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Summary

The mammalian protein ASIP/PAR-3 interacts with
atypical protein kinase C isotypes (aPKC) and shows
overall sequence similarity to the invertebrate protein<C.
elegansPAR-3 and DrosophilaBazooka, which are crucial
for the establishment of polarity in various cells. The
physical interaction between ASIP/PAR-3 and aPKC is also
conserved in C. elegans PAR-3 and PKC-3 and in
DrosophilaBazooka and DaPKC. In mammals, ASIP/PAR-
3 colocalizes with aPKC and concentrates at the tight
junctions of epithelial cells, but the biological meaning of
ASIP/PAR-3 in tight junctions remains to be clarified. In
the present study, we show that ASIP/PAR-3 staining
distributes to the subapical domain of epithelial cell-cell
junctions, including epithelial cells with less-developed
tight junctions, in clear contrast with ZO-1, another tight-
junction-associated protein, the staining of which is
stronger in cells with well-developed tight junctions.
Consistently, immunogold electron microscopy revealed
that ASIP/PAR-3 concentrates at the apical edge of tight

junctions. To clarify the meaning of this characteristic
localization of ASIP, we analyzed the effects of
overexpressed ASIP/PAR-3 on tight junction formation in
cultured epithelial MDCK cells. The induced
overexpression of ASIP/PAR-3, but not its deletion mutant
lacking the aPKC-binding sequence, promotes cell-cell
contact-induced tight junction formation in MDCK cells
when evaluated on the basis of transepithelial electrical
resistance and occludin insolubilization. The significance of
the aPKC-binding sequence in tight junction formation is
also supported by the finding that the conserved PKC-
phosphorylation site within this sequence, ASIP-Ser827, is
phosphorylated at the most apical tip of cell-cell contacts
during the initial phase of tight junction formation in
MDCK cells. Together, our present data suggest that
ASIP/PAR-3 regulates epithelial tight junction formation
positively through interaction with aPKC.
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junctions, whereas ZO-1 distributes alongside tight Epithelial cell polarity

Introduction lines of evidence suggest that TJ serve as specific sites for

Epithelial cells play essential roles in separating biologicavesicle targeting to establish and maintain the epithelial
compartments to regulate homeostasis and maintaipolarity of the cell membrane (Yeaman et al., 1999).
physiological functions in separate biological environments. We have previously identified a novel protein with three
These functions are established by organized junction&DZ domains, @pical PKC isotypeqsecific interacting
complexes, cytoskeletal architecture, distinct plasmarotein (ASIP), which colocalizes with aPKC at the cell-cell
membrane domains, and highly polarized protein sortingunctions of confluent fibroblastic and epithelial cells.
(Yeaman et al., 1999; Balda and Matter, 1998). One form dmmunogold electron microscopy revealed that ASIP localizes
junctional complex, tight junctions (TJs), is characterized byt the TJ of rat intestinal epithelium (Izumi et al., 1998). In
conventional electron microscopy as a series of fusion poingddition, ASIP/PAR-3 shows significant overall sequence
on the cell membranes of adjacent cells, and in freeze-fractugémilarity to two invertebrate polarity protein§;. elegans
electron  microscopy appears as intramembranouBAR-3 and Drosophila Bazooka, and one of the highly
anastomosing strands, TJ strands (Farquhar and Palade, 1983)served regions in ASIP/PAR-3 is critical for the interaction
Staehelin, 1973). TJs function as an intercellular barrier twith the kinase domain of aPKC (Izumi et al., 1998; Etemad-
regulate paracellular permeability in vertebrate epithelial anloghadam et al., 1995; Kuchinke et al., 1998). Furthermore,
endothelial cells. In addition, TJs comprise one of the essentitlie physical interaction between ASIP/PAR-3 and aPKC is
structures for the establishment of epithelial cell polarityconserved inC. elegansPAR-3 and PKC-3, as well as in
because TJ strands provide physical fences within thBrosophilaBazooka and DaPKC (Izumi et al., 1998; Tabuse
membrane bilayer that prevent the intermixing of membranet al., 1998; Wodarz et al., 2000). Immunofluorescent and
domains, and thus maintain cell surface asymmetry (Mitic andenetic analyses df. elegansand Drosophilarevealed that
Anderson, 1998; Tsukita et al., 1999). Furthermore, severalach pair of proteins, PAR-3 and PKC-3 or Bazooka and
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DaPKC, shows asymmetric colocalization in various cellphosphorylated at Ser827 (MEGFGRQpPSMSEKR-COOH),

