triggers endocytosis of occludin, 

claudin-1 and JAM-A by a clathrin-mediated pathway [27]. Studies on stimulus-

induced remodelling have revealed clathrin-independent internalization of tight 
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junction proteins, For example, occludin endocytosis occurs via caveolae following 

Escherichia coli cytotoxic necrotizing factor-1 (CNF-1) stimulation [28] or TNFα 

stimulation [16]. Recent work also shows that the chloride channel CIC-2 acts to 

reduce caveolae mediated endocytosis of occludin in CaCo-2 cells [29]. Claudin-1, 

occludin and JAM-A are internalised via macropinocytosis in IFN- treated T84 cells 

[30]. Live imaging studies using fluorescent fusion proteins have revealed a further 

feature of endocytosis for claudin-3 [31]. This involves a peculiar mechanism 

whereby plasma membrane from two juxtaposed cells are internalised into one of the 

cells. This has been referred to as "eat-each-other" endocytosis.  

 

It should also be noted that different tight junction proteins are not always 

endocytosed en-masse but can be endocytosed independently of one another. For 

example, EGF stimulation of MDCK II cells increases endocytosis and degradation of 

claudin-2 without affecting claudin-1 [32]. In addition, occludin endocytosis occurs in 

latrunculin A treated MDCK II cells [33] and in vivo in anti-CD3 treated mice [34] 

without concomitant internalisation of claudin proteins. The ability to independently 

endocytose proteins may allow cells to alter the repertoire of tight junction proteins at 

the plasma membrane and fine-tune paracellular permeability in response to changing 

conditions. 

 

An interesting question is what determines the selection of tight junction proteins as 

endocytic cargo and one possibility is that post-translational modification of 

individual tight junction proteins is responsible. Ubiquitylation, phosphorylation and 

palmitoylation are reversible modifications that have all been linked to endocytosis 

[21]. Transmembrane tight junction proteins have also been shown to undergo these 

modifications [35-36]. Expression of the ubiquitin ligase LNX1p80 drives 

endocytosis of claudin-1 [24] while an alternative ubiquitin ligase Itch promotes 

endocytosis of occludin [37]. An attractive hypothesis is that low level activity of 

these, and possibly other ubiquitin ligases, promote continuous endocytosis of tight 

junction proteins. Regulation of specific ubiquitin ligase activity could also alter 

endocytic rates of individual tight junction components. However, knockdown or 

knockout experiments ablating the function of these proteins and analysis of the effect 

on endocytosis rates are required to establish if this is the case. Phosphorylation of 
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claudins, occludin and JAMs have all been reported, with the phosphorylation status 

having an affect on tight junction localisation [38-41]. For example phosphorylation 

of serine residue 490 of occludin is associated with its endocytosis and barrier loss in 

endothelial cells [42]. Finally, claudin family proteins contain conserved signature 

cysteine residues that are palmitoylated and are required for efficient localisation at 

tight junctions [43]. Palmitoylation is a reversible protein modification that has been 

linked to endocytosis [44] in addition to other protein trafficking events [21, 45-46] 

making it a potential regulator of claudin endocytosis. 

 

Another important issue is where endocytosis of tight junction proteins occurs. It is 

plausible that tight junction proteins are not endocytosed from the junctions 

themselves but from adjacent (or even distant) regions of the plasma membrane. Live 

imaging and computer modelling experiments have been performed to investigate the 

dynamics of individual tight junction components in living cells [47]. These studies 

indicate that occludin within the tight junctions continuously exchanges with an extra-

tight junction pool. Furthermore, claudin-1 is located in the lateral membrane in 

addition to the junctional complexes of polarised epithelial cells [48-50]. Cytoskeletal 

rearrangements at tight junctions are likely to be crucial in facilitating junctional 

remodelling and endocytosis. If endocytosis occurs away from the tight junctions, 

then regulation of the rate that tight junction proteins move out of junctions and into 

regions of the plasma membrane undergoing active endocytosis would provide 

another possible mechanism of regulating endocytic cargo selection. The 

mechanisms, pathways and modifications mentioned are not mutually exclusive and a 

complex interplay is likely to regulate selection for endocytosis.  

