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Regulation of junction dynamics in the testis—Transcriptional and
post-translational regulations of cell junction proteins

Wing-Yee Lui, Will M. Lee*

Department of Zoology, The University of Hong Kong, Pokfulam Road, Hong Kong, PR China

Abstract

Cell junctions are the sites at which cells attach to the neighboring cells. They do not only maintain tissue integrity, their turnover also plays
a crucial role in cell development and morphogenesis. In the testis, tight junctions and adherens junctions are dynamically remodeled to allow
the movement of post-meiotic germ cells across the seminiferous epithelium and the timely release of spermatids into the tubular lumen. There is
growing evidence that this dynamic remodeling of cell junctions is mediated by several mechanisms at the transcriptional and post-translational
levels. This review summarizes what is known about the transcriptional regulation, ubiquitination and endocytosis that are involved in modulating
junction dynamics in epithelial cells. It also highlights the recent findings on the regulation of junction dynamics in the testis and the specific
areas that require further research for a thorough understanding of the role of junction remodeling in spermatogenesis. Understanding the junction

dynamics in the seminiferous epithelium may unfold new targets for non-hormonal male contraceptive development.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Sertoli cells; Cell junctions; Transcription; Post-translation; Ubiquitination

1. Introduction and germ cells thereafter, so that differentiating germ cells could
move towards the adluminal compartment for further develop:
In rodent testes, a type Al spermatogonium (diploid, 2n)ment (for reviews, se€heng and Mruk, 2002; Lui et al., 2003d; «

gives rise to 256 mature spermatids (haploid, n) in the semMruk and Cheng, 2004 a
iniferous epithelium during spermatogenesis (for reviews, see Previous studies in our laboratory have shown that the
Cheng and Mruk, 2002; de Kretser and Kerr, 1p&8fferenti-  restructuring of cell junctions in the testis involves an array ok

ating germ cells must traverse from the basal to the adluminddiomolecules such as cytokines, proteases, protease inhibiters
compartment of the seminiferous epithelium to complete sperand extracellular matrix proteins, and signaling molecules
matogenesis. Tight junctions (TJs) between Sertoli cells at thimcluding cAMP and cGMPL(ee and Cheng, 2004; Lui et al., 4
basal compartment form the blood-testis barrier (BTB), whichi2001, 2003b, 2003f; Siu and Cheng, 2004; Siu et al., 2003a,
segregates most part of spermatogenesis from the systemic c2003b; Wong et al., 2004 51
culation (for reviews, seBym and Cavicchia, 1977; Dym and Cytokines such as transforming growth facBB{TGF{33) =
Fawcett, 1970; Russell and Peterson, )98& the late stage and tumor necrosis facter-(TNF-o) have been shown to be ss
VIII through early stage IX, preleptotene and leptotene sperinvolved in regulating junction proteins such as claudin-11s
matocytes must traverse the BTB, where junctions are rapidlpccludin and ZO-1 at their transcriptional levels in Sertoli cellss
broken and subsequently reassemble to allow the spematocyt@sii et al., 200). Cytokine-mediated transcriptional regulationss
to pass through (for reviews, s€heng and Mruk, 2002; Lui et of those proteins results in altering the permeability of the Td
al., 2003d; Russell, 1977 barrier both in vitro and in vivol(ui et al., 2001, 2003b, 2003f; ss
The translocation of germ cells across the seminiferousiu and Cheng, 2004; Wong et al., 200%hese results clearly so
epithelium involves not only the dynamic modulation of TJ atthedemonstrate that the transcriptional regulation of the junction
BTB, butalsothe extensive restructuring of actin-based adheremqsoteins is one of the major regulatory mechanisms to modsi-
junctions (AJs) between Sertoli cells as well as between Sertolate the junction dynamics in the testis. Apart from transcrips
tional regulation of junction proteins, our recent studies have
demonstrated that junction restructuring is also mediated via
* Corresponding author. Tel.: +852 22990842; fax: +852 25599114, post-translational modification of the junction protein. Ubiqui-s
E-mail address: hrszivm@hku.hk (W.M. Lee). tination regulates the bioavailability of targeted junction proteing

0303-7207/$ — see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
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at the site of cell—cell contact, resulting in the opening and clostional repression resulted in the reduced expression of junctien
ing of cell junctions Lui and Lee, 200k proteins, concomitant with an increase in barrier permeabilityz:
The structure and function of cell junctions in the testis have Although major advances have been made in the past 20
been reviewed extensively (for reviews, <eleeng and Mruk, years in identifying the components of TJs as well as the sig-
2002; Luietal., 2003d; Mruk and Cheng, 2Q04ere we attempt  naling pathways involved in the regulation of TJ dynamics (faf
to highlight specific research areas that deserve attention ireviews, se€Cheng and Mruk, 2002; Lui et al., 2003d, 2003e3s
future studies. In this review, we shall focus on the (i) tran-Mruk and Cheng, 2004 the transcriptional regulation of TJizs
scriptional regulation and (ii) post-translational modification of proteins involved in modulating TJ junction dynamics is limitee
cell junction proteins at the site of cell—cell contact, which into the transmembrane proteins such as occludin and claudins

turn regulate cell junction dynamics. (Ikenouchi et al., 2003; Luk et al., 2004; Mankertz et al., 200@;