undergoing asymmetric cell division, and that the two aréespectively. Each rabbit antibody produced against a KLH-coupled
mutually dependent on each other for correct localization t@ntigen was affinity purified (Y.T.-N. and S.O., unpublished). The
regulate spindle orientation and the distribution of other celffouse anti-ZO-1 monoclonal antibody was kindly provided by S.
fate determinants (Tabuse et al., 1998; Wodarz et al., 200?%“klta (Kyoto University, Kyoto, Japan) or purchased from Zymed

. : ‘Aboratories (South San Francisco, CA). Rabbit anti-occludin
These data suggest that an evolutionarily conserved prote lyclonal antibody, rabbit anti-T7 polyclonal antibody (Omni probe),

Comp!ex is invqlved in the regulation of Varipus (.;e" p0|arit.ym0use anti-T7 monoclonal antibody, FITC-conjugated secondary
and differentiation events; however, the physiological meaningnihodies and Cy3-conjugated secondary antibodies were purchased
of the aPKC-ASIP/PAR-3 interaction in mammals remains t@om zymed Laboratories, Santa Cruz Biotechnology (Santa Cruz,
be clarified. CA), Novagen (Madison, WI), E. Y. Laboratories (San Mateo, CA)
In the present study, we show that ASIP/PAR-3 distributeand Amersham Life Science (Arlington Heights, IL), respectively.

to apical cell-cell junctions of various rat epithelial cells, but

in a manner clearly different from ZO-1, another TJ-associateg . .
protein. While ZO-1 staining patterns show a good correlatio el electrophoresis and western blot analysis

with the development level of TJ, ASIP/PAR-3 can be detecteﬁ?mp'es of various rat organs and intestinal epithelial cell sgrapings
in all epithelial cell-cell junctions examined, including those >2X0" et al., 1994) were subjected to SDS-PAGE (Laemmli, 1970)

. . - nd electrotransferred to a polyvinylidene difluoride membrane,
without highly developed TJ strands. Together with the facf . 'was then soaked in 5% nonfat milk and 10% calf serum in PBS

that aPKC is critical for the establishment of TJs in epitheliaf137 mm NaCl, 8.1 mM NgHPQu, 2.68 mM KCl and 1.47 mM
cells (Suzuki et al., 2001), these data led us to analyze th@,PQy). The membrane was incubated first with affinity purified
possibility that ASIP/PAR-3 might play a regulatory role in TJanti-ASIP antibody (C2-3AP, A2-2AP or Yap) and then with
formation and/or maintenance, rather than serving only as tarseradish peroxidase-conjugated secondary antibody. Antibodies
structural element. Indeed, our functional and biochemicaklere detected by a chemiluminescence ECL plus system (Amersham
analyses revealed that the overexpression of ASIP/PAR-3, bkife Science).

not its deletion mutant lacking the aPKC-binding sequence,

promotes TJ formation in epithelial MDCK cells. Furthermore, .\ \nofluorescence microscopy

the aPKC-binding Sequence 'nCIUdeS two _highly Conserveggult rat forestomach (Izumi et al., 1998) and duodenum (Saxon et
PKC _phosphorylatlon consensus sites [Ser_827 and_ Sers ., 1994) were prepared as described. A kidney from a 12-week-old
(Izumi et al., 1998)], suggesting that this function of 4 \yas rinsed in ice-cold PBS, cut into small blocks and immersed
ASIP/PAR-3 is mediated through phosphorylation by aPKCin paraformaldeyde-lysine-periodate fixative (McLean and Nakane,
This possibility is further supported by data showing that974) for 30 minutes at 4°C. After fixation, the tissue was washed
ASIP/PAR-3 is phosphorylated at Ser827 and concentrates tiaree times with PBS containing 50 mM M for 15 minutes at 4°C,

the apical-most cell-cell contacts of MDCK cells during TJand cryoprotected in 30% (w/v) sucrose in PBS for 18 hours at 4°C.
formation. Together, these results provide the first evidencghe tissue blocks were embedded and frozen in Tissue Tek OCT
supporting the involvement of ASIP/PAR-3 in the promotioncompound- The frozen specimens were cut in a cryostat to a thickness