 

Regulation of recycling and junctional remodelling 

While many studies have considered stimulated endocytosis as an important process 

in tight junction re-modelling, relatively little attention has focussed on post-

endocytic sorting of tight junction components. However, the continuous recycling of 

junctional proteins [17-19] raises the possibility that a reduction in the rate of 

recycling could achieve the same goal as increased endocytosis, that is, depleting tight 

junction proteins from the plasma membrane and causing either an accumulation of 

internal protein or increased degradation. The post-translational modifications, 

ubiquitylation, phosphorylation and palmitoylation, mentioned previously,  all have 
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roles to play in post-endocytic sorting [21], in addition to endocytosis, and so provide 

potential signals to regulate the rate of recycling of tight junction components. This 

leads to the question of whether control of post-endocytic sorting, in particular 

recycling, participates in junctional re-modelling.  

 

Evidence to suggest that control of post-endocytic sorting is important comes from 

studies on the fate of tight junction proteins in IFN treated epithelial cells [30, 51]. 

Occludin, claudin-1 and JAM-A all accumulate intracellularly, in compartments 

containing recycling endosome markers Rab4 and Rab11, following IFN treatment 

with no increase in degradation of these proteins. Removal of IFN results in release 

of the accumulated proteins back to tight junctions so it is reasonable to postulate that 

IFN treatment blocks recycling. Similarly, other manipulations of epithelial cells, 

such as removal of calcium [27] or incubation with CNF-1 [28] reversibly displace 

tight junction proteins to intracellular locations, indicating that regulation of recycling 

may be a common mechanism by which tight junction composition can be controlled. 

Intriguingly, following CNF-1 treatment, occludin does not co-localise intracellularly 

with claudin or JAM-A, providing evidence that these proteins could be recycled by 

distinct routes. Control of tight junction recycling is not limited to epithelial cells as 

claudin-5 and occludin recycle in endothelial cells following recovery from 

chemokine treatment [52].  

 

Post-endocytic sorting and trafficking of tight junction proteins 

In order to understand how stimuli might modify post-endocytic trafficking it is 

important to establish the endocytic routes taken by tight junction proteins and 

identify the proteins responsible for this trafficking. Following endocytosis the early 

endosomes are the primary destination for material removed from the plasma 

membrane. Proteins entering these endosomes must be sorted to degradative, 

recycling or retrograde endocytic trafficking pathways and this sorting is a major 

determinant of the fate of endocytosed proteins [21]. 

  

A group of proteins which are tightly linked to post-endocytic sorting is the 

Endosomal Sorting Complex Required for Transport (ESCRT). This complex has a 

well established role in the trafficking of ubiquitylated transmembrane proteins to 
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lysosomes for degradation [53-54] and is important for attenuating signalling from 

growth factor receptors such as the epidermal growth factor receptor (EGFR) [55]. 

However, in addition to blocking the degradative pathway, inhibiting ESCRT function 

can cause defects in the recycling of receptors such as those for EGF, transferrin, 

asialoglycoprotein and low-density lipoprotein [56-59].  Experiments using a 

dominant negative ESCRT protein showed that ESCRT function is required for the 

continuous recycling of claudin-1 and when ESCRT function is inhibited claudin-1 

accumulates intracellularly [17]. Why is ESCRT function required for claudin-1 

recycling? ESCRT proteins are known to interact with deubiquitylating enzymes and 

the timing of deubiquitylation is emerging as an important factor in modulating the 

fate of endocytosed proteins [60-61]. Therefore, it is possible that perturbations in the 

ESCRT machinery leads to mis-regulation of ESCRT associated deubiquitylating 

enzymes resulting in incorrect post-endocytic sorting and a failure in claudin-1 

recycling.   

 

Addition of YM201636, a small molecule inhibitor of the lipid kinase PIKfyve also 

inhibits claudin-1 and claudin-2 recycling [18]. This kinase is responsible for the 

synthesis of PtdIns(3,5)P2 from PtdIns(3)P on early endosomes and its function has 

been linked to a number of endocytic sorting events [62-63]. It is unclear why 

PIKfyve function might be required for recycling of claudins, but as PtdIns(3,5)P2 

binds the ESCRT III component Vps24/CHMP3 in vitro [64], it is possible that 

recycling is blocked by inhibiting the recruitment of the ESCRT machinery to 

endosomes.  