Sakaguchi et al., 2002; Wachtel et al., 2P0t is obvious that 1z
2. Structure and molecular composition of cell studies of transcriptional regulation of other TJ protein men
junctions in the testis bers, including the peripheral membrane proteins, should fe

expanded to further our understanding of the precise regula-
Morphologically, TJs form a continuous circumferential sealtory mechanism(s) by which TJ dynamics are regulated at the

above the basal lamina of the seminiferous tubules in the testigranscriptional level. 135
The molecular architecture of TJs has been unraveled rapidly
in recent years (for reviews, s€anning et al., 1999; Martin- 3.1. Occludin 136

Padura et al., 1998; Mitic et al., 2000 hree classes of integral
membrane proteins have been positively identified in the testis Occludin, a 64 kDa protein, was the first TJ integral mems
including occludin, claudins and junctional adhesion moleculedrane protein identified in many epithelia including the rat sems
(JAM) (Martin-Padura et al., 1998; Moroi et al., 1998; Tsukita iniferous epithelium FEuruse et al., 1993 Numerous studies 1z
et al., 200). Several peripheral membrane proteins, which aréhave implicated that cytokines such as TiN&nd interferony 10
linked to the integral membrane proteins have also been ident{{FNvy) exert negative regulatory effects on the expression of
fied atthe site of TJsinthe testis. They include zonula occludensccludin in epithelial cells along with the disruption of TJ barw.
1 (20-1), Z0O-2, cingulin and several others (for reviews, seaier monitored by transepithelial resistance (TER) measurement
Byers et al., 1991, 1992; Cheng and Mruk, 2002; Jesaitis anfHellani et al., 2000; Lui et al., 2001; Mankertz et al., 200Q;
Goodenough, 1994; Lui et al., 2003d; Mruk and Cheng, 2004 Siu et al., 2003a; Wachtel et al., 200Studies fromMankertz s
Some of the peripheral proteins function to connect the integradt al. (2000)have identified the promoter sequence essential
membrane protein with the actin filament inside the cell. for the regulation of occludin expression and TJ formation i
Adherens junctions link cytoskeletal elements from one celHT-29/B6 cells. The 208 bp DNA fragment upstream from thes
(e.g. sertoli cell) to the same type or another type of cell (e.gputative transcription start site of occludin gene was shown to e
germ cell) or to the extracellular matrix, creating a network thamecessary and sufficient in mediating the basal promoter activ-
maintains the architecture of the testis. More importantly, thaty. It was also shown that TNFimpaired TJ barrier function by 1s:
dynamic nature of AJs in the testis permits the translocation oowering the expression of occludin in HT-29/B6 cells through:
developing germ cells across the seminiferous epithelium durinthe suppression of the promoter activiifgnkertz et al., 2000  1ss
spermatogenesis. There are three classes of interlocking proteithough a number of potentialis-acting motifs pertinent to 1ss
complexes identified at the AJs. They are the cadherin—cateniiNFa-mediated gene transcription, such as NF-IL6 anddiF- 1ss
complex, nectin—afadin complex and integrin—laminin complexX(GGGAGGAGGC, at position 1753), were identified within thes
(Bouchard et al., 2000; Chapin et al., 2001; Chung et al., 199%uman occludin promoter sequences, the detailed intracellutar
Lee et al., 2003; Ozaki-Kuroda et al., 2002; Siu et al., 2003bpathway that mediates TNFdependent occludin gene represiss
Wine and Chapin, 1999 The regulatory mechanisms of the sion remains to be elucidated. 159
formation and disruption of TJs and AJs have been examined Other studies byWachtel et al. (2001have shown a similar o
extensively (for reviews, se@heng and Mruk, 2002; Lui et al., negative effect of TN& on occludin gene transcription in astro-e
2003d, 2003e; Mruk and Cheng, 2Q04nd the promoter anal- cytes, but notin brain endothelial cells and Madin—Darby caning
yses of occludin, claudins and cadherin have also beatilé  kidney cells (MDCK). It was found that TNE suppressed 1s:
etal., 2000; Bolos et al., 2003; Chen et al., 2000; Comijn et al.occludin mRNA level, but not ZO-1 expression in astrocytes:

2001; Li and Mrsny, 2000; Mankertz et al., 2000 and the removal of TNd& from astrocytes could restore basadks

expression of occludin. The effect of TNN occludin expres- e
3. Regulation of TJ dynamics by transcriptional sion in astrocytes is mediated through TdNEype-1 receptor e
regulation of tight junction proteins and NF«B. It was suggested that NEB might either function ies