; b ; ; : ; of about 4um, mounted on glass slides, and air-dried. The sections
of epithelial TJ formation through interaction with aPKC. were permeabilized in PBS containing 0.2% Triton X-100 for 5

minutes at room temperature, and then the nonspecific sites were
. blocked with PBS containing 10% calf serum for 30 minutes at room
Materlals and Methods temperature. The sections were incubated for 45 minutes at 37°C with
Materials primary antibodies diluted in TBST (20 mM Tris-HCI, pH 8.0, 150
The MDCK Tet-Off cell line [established from the MDCK type Il cell mM NaCl, 0.05% Tween-20) containing 0.1% bovine serum albumin,
line (Barth et al., 1997)], pTRE (GenBank accession no. U89931) armhd washed three times for 5 minutes with TBST. After the first
pTK-Hyg (GenBank accession no. U40398), -carrying theincubation, the sections were incubated for 45 minutes at 37°C with
hygromycin-resistance gene, were purchased from Clontech (Pasecondary antibodies (FITC-conjugated goat anti-rabbit and Cy3-
Alto, CA). Tetracycline (TC) and doxycycline (DC) were purchasedconjugated anti-mouse antibodies) and washed three times for 5
from Sigma (St Louis, MO). minutes with TBST.

pTREHis/L-ASIP WT encodes a splice variant (K.M. and S.0., MDCK cells grown on 1.0 ciTranswell-ClealM filters (#3460,
unpublished) of the rat ASIP sequence lacking amino acid (a.agorning Coster, Cambridge, MA) were fixed in 2% formaldehyde in
residues 740-742 and 857-871 fused downstream of the six histidif®BS for 10 minutes at room temperature, washed twice in PBS,
residues and an 1l-a.a. sequence from the T7 gene 10-leagrmeabilized in PBS containing 0.5% Triton X-100 and 100 mM
sequence. pTERHis/L-ASIBPB encodes a T7-tagged chimera of aglycine for 5 minutes at room temperature, and subjected to
splice variant of mouse (N-terminal 989 a.a.) and rat ASIP/PAR-3 (Cimmunofluorescence detection as described above.
terminal 315 a.a.) lacking residues 740-742 and the aPKC-binding The samples were mounted in PBS containing 50%
sequence [residues 827-856 (K.M. and S.O., unpublished)]. ThRéECTASHIELD mounting medium (Vector Labs, Burlingame, CA)
expression of both of these proteins is under the control of thand examined under a fluorescence microscope (BX40, Olympus)
tetracycline repressible transactivator (Gossen and Bujard, 1992). equipped with a CCD camera (Princeton Instruments, Trenton, NJ) or