 

Members of the Rab family of small GTPases have well documented roles in 

vesicular trafficking [65] and experiments using a dominant-negative construct 

showed that Rab13 is required for the continuous recycling of occludin in MTD1A 

cells [19]. siRNA knockdown experiments have also shown that the trafficking of 

internalised claudin-1 to the plasma membrane after a calcium switch (calcium 

depletion and subsequent repletion) requires Rab13 and its binding protein 

JRAB/MICAL-L2 [66]. This identifies Rab13 as a key mediator of tight junction 

recycling although it also has an additional role in the biosynthetic delivery of cargoes 

from the TGN to endosomes in polarised epithelial cells [67]. Rab11 is well known to 

be involved in recycling, and tight junction proteins accumulate in Rab11 positive 
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compartments following stimulation with IFN or CNF-1 [28, 30], but we are not 

aware of any publications that have investigated the requirement of Rab11 in tight 

junction protein recycling. The ESCRT, PIKfyve and Rab13 studies described above 

have identified the first few proteins whose function is required for continuous tight 

junction recycling. However, it is clear that much more research is needed to provide 

a full description of the molecular basis for these events and to elucidate how 

specificity of recycling of individual tight junction proteins is achieved. 

 

Why do cells continuously recycle tight junction proteins? 

The final and perhaps most important question is why should cells expend the energy 

required to constantly move tight junction proteins into the cell and then back to the 

cell surface? A simple explanation is that no system is perfect and as some proteins 

may be internalised inappropriately, recycling would provide an efficient system to 

return these to the plasma membrane. Tight junction recycling may also have evolved 

as a consequence of the dynamic nature of tight junctions. If a cell needs to form more 

tight junctions it can reduce endocytosis and/or increase the rate of recycling to 

increase the amount of tight junctions at the cell surface. Conversely, if the area of 

tight junctions needs decreasing a cell can promote endocytosis and/or reduce 

recycling to remove excess tight junction proteins from the plasma membrane. This 

provides a flexible way to rapidly deal with physiological variations in tight junction 

size. It could also be used to fine-tune barrier function: for example, the composition 

of claudins at the plasma membrane could be altered to allow cells/tissues to regulate 

of paracellular permeability. 

 

The recycling of tight junctions may also be important in pathological conditions. 

Alterations of tight junctions have been associated with tumour formation [68] and 

blocking recycling would reduce the amount of functional tight junction protein at the 

plasma membrane, perhaps reducing the stability of epithelial tissues. Modulation of 

tight junctions also occurs in inflammatory bowel disease and following bacterial 

infection [16, 28, 30, 51]. The evidence described above suggests that inflammatory 

cytokines and bacterial proteins may act in part by blocking tight junction recycling. 

These potential links to disease illustrate the importance of future work aimed at fully 

understanding this process. 
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Conclusions  

The demonstration that tight junction recycling appears to be a common feature of 

epithelial cells throws up many questions such as how is it controlled and why is it 

important? Our understanding is still at a rudimentary level: tight junction recycling is 

known to occur in several different types of epithelial cells and the first few proteins 

which are required for this process have been identified, but many more experiments 

are required to provide a true mechanistic understanding. Key issues that need to be 

addressed include what proteins mediate trafficking through the endocytic system, is 

there more than one tight junction recycling pathway and whether this process is 

regulated. Rates of recycling in vivo also need to be determined and finally, the 

question of whether tight junction recycling is altered during pathological conditions 

such as cancer, inflammatory bowel diseases and bacterial infection needs to be 

addressed. 

 

 

Summary 

 Tight junctions provide a permeability barrier that is dynamic and constantly 

undergoing remodelling. 

 A number of tight junction components, including claudin and occludin, are 

constitutively endocytosed and recycled in epithelial cells. 

 There is cell type specific variation in the tight junction proteins that are 

recycled. 

 ESCRT, PIKfyve, Rab13 are required for tight junction recycling. 