as a negative regulator through a direct interaction withrthe 160

Previous studies from our laboratory and others have revealestting motif located on occludin promoter or exert an indireeb
that cytokines down-regulate the transcription of the junctioreffect by activating a repressor that acted on the occludin pta-
proteins in primary Sertoli cells and the human intestinal cellmoter Wachtel et al., 2001 172
line, HT-29/B6 Hellani et al., 2000; Lui et al., 2001; Mankertz  TNFa could decrease occludin expression via the transcrips
etal., 2000; Siu et al., 200Ra his cytokine-mediated transcrip- tional repression in HT-29/B6 cells and astrocytes, but it showed
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no effect on brain endothelial cells and MDCK cells. Theseized and each promoter has at least six E-bokenpuchi et 20
studies have demonstrated that TiNEpresses the occludin pro- al., 2003. The E-box motif, with sequence [CA(G/C)(G/C)TG] a1
moter in a cell-specific manner. Recentfindings in our laboratorys identical to the binding sites for Snalikénouchi et al., 2008 2
have demonstrated that TNand TGFB3 play a crucial rolein  When Snail expression vector and claudin reporter construgts
regulating TJ dynamics in the testis. They have been shown twere co-transfected into Eph4 cells, the promoters of claudia-
exert a negative effect on occludin transcription, which in turn3, -4 and -7 were repressed remarkably. While co-transfectian
reduces the occludin protein level thus leading to an increase iof mutant Snail lacking the N-terminal SNAG domain, whichss
the testicular barrier permeabilitiziji et al., 2001, 2003c; Siu is essential for the repressor activity, the repression effect.of
etal., 2003a The effect of TGH33 on occludin expression has Snail on claudin-7 promoter was impairelkgnouchi et al., 23
been confirmed recently in in vivo studidsuf et al., 2003}; 2003. These studies clearly illustrated that the transcription af
however, the molecular mechanism on how BN#hd TGF83  claudins was directly regulated by Snail through modulating
down-regulate the occludin promoter activity in Sertoli cells istheir promoter activities. However, studies frddhkubo and 2a
not clearly known. Work remains to be done to elucidate theDzawa (2004have shown that Snail is involved in direct tranzs
transcriptional repression machinery and the significance of thecriptional repression of occludin, but not claudin-1. It was found
transcriptional repression of occludin in modulating TJ dynam-that overexpression of Snailin MDCK cells could only decrease
ics in the testis. the protein synthesis of claudin, suggesting that Snail dowsa-
Recent studies have demonstrated that the Snail superfamegulated claudin-1 through the control of post-transcriptional
ily of repressors encoding transcription factors of the zinc-events Qhkubo and Ozawa, 20P4Such discrepancy in the z
finger type are involved in transcriptional regulation of occludinrole of Snail on transcriptional regulation of claudin genes as
(Ikenouchi et al., 2008 The two members of this superfamily, revealed by the two studies might be related to the use of diffes
Snail and Slug, were found to repress the occludin transcriptioent cell lines as well as the members of claudin gene chosen#er
in many epithelial cells including the human breast cancer cellstudy. 251
MCF7 and the mammary epithelial cell, Ephikgnouchi et al., In view of the physiological significance of Snail superfamilys.
2003; Ohkubo and Ozawa, 200Most of the studies of Snail in transcriptional regulation of TJ components, it is important
and Slug have been focused on their role in the epitheliumthat Snail and Slug should be studied more vigorously in the
mesenchyme transition (for reviews, ddieto, 2002; Thiery, testis for the purpose of elucidating their role in the migratioss
2002. The functional importance of Snail superfamily in sper- of preleptotene/leptotene spermatocytes across the BTB duriag
matogenesis has not been investigated. In this regard, it ihe late stage VIl and early stage IX of the epithelial cycle. 2
noteworthy to examine whether Snail or Slug could elicit a Apart from Snail, several transcription factors such as the
stage-specific expression of junction proteins in the seminifg-catenin/Tcf complex, Cdx homeodomain proteins/hepatocyte
erous epithelial cycle. Would Snail and Slug be involved in thenuclear factor-& and Spl were reported to bind directly taeo
complete shutdown of occludin expression at the stages VllII-IXclaudin-1, -2 and -19 promoters, respectivélyK et al., 2004; 2
of the epithelial cycle, when the BTB is disassembled to allomMiwa et al., 2000; Sakaguchi et al., 2Q0Zor instance, z:
the translocation of preleptotene and leptotene spermatocyt@scatenin/Tcf complex binds the two putative Tcf4 bindings
towards the adluminal compartment of the seminiferous epitheelements in the '5flanking region of claudin-1 to activate s
lium? The molecular function of Snail superfamily in the testistranscription Miwa et al., 2000. HNF-1x enhances Cdx2- s

has yet to be defined. mediated activation of claudin-2 promoter in Caco-2 cells and
HNF-1a is an organ-specific regulator of claudin-2 express:
3.2. Claudins sion in the liver Gakaguchi et al., 2002 These findings 2

indicate that expressions of different claudin members in difs

Similar to occludin, claudins are also integral membrane proferent tissues are under unique and sophisticated regulatery
teins (~23 kDa) found at the sites of TJs in both epithelia andcontrol. mn
endothelia (for reviews, sddeiskala et al., 2001; Morita et al., Previous studies from our laboratory have shown that TGFE-
1999a; Tsukita and Furuse, 1998hey are from large gene fam- 33 can down-regulate the expression of claudin-11 in cultured
ily with more than 20 members (for reviews, 9derita et al.,  Sertoli cells at the time of TJ assembly, which in turn perturhs
1999a; Tepass, 20DpDifferent mammalian tissues have their the TJ permeability barriet(ii et al., 200). These results thus 27
own combination of claudin membefdérita etal., 1999p For  suggest claudin-11 plays a vital role in the formation and mainte-