Rabbit anti-ASIP/PAR-3 antibodies were raised against a GS& confocal microscope system (Nikon E-600 microscope equipped
fusion protein of the aPKC-binding region (C2-3; residues 712-936)with BioRad p-Radiance). Images were arranged and labeled using
the third PDZ domain (P2-2; residues 584-708), and the C-termin@dobe PhotoShop (Adobe Systems, San Jose, CA).
region (A2-2; residues 1124-1337) as described (Izumi et al., 1998).
Antibodies against the specific C-terminal tail of the splice variant of ]
ASIP/PAR-3 and ASIP/PAR-3 phosphorylated at Ser827 (anti-S827Ammunoelectron microscopy
P) were raised against synthetic peptides corresponding to residueat kidneys were perfused with 1% paraformaldehyde fixative
1023-1034 (NE-MFSLAKLKPEKR-COOH) and residues 822-832 buffered with 0.1 M sodium phosphate buffer (PB, pH 7.4) and
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immersed in the same fixative for 30 minutes at 4°C. The samplesith or without 10 ng/ml of DC, and plated on 1.0%chranswell-
were rinsed with 5% sucrose for 30 minutes at 4°C. Tissue sampl&@ear™ (#3460) filters at the indicated cell densities and on P-60
were then infiltrated with 40% polyvinylpyrrolidone (Sigma)/2.3 M dishes. TER was measured using a Millicell-ERS (Millipore Corp.),
sucrose buffered with 0.1 M PB, embedded on nails, and frozeand cell growth was assessed by counting the number of cells on the
quickly in liquid nitrogen. Ultrathin cryosections were cut with a P-60 dishes at different times after plating. TER values were
Leica Ultracut UCT equipped with a Leica EM FCS cryoattachmentalculated by subtracting the values of blank Transwell-GYear
(Wien, Austria) at —110°C. Sections were transferred to Formvarfilters, and normalized to the area of the monolayers. Every point is
coated nickel grids (150 mesh). Subsequent incubation steps welre mean +s.e.m of three groups of cells on independent filters.
carried out by floating the grids on droplets of the filtered solution.
Free aldehyde groups were quenched with PBS-0.01 M glycine, and ) ) ) )
the sections were incubated overnight with PBS containing 10% fet&talcium switch and occludin fractionation
bovine serum (FBS) and affinity purified rabbit anti-ASIP antibodyMDCK stable clones were plated on 3.9 Zcifranswell-Cleaf™
(C2-3AP, 1:50 dilution). Next, the grids were incubated with anti-(#3450) filters at a density ok20P cells/cn?, incubated for 20 hours
rabbit 1gG coupled to 5 nm gold (diluted 1:100, British BioCell, in normal calcium medium, rinsed once with PBS, and changed from
Cardiff, UK) for 1 hour. Double immunogold staining with ASIP and medium to low calcium medium [LCM; DMEM supplemented with
Z0-1 antibody was also carried out. In brief, ultrathin cryosections 06 uM CaCbk and 5% FBS that had been dialyzed against PBS
aldehyde-fixed kidney were cut as described above. The sections wét@umbiner and Simons, 1986)]. After a 20 hour incubation in LCM,
incubated with affinity-purified rabbit anti-ASIP antibody (C2-3AP, the level of CaGlwas adjusted back to 1.8 mM for calcium switch.
1:50 dilution with PBS containing 10% FBS) and mouse monoclonaCells were harvested with PBS at different times after switching, and
anti-ZO-1 antibody (Zymed Laboratories, 1:100 dilution) and therthe cell pellets were frozen at —80°C. NP-40-insoluble fractions were
incubated with 10 nm gold-conjugated goat anti-rabbit IgG (dilutecprepared by following the method described previously (Sakakibara
1:100, British BioCell) and 5 nm gold-conjugated goat anti-mousest al., 1997). Briefly, the cells were lysed in 400f ice-cold NP-
IgG (diluted 1:100, British BioCell). After immunostaining, the 40-1P buffer (25 mM Hepes/NaOH, pH 7.4, 150 mM NaCl, 1% NP-
samples were fixed in 2.5% glutaraldehyde buffered with 0.1 M PBO, 50 mM NaF, 1 mM N&/O4, 4 mM EDTA, 1 mM PMSF, 1Qg/ml
(pH 7.4). The sections were then contrasted with 2% uranyl acetakeupeptin, 2upg/ml aprotinin, 0.5 mM benzamidine) by 30-minute
solution for 20 minutes, and absorption-stained with 3% polyvinylrotation at 4°C. After centrifugation (10,0@0for 30 minutes) the
alcohol containing 0.2% uranyl acetate for 20 minutes. All sectionpellet was redissolved in 87 of 2x SDS-sample buffer (Laemmli,
were observed with a JEOL 1230-EX electron microscope. 1970), and then subjected to western blotting analyses with anti-ASIP
antibody (C2-3AP) and anti-occludin pAb (Zymed). The levels of NP-
40-insoluble occludin were detected by chemiluminescence ECL
Cell cultures (Amersham Life Science), quantified directly with an LAS-1000 plus
Parental MDCK Tet-Off cells [(Barth et al., 1997) #C3017-1, system (FUJI Photo Film, Tokyo, Japan), and then normalized to the
Clontech, Palo Alto, CA) and established stable clones were gromamount of tubulin in each lane.
in Dulbecco’s modified Eagle’s medium (DMEM; GibcoBRL,
Rockville, MD) containing 10% FBS, penicillin, and streptomycin at
37°C in an air/5% C@atmosphere at constant humidity. The MDCK Results
cell lines were cultured with or without 10 ng/ml of DC for at least 3ASIP/PAR-3 is expressed in various tissues and

days before experiments. distributes to the subapical domains of epithelial cell-cell
junctions in a manner different from that of ZO-1
Selection of MDCK cell lines stably expressing mutant ASIPs Our previous study revealed that there are at least two