 Tight junction recycling may be aberrantly regulated in disease. 

 

Acknowledgements 

Work in our laboratory on this area was supported by a Cancer Research UK project 

grant (C26932/A9548). We thank Dr Christopher Caunt (University of Bath) for 

critical comments on the draft manuscript. 

 

References  

1 Farquhar, M. G. and Palade, G. E. (1963) Junctional complexes in various 
epithelia. J Cell Biol. 17, 375-412 



 12

2 Shen, L., Weber, C. R., Raleigh, D. R., Yu, D. and Turner, J. R. (2011) Tight 
junction pore and leak pathways: a dynamic duo. Annu Rev Physiol. 73, 283-309 
3 Steed, E., Balda, M. S. and Matter, K. (2010) Dynamics and functions of tight 
junctions. Trends Cell Biol. 20, 142-149 
4 Spadaro, D., Tapia, R., Pulimeno, P. and Citi, S. (2012) The control of gene 
expression and cell proliferation by the epithelial apical junctional complex. This 
issue 
5 Koval, M. (2006) Claudins--key pieces in the tight junction puzzle. Cell 
Commun Adhes. 13, 127-138 
6 Krause, G., Winkler, L., Mueller, S. L., Haseloff, R. F., Piontek, J. and Blasig, 
I. E. (2008) Structure and function of claudins. Biochim Biophys Acta. 1778, 631-645 
7 Van Itallie, C. M. and Anderson, J. M. (2006) Claudins and epithelial 
paracellular transport. Annu Rev Physiol. 68, 403-429 
8 Furuse, M., Sasaki, H., Fujimoto, K. and Tsukita, S. (1998) A single gene 
product, claudin-1 or -2, reconstitutes tight junction strands and recruits occludin in 
fibroblasts. J Cell Biol. 143, 391-401 
9 Furuse, M., Hata, M., Furuse, K., Yoshida, Y., Haratake, A., Sugitani, Y., 
Noda, T., Kubo, A. and Tsukita, S. (2002) Claudin-based tight junctions are crucial 
for the mammalian epidermal barrier: a lesson from claudin-1-deficient mice. J Cell 
Biol. 156, 1099-1111 
10 Muto, S., Hata, M., Taniguchi, J., Tsuruoka, S., Moriwaki, K., Saitou, M., 
Furuse, K., Sasaki, H., Fujimura, A., Imai, M., Kusano, E., Tsukita, S. and Furuse, M. 
(2010) Claudin-2-deficient mice are defective in the leaky and cation-selective 
paracellular permeability properties of renal proximal tubules. Proc Natl Acad Sci U S 
A. 107, 8011-8016 
11 Cordenonsi, M., D'Atri, F., Hammar, E., Parry, D. A., Kendrick-Jones, J., 
Shore, D. and Citi, S. (1999) Cingulin contains globular and coiled-coil domains and 
interacts with ZO-1, ZO-2, ZO-3, and myosin. J Cell Biol. 147, 1569-1582 
12 D'Atri, F. and Citi, S. (2001) Cingulin interacts with F-actin in vitro. FEBS 
Lett. 507, 21-24 
13 Fanning, A. S., Jameson, B. J., Jesaitis, L. A. and Anderson, J. M. (1998) The 
tight junction protein ZO-1 establishes a link between the transmembrane protein 
occludin and the actin cytoskeleton. J Biol Chem. 273, 29745-29753 
14 Vereecke, L., Beyaert, R. and van Loo, G. (2011) Enterocyte death and 
intestinal barrier maintenance in homeostasis and disease. Trends Mol Med. 17, 584-
593 
15 Watson, C. J., Oliver, C. H. and Khaled, W. T. (2011) Cytokine signalling in 
mammary gland development. J Reprod Immunol. 88, 124-129 
16 Yu, D. and Turner, J. R. (2008) Stimulus-induced reorganization of tight 
junction structure: the role of membrane traffic. Biochim Biophys Acta. 1778, 709-
716 
17 Dukes, J. D., Fish, L., Richardson, J. D., Blaikley, E., Burns, S., Caunt, C. J., 
Chalmers, A. D. and Whitley, P. (2011) Functional ESCRT machinery is required for 
constitutive recycling of claudin-1 and maintenance of polarity in vertebrate epithelial 
cells. Mol Biol Cell. 22, 3192-3205 
18 Dukes, J. D., Whitley, P. and Chalmers, A. D. (2012) The PIKfyve Inhibitor 
YM201636 Blocks the Continuous Recycling of the Tight Junction Proteins Claudin-
1 and Claudin-2 in MDCK cells. PLoS One. 7, e28659 
19 Morimoto, S., Nishimura, N., Terai, T., Manabe, S., Yamamoto, Y., 
Shinahara, W., Miyake, H., Tashiro, S., Shimada, M. and Sasaki, T. (2005) Rab13 