instance, several claudin members have been found in the testiance of TJ barrier in the testis. Recent studies have also reveated
and they are claudin-1, -3, -4, -5, -7, -8, and -Tsykita et al., that follicle stimulating hormone (FSH) and Thexert a neg- 2»
2001). Among them, claudin-11 is highly expressed in the testisative effect on claudin-11 transcription in mouse Sertoli celis
and is an important TJ building block that constitutes TJ strandéHellani et al., 200D It was also found that the FSH-driven tranzso
between Sertoli cells in the testi&¢w et al., 1999; Morita et  scriptional repression of claudin-11 gene is mediated through
al., 1999h. the cAMP/protein kinase A pathwaidéllani et al., 200 Itis 2
Studies from Ikenouchi et al. and Ohkubo et al. have unravbelieved that a unique transcriptional mechanism might exist:4o
eled the importance of Snail in the transcriptional regulation ofconfine the tissue-specific expression of claudin-11 in the testis

claudins (kenouchi et al., 2003; Ohkubo and Ozawa, 2004 and brain. Such a postulate is supported by the observation that
The promoters of mouse claudin-3, -4 and -7 were characteergan-specific transcription factor such as HNF#d involved 26
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in regulating the expression of claudin-2 in the liver, but notin  The transcriptional regulation of cadherin was extensively
other tissuesakaguchi et al., 2002 studied in the field of cancer biology since the down-regulatian
Severaleis-acting motifs including NY-F and GATA motifs of E-cadherin expression is highly pertinent to the development
have been identified to be involved in the activation ofoftumorsand their progressioBifchmeier and Behrens, 1994;ss
mouse claudin-11 transcription. Gel-shift analysis and coTakeichi, 1993 Recent studies have identified several transcrips
immunoprecipitation studies have shown that NY-F, GATA-1tional factors including bHLH factor E12/E47, the two-handeds
and CREB form a transcriptional complex and bind to the sameinc factors ZEB-1§EF1) and ZEB-2 (SIP-1) that are involvethss
GATA/NY-F overlapping motif on mouse claudin-11 promoter, in transcriptional repression of the cadherin gebertijn etal., s«
and overexpression of these transcription factors significantl2001; Grooteclaes and Frisch, 2000; Perez-Moreno et al.)200&
increased the claudin-11 promoter activity (Lui et al., unpub-nterestingly, all these transcriptional repressors act through the
lished observation). These findings clearly suggest that the tratnteraction with specific E-boxes on the proximal promoter af
scriptional machinery of claudin-11 gene is different from thecadherin, resulting in down-regulation of cadherin expressian
other claudin members. In the proximal claudin-11 promoter(Comijn et al., 2001; Grooteclaes and Frisch, 2000; Perez
some testis-specificis-acting motifs such as SRY were iden- Moreno et al., 2001 353
tified by sequence analysis. It is noteworthy to determine how There is emerging evidence showing that the Snail supes-
SRY plays arole in regulating the expression of claudin-11 gené&amily of transcriptional factors are involved in the regulation ofs
in the adult testis as it has been suggested that during the testicadherin gene transcription (for reviews, bieto, 2002; Thiery, ase
ular development in the fetus, the expression of claudin-11 gen2002. Studies from several laboratories have demonstrated that

is probably under the control of SR¥¢€llani et al., 200 Snail and Slug zinc-finger proteins repressed the endogenats
E-cadherin expression in a panel of epithelial tumor cell lines af

4. Regulation of AJ dynamics by transcriptional differentorigins, ranging from bladder carcinomato breast careic

regulation of adherens junction proteins noma Batlle et al., 2000; Hajra et al., 2002; Kurrey and Bapad:

2005. The Snail- and Slug-mediated repression pathways agt
Ectoplasmic specializations (ES) are specialized actinthrough the putative E-box motifs on the E-cadherin proximak
based cell-cell AJs unique to the testis. Cadherin-catenippromoter Batlle et al., 2000; Bolos et al., 2003; Ikenouchi et als;.
nectin/afadin and integrin/laminin complexes are the interlock2003. This specific E-cadherin repression mechanism has been
ing protein complexes that can be found at the ES in the testigsnraveled by Peinado et al. It was found that Snail mediated
(for reviews, se€heng and Mruk, 2002; Lui et al., 2003e; Mruk E-cadherin repression by the recruitment of the Sin3A/histore
and Cheng, 2004 They can be found between Sertoli cells at thedeactylase 1 (HDAC1)/HDAC2 complex at the E-cadherin pres
basal region of the seminiferous epithelium (basal ES) as well anoter Peinado et al., 20Q4At there, HDAC1/HDAC?2 deacety- s
at the apical region of the seminiferous epithelium where devellated the histone H3 and H4 proteins. This suggests that Snail
oping and mature spermatids attach onto Sertoli cells (apicahediates chromatin remodeling and histone modifications sto