The parental MDCK Tet-Off cells were co-transfected with expressioftSIP/PAR-3 isoforms with molecular masses of 180 kDa and
plasmids for ASIP/PAR-3 (pTREHis/L-ASIP WT or pTERHis/L- 150 kDa, which are identifiable with two independent antibodies

ASIP APB) and pTK-Hyg. The overall procedures followed mainly against the aPKC-binding domain (C1-3/C2-3) or the third PDZ
the previously described method (Jou and Nelson, 1998)g 9 domain (P2-2) by western blotting analysis of cultured
ASIP/PAR-3 plasmid, Bg pTK-Hyg, and 4@l lipofectamine PLUS ~ mammalian cells. Both isoforms are detected in MDCKII and
reagent (GibcoBRL, Rockville, MD) were mixed in 13@®f serum-  COS cells, whereas only the 180 kDa isoform is observed in
free DMEM containing 5@M Ce?* (SF-LCM) at room temperature  NJH3T3 cells (Izumi et al., 1998). Subsequent studies revealed
for 30 minutes; 1.2 ml of SF-LCM containing 5% lipofectamine tqat the 180 kDa ASIP/PAR-3 corresponds to the full length

reagent (GibcoBRL) was then added and the mixture was incubat . Y - .
for an additional 15 minutes. The mixture was diluted with 9.6 ml o oduct while the 150 kDa ASIP/PAR-3 is a major splicing

SF-LCM and added to the k50 cells plated in each of two 10 cm variants with a shorter C-terminal tail (Fig. 1A) (Lin et al., 2000).

dishes: the cells were in log phase growth and had been maintainf§ @ first step to obtain information about the physiological
in 2 pg/ml of TC. After 6 hours at 37°C, the medium was replacedunction of ASIP/PAR-3 in mammalian tissues, we tried to

with DMEM containing 10% FBS and [23/ml of TC, and the cells extend our knowledge of the expression and cellular localization
were incubated for a further 24 hours and passaged to fifteen 10 ah ASIP/PAR-3 in a variety of rat tissues. We established three
dishes in medium containing 20@/ml hygromycin B (Wako, Osaka, independent affinity-purified antibodies against the aPKC-
Japan). After selection for 10 days, the surviving colonies werginding region (C2-3AP), the C-terminal region of full-length
isolated using qloning rings, and exogenous A$IP/PAR-3 exXpressioNs|p/PAR-3 (A2-2AP), and the specific C-terminal sequence in
e b sl i o a1 shorr splce varans (1ap: g 14) A shown n Fig. 15
divided into aliquots and stored in liquid nitrogen. estern blotting analysis with C2-3AP revealed 180 kDa bands
detected predominantly in lung, glandular stomach, prostate,
ovary and uterus that show the same migration rate as the full-
Measurement of transepithelial electric resistance (TER) and length  ASIP/PAR-3 transcript (ASIP180k) expressed
cell growth exogenously in COS1 cells. In addition, smaller bands around
Cells were trypsinized, suspended in DMEM containing 10% FBSL50 kDa are detected in intestinal epithelial cells, kidney and
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A molecular masses of the ASIP/PAR-3 bands may reflect tissue-
ASIP C2-3AP A2-2AP dependent differential expression of these variants. Taken

180k= — = p— ll together, these results suggest that ASIP/PAR-3 is expressed
ubiquitously but with tissue-dependent sequence modifications
ASIP ——ﬁ”z—dﬂ’l'i—.—v that preserve the aPKC-hinding region.

150 mm We next examined the distribution of ASIP/PAR-3 in a variety
B of rat epithelial tissues in comparison with another TJ-associated
protein, ZO-1 (Stevenson et al., 1986). The specificity of
ASIP/PAR-3 staining was confirmed by the abolishment of the
signal by the corresponding antigen, or by the identity of the
staining pattern with another affinity-purified antibody against
the third PDZ domain of ASIP/PAR-3 (P2-2AP), or both (data

’ not shown). One of the most striking differences between the
kDa distribution of ASIP/PAR-3 and ZO-1 is the lack of ASIP/PAR-
208- 3 staining in the cell-cell contact region of endothelial cells in

_— every epithelial tissue examined (forestomach, small intestine,
renal cortex) where ZO-1 is highly expressed (Fig. 2B,F,