 13

mediates the continuous endocytic recycling of occludin to the cell surface. J Biol 
Chem. 280, 2220-2228 
20 De Matteis, M. A. and Luini, A. (2008) Exiting the Golgi complex. Nat Rev 
Mol Cell Biol. 9, 273-284 
21 Welling, P. A. and Weisz, O. A. (2010) Sorting it out in endosomes: an 
emerging concept in renal epithelial cell transport regulation. Physiology (Bethesda). 
25, 280-292 
22 Grant, B. D. and Donaldson, J. G. (2009) Pathways and mechanisms of 
endocytic recycling. Nat Rev Mol Cell Biol. 10, 597-608 
23 Nishimura, N. and Sasaki, T. (2008) Cell-surface biotinylation to study 
endocytosis and recycling of occludin. Methods Mol Biol. 440, 89-96 
24 Takahashi, S., Iwamoto, N., Sasaki, H., Ohashi, M., Oda, Y., Tsukita, S. and 
Furuse, M. (2009) The E3 ubiquitin ligase LNX1p80 promotes the removal of 
claudins from tight junctions in MDCK cells. J Cell Sci. 122, 985-994 
25 McMahon, H. T. and Boucrot, E. (2011) Molecular mechanism and 
physiological functions of clathrin-mediated endocytosis. Nat Rev Mol Cell Biol. 12, 
517-533 
26 Howes, M. T., Mayor, S. and Parton, R. G. (2010) Molecules, mechanisms, 
and cellular roles of clathrin-independent endocytosis. Curr Opin Cell Biol. 22, 519-
527 
27 Ivanov, A. I., Nusrat, A. and Parkos, C. A. (2004) Endocytosis of epithelial 
apical junctional proteins by a clathrin-mediated pathway into a unique storage 
compartment. Mol Biol Cell. 15, 176-188 
28 Hopkins, A. M., Walsh, S. V., Verkade, P., Boquet, P. and Nusrat, A. (2003) 
Constitutive activation of Rho proteins by CNF-1 influences tight junction structure 
and epithelial barrier function. J Cell Sci. 116, 725-742 
29 Nighot, P. K. and Blikslager, A. T. (2011) The chloride channel ClC-2 
modulates tight junction barrier function via intracellular trafficking of occludin. Am 
J Physiol Cell Physiol 
30 Bruewer, M., Utech, M., Ivanov, A. I., Hopkins, A. M., Parkos, C. A. and 
Nusrat, A. (2005) Interferon-gamma induces internalization of epithelial tight junction 
proteins via a macropinocytosis-like process. FASEB J. 19, 923-933 
31 Matsuda, M., Kubo, A., Furuse, M. and Tsukita, S. (2004) A peculiar 
internalization of claudins, tight junction-specific adhesion molecules, during the 
intercellular movement of epithelial cells. J Cell Sci. 117, 1247-1257 
32 Ikari, A., Takiguchi, A., Atomi, K. and Sugatani, J. (2010) Epidermal growth 
factor increases clathrin-dependent endocytosis and degradation of claudin-2 protein 
in MDCK II cells. J Cell Physiol 
33 Shen, L. and Turner, J. R. (2005) Actin depolymerization disrupts tight 
junctions via caveolae-mediated endocytosis. Mol Biol Cell. 16, 3919-3936 
34 Clayburgh, D. R., Barrett, T. A., Tang, Y., Meddings, J. B., Van Eldik, L. J., 
Watterson, D. M., Clarke, L. L., Mrsny, R. J. and Turner, J. R. (2005) Epithelial 
myosin light chain kinase-dependent barrier dysfunction mediates T cell activation-
induced diarrhea in vivo. J Clin Invest. 115, 2702-2715 
35 Cummins, P. M. (2012) Occludin: one protein, many forms. Mol Cell Biol. 32, 
242-250 
36 Findley, M. K. and Koval, M. (2009) Regulation and roles for claudin-family 
tight junction proteins. IUBMB Life. 61, 431-437 
37 Traweger, A., Fang, D., Liu, Y. C., Stelzhammer, W., Krizbai, I. A., Fresser, 
F., Bauer, H. C. and Bauer, H. (2002) The tight junction-specific protein occludin is a 