ES). The turnover of ES permits the movement of spermatorepress the cadherin expressi®eipado et al., 2004 ar2
cytes across the epithelium and allows the release of mature
spermatids from the seminiferous epithelium (for reviews, sed.2. Nectin a73

Cheng and Mruk, 2002; Mruk and Cheng, 2Drevious stud-
ies in our laboratory have identified biomolecules such as Rho Nectin is a newly identified AJ integral membrane proteinu
GTPases and signaling pathways such as integrin-linked kinasduch of the works performed previously focused on the identitir
that are involved in AJ disassembly and reassembly in the testisation of its interacting partners and localization. Until recentlyss
(Lui et al., 2003a; Siu et al., 2003b the gene knockout studies have illustrated that nectin-2 is a majoer
Studies from this and other laboratories have demonstratecbmponent of the ES in the testis and plays a crucial role in spes-
that the transcriptional regulation of AJ components also playsnatogenesisBouchard et al., 20Q0Loss of nectin-2 in male s
a critical role in modulating the expression of AJ proteins onmice results in infertility. Proper formation and destruction cfo
epithelial cells, which results in the destruction of cell junctionsnectin-2-based AJs between Sertoli cells and germ cells allexw
(Batlle et al., 2000; Cano et al., 200@nderstanding the tran- the movement of developing germ celBouchard et al., 2000; s
scriptional mechanism by which transcription factors act on théDzaki-Kuroda et al., 2002 383
promoters of AJ components in other epithelial cells will pro-  In our laboratory, we have recently isolated the mouse nectig-
vide a useful guideline on similar studies in the testis and th@ promoter for detailed characterization. It was found that Sgd

modulation of AJ dynamics in the testis. and cAMP response element (CRE) motifs at the proximal pres
moter played a crucial role in regulating gene transcriptios:
4.1. Cadherin Interestingly, gel-shift assays, overexpression analysis and chto-

matin immunoprecipitation assays have unequivocally shows

Previous studies have shown that the loss of cadherin exprethat not only CREB protein interacts with the CRE-acting s
sion is responsible for the breakdown of intercellular adhesionmotif, c-Jun, but not c-fos, also acts through the CRE motif
suggesting that the regulation of cadherin gene transcription i® up-regulate the nectin-2 transcription in Sertoli cells (Lui.
one of the predominant mechanisms to control the AJ dynamicst al, unpublished observation). This transcriptional regulatiea
in epithelial cells Perl et al., 1998 is functionally significant to the testicular physiology as cyclig.
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Tubular lumen

Sertoli cell

Adluminal
compartment

s Basement membrane
Collagen network

= Myoid cell layer
Tight junction
Adherens junction
Desmosome-like junction
Gap junction
Tubulobulbar complex

Basal
compartment

VDY

Apical ectoplasmic specialization
Basal ectoplasmic specialization

Tunica propria

Fig. 1. A schematic diagram illustrating the location of the cell junctions between Sertoli cells and different types of germ cells in the senaipifieetium. The
blood—testis barrier, which is constituted by tight junctions, divides the epithelium into the basal and adluminal compartment. Anchorimgthatcsie® present
in the seminiferous epithelium including (i) cell-cell actin-based adherens junctions such as ectoplasmic specialization and the tubutgtiathdiicoell—cell
intermediate filament-based desmosome-like junctions. The dynamics rearrangement of cell junctions is essential to allow the movemensdfgerthebksal
compartment to the adluminal compartment to complete spermatogenesis.

expression of CREB in the seminiferous epithelium concomithe sole mechanism to achieve rapid remodeling of the cell

tant with the expression of nectin-2 gene was observed whejunctions. 419
isolated staged seminiferous tubules were analyBeoh @nd Ubiquitination and endocytosis are recognized as the twe
Stelzer, 2002; Waeber et al., 1991 essential mechanisms of targeted protein degradation whereby
the targeted proteins are removed by the proteasome and.the
5. Regulation of junction dynamics via lysosomal system, respectively (for reviews, s&eRoy and
post-translational modification of junction protein at the Wrana, 2005; Takei et al., 2005; Wilkinson, 2000here is 4
site of cell-cell contact growing evidence that ubiquitination and endocytosis of junctien

proteins at the site of cell—-cell contact are effective mechanisms
Celljunctions between Sertoli-Sertoli and Sertoli-germ cellgor the remodeling of cell junctions in dynamic situations, where:

are dynamically modulated and such changes can result in thjgnctions must be rapidly broken and reassembifegita et al., s
translocation of differentiating germ cells from the basal to the2002; Kamei et al., 1999; Le et al., 1999; Lui and Lee, 2002
adluminal compartment of the seminiferous epithelium for sperPaterson et al., 2003; Taya et al., 1998; Traweger et al.,)2002:0
miation. Undoubtedly, transcriptional regulation of the junction Herein, we attempt to review (i) the mechanism of proteia
components is an important mechanism to control the exprestbiquitination and deubiquitination, (ii) the covalent attachment
sion of the junction proteindyanov et al., 2005; Nieto, 2002; of ubiquitin to the targeted junction proteins or removing ubigss
Thiery, 2002. Still, the fate of the existing junction proteins uitin to rescue degradation, and (i) endocytosis of cell junctios

at the site of cell—cell contact is a major determinant factor orproteins Fig. 1). 435
junction dynamics. For instance, remodeling of junction pro-

teins during epithelial morphogenesis occurs in Hehock 6. Ubiquitination 436
and Perrimon, 2002 whereas the half-lives of the junction

proteins are much longer, up to 12 h for occludiiohg and The ubiquitin conjugation system is composed of ubiquitia