119_ arrowhgads) (Stevenson et al., 1986). o o
94.0 In epithelial cells, the ASIP/PAR-3 staining pattern is similar

e to that of ZO-1. In general, ASIP/PAR-3 (Fig. 2, green)
distributes to the subapical domain of every epithelial cell-cell
junction examined. Furthermore, from the basal to the granular
layers of the stratified squamous epithelium in forestomach,
- where characteristic TJ are not established, the stainings of both
ASIP/PAR-3 and ZO-1 are mostly detected as non-continuous
patterns in the cell-cell contact regions and appear as punctate
patterns in the cytoplasm (Fig. 2A-C). These results are
reminiscent of previous observations in MDCKII cells where
. . - - ] ASIP/PAR-3 and ZO-1 show cytoplasmic punctate distributions
j during the reconstitution of TJ (Izumi et al., 1998; Rajasekaran
119_ WB: A2-2AP et al., 1996). However, a close comparison of the staining
patterns reveals an intriguing difference between the
208 distribution of ASIP/PAR-3 and ZO-1 in epithelial cells.

i Although ASIP/PAR-3 signals can be detected throughout the
. epithelial layer, their levels are slightly lower in the basal layer
1190 WB:Yap and the most superficial zone of the granular layer. In contrast,
ZO-1 signal level is very low in the basal layer and increase
Fig. 1.(A) Full length ASIP/PAR-3 (ASIP180K) and its splice variant from the spinous to the granular layer (Fig. 2C), as reported
with a shorter C-termini (ASIP150k). The region recognized by eachpreviously (Morita et al., 1998). Considering the correlation
antibody (C2-3AP, A2-2AP and Yap) is indicated; Yap recognizes between the levels of epithelial cell differentiation and the depth
the specific C-terminal sequence of ASIP150k. CR, conserved of the epithelial layer (Fig. 2D), these results suggest that
region. (B) Expression of ASIP/PAR-3 in various rat tissues. Total  AS|P/PAR-3 staining level is relatively higher in cells
extracts from various rat tissues (lung, glandular stomach, kidney, \,ndergoing differentiation, whereas ZO-1 staining increases
prostate, ovary, uterus), intestinal epithelial cell scrapings (IEC), an(tj\nth epithelial cell differentiation in the forestomach. In

COS1 cells transfected with T7-ASIP150k or T7-ASIP180k as
positive controls were subjected to SDS-PAGE (8% polyacrylamide agreement with this observation, a merged view of ASIP/PAR-

gel) followed by western blot analysis with the affinity-purified anti- S—£0-1 staining in the small intestine demonstrates yellow
ASIP antibodies (C2-3AP, A2-2AP and Yap). C2-3AP recognizes ~ Signals in the crypts (Fig. 2G, unfilled arrowheads) and orange

T7-ASIP150k
T7-ASIP180k

lung
gl. stomach

IEC
prostate

kidney
ovary
uterus

A

51.1-

35.4_ WB: C2-3AP
208-

bands of 180 kDa (filled arrowheads; lung, glandular stomach, signals in the villus (asterisk), indicating that the signal intensity
kidney, prostate, ovary and uterus) and 150/160 kDa (unfilled of ASIP/PAR-3 (green) in immature epithelial cells is relatively
arrowheads; IEC, kidney and prostate), which are recognized by A2higher than that of ZO-1 (red). Thus, ASIP/PAR-3 exists in cell-
2AP and Yap, respectively. cell junctions at relatively higher levels than ZO-1 in

differentiating epithelial cells with less developed TJ strands in

the forestomach and small intestine (Marcial et al., 1984).
prostate. Importantly, bands of 180 kDa and about 150 kDa are A difference between ASIP/PAR-3 and ZO-1 is also
recognized by A2-2AP and Yap, respectively. These databserved in epithelial cells in renal tubules (Fig. 2I-K). There
indicate that the 180 kDa and 150/160 kDa bands corresponditono significant difference between the signal intensities of
the full length product of ASIP/PAR-3 and its splice variantsASIP/PAR-3 in the proximal and distal renal tubules (Fig. 2I).
with shorter C-termini, respectively. Since ASIP/PAR-3 has beem contrast, the signal intensity of ZO-1 is much higher in distal
shown to have several minor, small deleted regions thahther than proximal renal tubules (Fig. 2J), consistent with a
presumably originate from alternative splicing (Joberty et alprevious report that ZO-1 signals correlate with the number of
2000; K.M. and S.O., unpublished), the slight difference in th&J strands (Fig. 2L) (Schnabel et al., 1990).
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Fig. 2. ASIP/PAR-3 distributes at the cell-cell B
junctions of various rat epithelial cells in a
manner different from that of ZO-1. The
differential distributions of ASIP/PAR-3 and ZO-
1 are compared in rat forestomach (A-C), small »
intestine (E-G), and renal cortex (I-K). The
samples were double stained with affinity-
purified anti-ASIP antibody (C2-3AP, green) and
anti-ZO-1 (red). In merged views (C,G,K), the
yellow and orange signals show the co-
localizations of ASIP/PAR-3 and ZO-1. In
-~ Z : B ]
c D i