 14

functional target of the E3 ubiquitin-protein ligase itch. J Biol Chem. 277, 10201-
10208 
38 Banan, A., Zhang, L. J., Shaikh, M., Fields, J. Z., Choudhary, S., Forsyth, C. 
B., Farhadi, A. and 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 
39 Ebnet, K., Aurrand-Lions, M., Kuhn, A., Kiefer, F., Butz, S., Zander, K., 
Meyer zu Brickwedde, M. K., Suzuki, A., Imhof, B. A. and Vestweber, D. (2003) The 
junctional adhesion molecule (JAM) family members JAM-2 and JAM-3 associate 
with the cell polarity protein PAR-3: a possible role for JAMs in endothelial cell 
polarity. J Cell Sci. 116, 3879-3891 
40 Raleigh, D. R., Boe, D. M., Yu, D., Weber, C. R., Marchiando, A. M., 
Bradford, E. M., Wang, Y., Wu, L., Schneeberger, E. E., Shen, L. and Turner, J. R. 
(2011) Occludin S408 phosphorylation regulates tight junction protein interactions 
and barrier function. J Cell Biol. 193, 565-582 
41 Sakakibara, A., Furuse, M., Saitou, M., Ando-Akatsuka, Y. and Tsukita, S. 
(1997) Possible involvement of phosphorylation of occludin in tight junction 
formation. J Cell Biol. 137, 1393-1401 
42 Murakami, T., Felinski, E. A. and Antonetti, D. A. (2009) Occludin 
Phosphorylation and Ubiquitination Regulate Tight Junction Trafficking and Vascular 
Endothelial Growth Factor-induced Permeability. J Biol Chem. 284, 21036-21046 
43 Van Itallie, C. M., Gambling, T. M., Carson, J. L. and Anderson, J. M. (2005) 
Palmitoylation of claudins is required for efficient tight-junction localization. J Cell 
Sci. 118, 1427-1436 
44 Abrami, L., Leppla, S. H. and van der Goot, F. G. (2006) Receptor 
palmitoylation and ubiquitination regulate anthrax toxin endocytosis. J Cell Biol. 172, 
309-320 
45 Kinlough, C. L., McMahan, R. J., Poland, P. A., Bruns, J. B., Harkleroad, K. 
L., Stremple, R. J., Kashlan, O. B., Weixel, K. M., Weisz, O. A. and Hughey, R. P. 
(2006) Recycling of MUC1 is dependent on its palmitoylation. J Biol Chem. 281, 
12112-12122 
46 McCormick, P. J., Dumaresq-Doiron, K., Pluviose, A. S., Pichette, V., Tosato, 
G. and Lefrancois, S. (2008) Palmitoylation controls recycling in lysosomal sorting 
and trafficking. Traffic. 9, 1984-1997 
47 Shen, L., Weber, C. R. and Turner, J. R. (2008) The tight junction protein 
complex undergoes rapid and continuous molecular remodeling at steady state. J Cell 
Biol. 181, 683-695 
48 Rahner, C., Mitic, L. L. and Anderson, J. M. (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 
49 Van Itallie, C. M., Fanning, A. S. and Anderson, J. M. (2003) Reversal of 
charge selectivity in cation or anion-selective epithelial lines by expression of 
different claudins. Am J Physiol Renal Physiol. 285, F1078-1084 
50 Vogelmann, R. and Nelson, W. J. (2005) Fractionation of the epithelial apical 
junctional complex: reassessment of protein distributions in different substructures. 
Mol Biol Cell. 16, 701-716 
51 Utech, M., Mennigen, R. and Bruewer, M. (2010) Endocytosis and recycling 
of tight junction proteins in inflammation. J Biomed Biotechnol. 2010, 484987 