Gumbiner, 199Y. The disparity between the stability of junc- and three enzymes namely ubiquitin-activating enzyme (ELs,
tion proteins and rapid junction remodeling apparently suggestsbiquitin-conjugating enzyme (E2) and ubiquitin-ligase (E3).
that the transcriptional regulation of the junction protein is not(for reviews, seélershko and Ciechanover, 1998; Hicke, 200140
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Junction Junction
reassembly disassembly

Plasma membrane

Ubiquitination
E3
Junction @ —
protein
/ | 2 Y
Recycling ,f//' 23
{7 (
4 Cytosol
[
|
Degradation
Debiquitination /
// Proteasome
\ ‘//
DUB A‘
Ubiquitin-activating enzyme, E1

f@ Ubiquitin-conjugating enzyme, E2

E3 Ubiquitin ligase, E3

Deubiquitinating enzyme, DUB

Fig. 2. A schematic drawing illustrating the dynamic regulation of junction proteins through ubiquitination and deubiquitination. At steapiysti@in proteins
are organized at the site of cell-cell contacts. Under certain conditions such as cAMP-mediated junction disassembly, E3 ligase recognig¢s teddpiecific
junction protein substrate. Meanwhile, E1 activates ubiquitin and the activated ubiquitin is then conjugated with E2. With the aid of E2, EBdigase tiu
mediate the transfer of ubiquitin chains to the junction protein. The ubiquitinated protein may either be degraded into short peptides by prittetigoratease
of ubiquitin chain, or undergo deubiquitination by deubiquitinating enzymes (DUBs). DUBs act on the ubiquitin chain and cleave the ubiquitionchiat f
protein, resulting in rescuing the protein from degradation. The junction protein can be recycled back to the cell surface, which in turntfecil@éassembly of
cell junctions.

Ubiquitin, an evolutionary conserved protein with 76 amino acidenzymes cleave the isopeptide bond of poly-ubiquitin chaisa
residues, is first activated through the glycine residue in its Cproximal to the target proteins or hydrolyze the poly-ubiquitirs
terminus by E1. An E1-ubiquitin intermediate is formed with a chains into ubiquitin monomers, and thereby prevent the degra-
high-energy thioester bond. The activated ubiquitin then passetation of protein by the proteasomidchstrasser, 1995By
a thiol group onto one of the E2. The E2 when bound to an E3he action of the deubiquitinating enzymes, the ubiquitinated
ligase transfers activated ubiquitin to the target prot€ig.(2). protein which is originally destinated to the degradation process

Most organisms contain one or two E1s since E1 is able to carrgan then be rescueéi@. 2). 474
out the activation of ubiquitin for all modifications, whereas E2

and E3 have their substrate specificities. Each E2 transfers ubi§: Attachment of ubiquitin to the targeted proteins for 475
uitin specifically to a single or several E3 ligases, whilst eachiegradation by proteasome 476
E3 ligase can associate with unique protein substrates through

recognizing similar motifs (for review, sédckart, 2001 Using yeast two-hybrid screening, an E3 ubiquitin ligase Itck

The protein substrate tagged with a polyubiquitin chain iswas identified to bind specifically to the NHerminal portion of 7
then recognized and degraded into short peptides by the 26Sgcludin (Traweger et al., 2002This novel interaction between
proteasome complex. The ubiquitinis then released and recyclegth and occludin is involved in the ubiquitination of occludin ins

(for reviews, sedlicke, 2001; Pickart, 20QX(Fig. 2). MDCK cells, and the degradation of occludin is sensitive to pra
teasome inhibition{raweger et al., 2002Such interaction can ss:
7. Deubiquitination also be found in the Sertoli cells by which TJs are dynamically

rearranged to allow the movement of germ cells in the semi-

Ubiquitination can be reversed by members of a large familyniferous epitheliuml{ui and Lee, 200% In addition, a novel as