stratified squamous epithelium, ASIP/PAR-3
localizes at cell-cell junctions from the basal
layer to the granular layer, and some cytoplasmic
punctate patterns are observed (A). The
localization of ZO-1 in the same field as in A is
shown in B. The signal intensity of ZO-1 in the
cell-cell junctions was much higher in the
spinous layer than in the basal layer. ZO-1 is also
detected in blood vessels (B, arrowhead),
whereas ASIP/PAR-3 is not. As shown in the
merged view (C) and indicated schematically in
D, the relative signal intensities of ASIP/PAR-3
and ZO-1 differ along with epithelial
differentiation. (D) Phase contrast image.
Asterisk, lumen; BL, basal layer; GL, granular
layer; HL, horny layer; LP, lamina propria; SL,
spinous layer. In small intestine, ASIP/PAR-3 is
concentrated in the subapical domain of epithelial
cell-cell junctions (E) in a manner different from
that of ZO-1 (F). As indicated in (B), ZO-1
signals are also detected in blood vessels (F,
arrowheads). Unfilled arrowheads in G indicate
that the signal intensity of ASIP/PAR-3 (green) in
crypts is relatively higher than that of ZO-1 (red),
whereas ZO-1 signal intensities are relatively
higher in villus (asterisk). (H) Phase contrast
image of the same field as E. As shown in I-K,
the signal intensity of ASIP/PAR-3 (green) in
proximal renal tubules (pt) is the same as in distal
tubules (dt); however, that of ZO-1 (red) is much
higher in distal renal tubules (dt) than proximal
tubules (pt). (L) Schematic structure of proximal
and distal renal tubules in a nephron. The numbe
of TJ strands in epithelial cells of the distal renal
tubule is much higher than in the proximal tubule.
Bars, 40um (A), 20um (E), 10pum (1).

In order to clarify this characteris
distribution of ASIP/PAR-3 at tt
ultrastructural level, the localization
ASIP/PAR-3 and ZO-1 was investigatec
renal tubule epithelial cells by immunog
electron microscopy (Fig. 3). In b
epithelial cells with deep TJ in the dis
tubules (Fig. 3A) and those with relativ
shallow TJ in the proximal tubules (Fig. 3
ASIP/PAR-3 localizes at the cytoplast
surfaces of TJ. Intriguingly, not all of the
are decorated with gold particles ' It[;e[[
ASIP/PAR-3: ASIP/PAR-3 is alwa ‘ n ,
detected at the upper edges of TJ (Fig. , ' . ‘ \ J“T%g
D) and is frequently observed at the lo .
edges of TJ (Fig. 3A,B). By double-la
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Fig. 3.Immunogold electron A
microscopy of ASIP/PAR-3 (A-D) and
Z0O-1 (C,D) in epithelial cells of distal
(A,C) and proximal (B,D) renal
tubules. Ultrathin cryosections of rat
renal tubular epithelial cells were
labeled with anti-ASIP/PAR-3 pAb
(A,B; 5 nm gold particles). In both the
distal (A) and proximal (B) tubules,
gold particles for ASIP/PAR-3 are
concentrated exclusively in the
cytoplasm of TJ. Gold particles are
constantly observed at the apical edge
of TJ, and are also frequently found at
the basal edge of TJ. (C,D) Double
immunolabeling of renal tubular
epithelium for ASIP/PAR-3 and ZO-1.
In contrast to ASIP/PAR-3 (10 nm gold
particles), ZO-1 (5 nm gold patrticles)
distributes alongside TJ in the distal (C)
and proximal (D) tubules. Apical is up
and basal is down in these figures (A-
D). TJ, tight junction. Bars, 100 nm.