 15

52 Stamatovic, S. M., Keep, R. F., Wang, M. M., Jankovic, I. and Andjelkovic, 
A. V. (2009) Caveolae-mediated internalization of occludin and claudin-5 during 
CCL2-induced tight junction remodeling in brain endothelial cells. J Biol Chem. 284, 
19053-19066 
53 Hurley, J. H. and Emr, S. D. (2006) The ESCRT complexes: structure and 
mechanism of a membrane-trafficking network. Annu Rev Biophys Biomol Struct. 
35, 277-298 
54 Raiborg, C. and Stenmark, H. (2009) The ESCRT machinery in endosomal 
sorting of ubiquitylated membrane proteins. Nature. 458, 445-452 
55 Malerod, L., Stuffers, S., Brech, A. and Stenmark, H. (2007) Vps22/EAP30 in 
ESCRT-II mediates endosomal sorting of growth factor and chemokine receptors 
destined for lysosomal degradation. Traffic. 8, 1617-1629 
56 Baldys, A. and Raymond, J. R. (2009) Critical role of ESCRT machinery in 
EGFR recycling. Biochemistry. 48, 9321-9323 
57 Doyotte, A., Russell, M. R., Hopkins, C. R. and Woodman, P. G. (2005) 
Depletion of TSG101 forms a mammalian "Class E" compartment: a multicisternal 
early endosome with multiple sorting defects. J Cell Sci. 118, 3003-3017 
58 Fujita, H., Yamanaka, M., Imamura, K., Tanaka, Y., Nara, A., Yoshimori, T., 
Yokota, S. and Himeno, M. (2003) A dominant negative form of the AAA ATPase 
SKD1/VPS4 impairs membrane trafficking out of endosomal/lysosomal 
compartments: class E vps phenotype in mammalian cells. J Cell Sci. 116, 401-414 
59 Yoshimori, T., Yamagata, F., Yamamoto, A., Mizushima, N., Kabeya, Y., 
Nara, A., Miwako, I., Ohashi, M., Ohsumi, M. and Ohsumi, Y. (2000) The mouse 
SKD1, a homologue of yeast Vps4p, is required for normal endosomal trafficking and 
morphology in mammalian cells. Mol Biol Cell. 11, 747-763 
60 Clague, M. J. and Urbe, S. (2006) Endocytosis: the DUB version. Trends Cell 
Biol. 16, 551-559 
61 Wright, M. H., Berlin, I. and Nash, P. D. (2011) Regulation of endocytic 
sorting by ESCRT-DUB-mediated deubiquitination. Cell Biochem Biophys. 60, 39-46 
62 de Lartigue, J., Polson, H., Feldman, M., Shokat, K., Tooze, S. A., Urbe, S. 
and Clague, M. J. (2009) PIKfyve regulation of endosome-linked pathways. Traffic. 
10, 883-893 
63 Shisheva, A. (2008) PIKfyve: Partners, significance, debates and paradoxes. 
Cell Biol Int. 32, 591-604 
64 Whitley, P., Reaves, B. J., Hashimoto, M., Riley, A. M., Potter, B. V. and 
Holman, G. D. (2003) Identification of mammalian Vps24p as an effector of 
phosphatidylinositol 3,5-bisphosphate-dependent endosome compartmentalization. J 
Biol Chem. 278, 38786-38795 
65 Hutagalung, A. H. and Novick, P. J. (2011) Role of Rab GTPases in 
membrane traffic and cell physiology. Physiol Rev. 91, 119-149 
66 Yamamura, R., Nishimura, N., Nakatsuji, H., Arase, S. and Sasaki, T. (2008) 
The interaction of JRAB/MICAL-L2 with Rab8 and Rab13 coordinates the assembly 
of tight junctions and adherens junctions. Mol Biol Cell. 19, 971-983 
67 Nokes, R. L., Fields, I. C., Collins, R. N. and Folsch, H. (2008) Rab13 
regulates membrane trafficking between TGN and recycling endosomes in polarized 
epithelial cells. J Cell Biol. 182, 845-853 
68 Brennan, K., Offiah, G., McSherry, E. A. and Hopkins, A. M. (2010) Tight 
junctions: a barrier to the initiation and progression of breast cancer? J Biomed 
Biotechnol. 2010, 460607 
 