of enzymes known as isopeptidases or deubiquitinating enzymésteraction between Itch and UBC4 (an ubiquitin-conjugating
(for reviews, seeKim et al., 2003; Wilkinson, 2000; Wing, enzyme) on occludin was detected by co-immunoprecipitatiog.
2003. Generally, the deubiquitinating enzymes can be dividedJsing the cAMP-mediated TJ disruption model, we have showsa
into two main types (for review, sed/ing, 2003. The first  that anincrease in protein levels of Itch and UBC4 along with.a
group functions to regenerate ubiquitin from proteolytic rem-significant reduction in endogenous occludin was detected when
nants produced by the proteasomes, thereby to speed up thds were disrupted by dibutyryl-cAMP (db-cAMP). Additiors:
proteasome-dependent proteolysis. The second group of the deaf-MG-132 (a proteasome inhibitor) could prevent db-cAMPs:
biquitinating enzymes is responsible for the reverse process afiduced TJ disruption by altering the rate of occludin degradas
ubiquitin conjugation. In the process of deubiquitination, thetion (Lui and Lee, 200k These studies support the notion that.
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the ubiquitination of TJ protein is one of the regulatory mecha- Apart from deubiquitinating the ubiquitinated AF-6, othegso
nisms in modulating the junction dynamics in the testis. studies have demonstrated that Fam also interacts with another
Recently, a specific E3 ubiquitin ligase targeted to E-cadheri\J peripheral componentg-catenin. It was found that Famss:
was identified by yeast two-hybrid systeffufita et al., 200p could stabilizeB-catenin by inhibiting its degradation, therebyss
This E3, known as Hakai, contains SH2, RING, zinc-fingerprolonging the half-life of B-catenin Taya et al., 1999 s
and proline-rich domains. Hakai interacts with E-cadherin in aAlthough the detailed mechanism underlying the stabilizatien
tyrosine phosphorylation-dependent manner and induces ubigf B-catenin by Fam has not been fully elucidated, it is presumas
uitination of the E-cadherin comple¥jjita et al., 200 The  ably through the deubiquitination @fFcatenin. 557
activation by tyrosine kinases induces the tyrosine phospho- It is obvious that the degradation of peripheral membrasg
rylation of the E-cadherin, which in turn attracts Hakai. Suchproteins AF-6 andg3-catenin are regulated through the FAMss
interaction triggers the ubiquitination and degradation of the Emediated deubiquitination. However, virtually no deubiquitinate
cadherin complexHujita et al., 2002; Pece and Gutkind, 2002 ing enzyme specific to the integral membrane protein of AJs asad
Apart from the identification of E3 ubiquitin ligases specific TJs has been identified. Work should be expanded to identify the
to the integral protein of cell junctions, it has been reported thatandidates involved in deubiquitination of the junction proteins
F-box/WD40-repeat protein functions as an E3 ubiquitin ligaseas well as to understand the precise regulatory mechanism(sjby
to regulate the ubiquitination @f-catenin, a peripheral protein which junction dynamics are regulated utilizing these deubiquis
associated with cadherin at the AJg(t et al., 1999; Jiang and tinating enzymes. 566
Struhl, 1998; Latres et al., 1999; Marikawa and Elinson, 1998  Although the exact mechanisms of ubiquitination and dets-
The ubiquitinateg-catenin is recognized by the proteasome andbiquitination are not fully understood, the junction proteings
rapidly degraded. Several studies have illustrated the functioat the site of cell-cell contacts are in an ubiquitinationss
of F-box/WD40-repeat protein on the degradatiofafatenin,  deubiquitination equilibrium. Thus, the activity and the expresn
however, all studies focused on its effect on growth and develsion of the E3 ligases and the deubiquitinating enzymes at the

opment via the Wingless-Wnt signaling pathwayaft et al.,  site of cell-cell contacts play a crucial role in affecting this equir
1999; Jiang and Struhl, 1998; Latres et al., 1999; Marikawdibrium, which in turn modulates the junction dynamiésifita sz
and Elinson, 1998 Therefore, the effect of E3-ligase-mediated et al., 2002. 574
B-catenin degradation on cell adhesion has not been fully char-

acterized. 10. Endocytosis of junction proteins 575
9. Deconjugating ubiquitin from the multiubiquitinated The level of junction proteins at the site of cell-cell contactss
substrate to avoid protein degradation could be modulated by transcriptional regulation and/or protein