 16

 

 

Biography of each author  

 

Andrew D Chalmers 

My research career started in 1996 as a Wellcome Prize PhD student at the University 

of Bath where I investigated the development of the Xenopus digestive system. I then 

moved to a postdoctoral position at the Gurdon Institute, Cambridge and worked on 

epithelial polarity and asymmetric division. In 2004 I was awarded an MRC Career 

Development Fellowship and in 2005 a RCUK Academic Fellowship at the 

University of Bath. My group investigates the relationship between epithelial cell 

polarity, junctions and proliferation. This has involved a key collaboration with Dr 

Paul Whitley investigating the role of endosomal trafficking in polarity. 

 

 

Paul Whitley 

I obtained my Ph.D on protein secretion in yeast at the University of Edinburgh in 

1991. I then took up postdoctoral positions at the Karolinska Institute (Novum) in 

Stockholm and Stockholm University working on membrane protein assembly. I 

moved to the Department of Clinical Immunology at the Karolinska Hospital/Institute 

before returning to the UK and the University of Bath in 1999. I have been a lecturer 

in the Department of Biology and Biochemistry at the University of Bath since 2000. 

My group is interested in endosomal trafficking and recently in collaboration with Dr 

Andrew Chalmers we have been investigating its role in cell polarity. 

 

 

Key words  

Biotinylation assay, CaCo-2, claudin, endocytosis, endosomes, epithelia, ESCRT, 

JAM, MDCK II, occludin, PIKfyve, Rab13, recycling, tight junctions, ubiquitin. 

 

  



 17

 
 MDCK II CaCo-2 16-HBE MTD-1A 

Tight junction 
proteins 

    

Claudin-1 Recycled     
[17] 

Recycled 
[17] 

Recycled 
[17] 

Not 
endocytosed* 

[19] 
Claudin-2 Recycled     

[18] 
- - - 

Claudin-4 Not 
endocytosed* 

[18] 

- - - 

Occludin Not 
endocytosed* 

[17] 

Degraded and 
recycled 

[17] 

Degraded and 
recycled 

[17] 

Recycled 
[19] 

Table 1 Continuous recycling of tight junction proteins in polarised epithelial 
monolayers. The continuous recycling of tight junction proteins has been studied in 
the canine kidney line MDCK II, the human colon cancer line CaCo-2, the human 
lung epithelial line 16-HBE and the mouse mammary line MTD-1A. * There was no 
detectable endocytosis in the time frame of the biotinylation assays (often one hour) 
but there may be a slower rate of endocytosis which would produce a gradual turnover 
in protein. 
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Figure 1. Tight junctions provide a barrier that regulates paracellular diffusion 
across epithelial sheets. They consist of many proteins including transmembrane 
proteins of the occludin, claudin and JAM families and associated cytoplasmic 
proteins including ZO-1 and cingulin. The transmembrane proteins are thought to 
mediate the permeability barrier while the adaptor proteins link the junctions to the 
cyctoskeleton and recruit cell signalling proteins. 
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Figure 2 Endocytic trafficking routes in a polarised epithelial cell. This schematic 

diagram aims to provide an overview of endocytic trafficking routes in epithelial 

cells. However, characterisation of these routes is ongoing and endocytic trafficking is 

likely to be more complicated than presented here. There is also likely to be cell type 

specific and stimuli induced variations in trafficking. Abbreviations; AEE, Apical 

early endosome; ARE, apical recycling endosome; BEE, basal early endosome; CRE, 

common recycling endosome; LYS, lysosome; TGN, trans golgi network.  
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