degradation through the ubiquitin-proteasome pathwayefy, s
Protein ubiquitination is a reversible process, and it ha002. The endocytosis and recycling of junction proteins have
become increasingly obvious that ubiquitin deconjugation playsecently emerged as an alternative mechanism allowing cells#o
an important role in rescuing the ubiquitinated proteins fromundergo rapid changes in morphology in response to extracel-
proteolysis (for reviews, sé€m et al., 2003; Wilkinson, 2000; Ilular stimuli (Kamei et al., 1999; Le et al., 1999; Paterson et aks
Wing, 2003 2003 (Flg 3) 583
In the ubiquitin-proteasome pathway, the ubiquitinated sub- Studies from Ivanov et al. have demonstrated that internal-
strates either undergo degradation by the proteasome or staation of TJ proteins such as occludin, JAM-1, claudins-1 ard
bilization through the action of the deubiquitinating enzyme,-4 were observed in T84 epithelial cells by proteinase protectian
suggesting that the bioavailability of proteins is tightly regu-assay and immunocytochemisttygnov et al., 2004 Addition  ss
lated by the action of the ubiquitinating and deubiquitinatingof pharmacological inhibitors of clathrin-mediated endocytosis
enzymes (for review, sedilkinson, 2000. As a result, the dis- blocked the process, suggesting the endocytosis is clathsin-
assembly and reassembly of cell junctions could be manipulatedependent. However, those TJ proteins are targeted neithersfor
by the precise regulation on the junction protein levels at the siteecycling nor for degradation in lysosomes. It was proposed that
of cell—cell contacts through the specific pathways of ubiquiti-the endocytosed TJ proteins were shuffled into a unique storage
nation and deubiquitinatioriF{(g. 2). compartment, hence providing a new mechanism to disrupt the
Studies byTaya et al. (1998have shown that one of the TJ barrier (vanov et al., 200 504
deubiquitinating enzymes, Fam, is capable of regulating the Matsuda et al. have shown that the dynamic remodeling
degradation of peripheral component of nectin-based cell-cetf TJs involves the elongation and shortening of individuak
adhesion. Immunofluorescence staining has shown that FamTas between two adjacent cells during intercellular motility.
specifically localized at the sites of cell-cell contact in confluen{Matsuda et al., 2004 During the shortening of the individual ses
MDCKII cells. Fam not only co-localizes with AF-6 (afadin), but TJs, vesicular structures containing claudin-3 were found in the
also interacts with AF-6 in vitro and in vivo. More importantly, cytoplasm. Interestingly, occludin, ZO-1 and JAM, which are the
Fam can exert its deubiquitinating activity in vivo to releasemajor building blocks of TJs, were not detected in the claudig:
ubiquitin from the ubiquinated AF-6, suggesting that the degraeontaining vesicles, suggesting that claudin-3, but not other ¢t
dation of AF-6 at the site of cell-cell adhesion is regulated bycomponents were selectively segregated during TJ internaliza-
Fam (Taya et al., 1998 tion (Matsuda et al., 2004 These results suggest that distinctives
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Fig. 3. Disassembly and reassembly of cell junctions are mediated by endocytosis and recycling of cell junction proteins. Junction proteinaliaesl iniz
different endocytic structures including caveolin-coated vesicle (a), clathrin-coated vesicle (b) and actin-coated vacuolae (phagostm&li@ydiproteins are
delivered into early endosomes. Subsequently they are delivered to either late endosome which targets for degradation in lysosome (d) odesyciaépe
channeling back to the cell surface (e).

internalization of claudins plays a crucial role in the remodel-Paterson et al., 2003For instance, the activation of ARF6 ines
ing of TJs and the selective regulation of claudin endocytosis iMDCK cells promotes the clathrin-dependent internalizatioss
important in intercellular motility Matsuda et al., 2004 of E-cadherin, resulting in the disassembly of AJs without the
Endocytosis not only plays a role in TJ dynamics, its effectremodeling of actin filamentRalacios et al., 2001Recently, e«
on the regulation of AJ dynamics is well-document&arei  the molecular mechanism of ARF6 on AJ disassembly has
et al., 1999; Le et al., 1999; Palacios et al., 2001, 2088r  been identified. It was found that ARF6-GTP interacted witl
instance, using surface biotinylation and recycling assays, Le eind recruited Nm23-H1, a nucleoside diphosphate kinase st0
al. have shown that some of the E-cadherin at the cell surface afacilitate dynamin-mediated endocytosis during AJ disassesa-
actively internalized and then recycled back to the plasma menbly (Palacios et al., 20Q2All these studies clearly suggest smals
brane through the classic clathrin-mediated endocytosis pathwdyTPases play an important role in regulating the endocytosis:ef

(Le et al., 1999 When cells were cultured in Eadepleted junction proteins, resulting in junction remodeling. 647
medium, a significant increase in the endocytosis and recycling

cell surface E-cadherin was observed. The reassembly of AJsliy. Concluding remarks 648
C&*-repletion was inhibited by bafilomycin-mediated disrup-

tion of the endocytosed E-cadherin recyclihg €t al., 1999 In this review, we have summarized some of the recent fingd-

These results support the notion that endocytosis and the recings in the study of junction dynamics in epithelial cells, some
cling of the junction proteins are involved in the regulation of of the potentially important regulators such as E3 ligase, and
junction dynamics. regulatory pathways of junction dynamics recently identifieg:
Subsequent studies have also identified the signaling cascadesthe testis. It is obvious that many questions remain to ke
and biomolecules involved in the internalization of AJ proteinsaddressed. For instance, the precise transcriptional regulatiosdn
(Kamei et al., 1999; Palacios et al., 2001, 2002; Paterson efontrolling the testis-specific expression of junction proteins ansl
al., 2003. The diversity of the internalization mechanisms for transcriptional repression of TJ proteins at the stages VIl and
junction protein has already been covered in an excellent receX, by which preleptotene and leptotene spermatocytes travesse

review (vanov et al., 200p Readers are strongly encouragedthe BTB, remain unknown. 658
to seek additional information on these subject areas from this Studies of the effect of ubiquitination on junction dynamics igs
article. the seminiferous epithelium are very limited, apart from a receat

Previous studies in our laboratory have demonstrated thatudy assessing the role of Itch (E3 ligase) on the Sertoli &J
RhoB GTPase are also involved in regulating Sertoli-germ Abarrier in vitro. This apparently is a priority area that needs to ke
dynamics Lui et al., 2003a Several small GTPases such asfurther investigated in the near future. As such, the identificatiea
Rho and Rab family members are involved directly and indi-of specific E3 ligases targeted to different junction proteins and

rectly in the endocytosis and recycling of E-cadherin in severajhe elucidation of the precise regulatory mechanisms are needed
epithelial cells Kamei et al., 1999; Palacios et al., 2001, 2002;to be addressed. 666
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