immunogold electron microscopy, this characteristicand function of TJ. For this purpose, we employed stable
localization of ASIP/PAR-3 contrasts sharply with that of ZO-transformants in which ASIP/PAR-3 could be induced by
1, which distributes alongside TJs as reported previouslietracycline or doxycycline deprivation (Gossen and Bujard,
(Kurihara et al., 1992) (Fig. 3C and data not shown). Thereford992; Barth et al., 1997). We prepared two different T7-tagged
the amount and distribution of ASIP/PAR-3 do not necessarilgxpression plasmids for L-ASIPs; L-ASIP WT has the aPKC-
correlate with the level of TJ development in the epithelial cellbinding sequence, whereas L-ASNPB does not (Fig. 4A).
examined here, whereas those of ZO-1 depend closely on tiie regulation of the expression of each protein in the
number of TJ strands, the structural basis of TJ. Together wittstablished cell line was evaluated by western blotting and
the fact that the kinase activity of aPKC, the binding partneimmunofluorescence with the antibody against the T7-tag, and
of ASIP/PAR-3, is indispensable for the development of TJs iwe found that the expression of L-ASIP WT APB was
epithelial cells (Suzuki et al., 2001), our observations led us to

investigate the possibility that ASIP/PAR-3 might play a

regulatory role in establishing and/or maintaining TJ structure A aPKC-binding seq.
rather than serving only as a structural component of TJ. LASIPWT @7 ——

e ———
CR1 PDZc 2 . CR3(818-832)
Induced overexpression of ASIP/PAR-3 in MDCK cells ( omains)

promotes the development of transepithelial electrical L-ASIP APB 7 (A827-856)
resistance (TER) after plating
To examine the possibility that ASIP/PAR-3 regulates B WT_APB

epithelial TJ formation, we evaluated the effect of the -+ —+4TC

overexpression of ASIP/PAR-3 or its mutant on the formatior « ®  <T7-ASIP(B: Omni probe)

Fig. 4.Characterization of MDCK Tet-Off cell lines expressing T7-
tagged L-ASIP WT oAPB. (A) Schematic structures of the MR S < aPKC (B: anti-aPKC()
constructs. The aPKC-binding sequence is found in L-ASIP WT but

not in L-ASIPAPB. (B) Each cell line was cultured with (+) or / )
without (—) 1.0ug/ml of tetracycline (TC), and@0* cells/lane were
subjected to western blot analysis with the T7-tag-specific antibody
(Omni probe) or anti-aPKgantibody. The expression of T7-tagged
ASIP/PAR-3 in each cell line was strongly induced by the withdrawal
of TC, whereas 1.0g/ml of TC completely repressed the expression

to under the detectable levels. (C-E) Immunofluorescent images show
that the overexpressed T7-tagged ASIPs localize mainly at cell-cell
contacts of MDCK cells cultured without TC (TCO0). Confluent
monolayers of MDCK cells expressing T7-L-ASIP WT (C) or T7-L-
ASIP APB (D) were labeled by the Omni probe pAlugiml| of TC

(TC1) completely repressed the expressions of L-ASIP WT (E) and
L-ASIP APB (not shown). Bars, 1Qm; 10pum (inset).

4 wi(rco) ], ~APB(TCOJE ~ WT(TC1)

2R
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completely repressed to under the detectable level ygIn@l  cell monolayers initially increases with time after plating and
of tetracycline (TC) (Fig. 4B,E) or 10 ng/ml of doxycycline begins to decrease after the cells become confluent (Jou et al.,
(DC) (Fig. 5G). We also assessed the distribution of each T2-998). First, since cell proliferation is a key factor affecting
tagged ASIP/PAR-3 and the homogeneity of its expressioMER development, we examined whether the overexpression
level by immunofluorescence. In MDCK cell lines of ASIP/PAR-3 can alter cell proliferation; however, we found
overexpressing L-ASIP WT akPB, even though the type of no significant difference between cells cultured in the presence
exogenously expressed ASIP/PAR-3 is different, both T7er absence of the repressor (10 ng/ml of DC) in any cell line
tagged ASIPs preferentially concentrate at cell-cell contacts &amined (Fig. 5A-C). By contrast, the induced overexpression
endogenous ASIP/PAR-3, and there is no significant differencaf L-ASIP WT reproducibly results in the promotion of the
in homogeneity of protein expression between the two MDCkearly phase of TER development after cell plating at
cell lines overexpressing L-ASIP (Fig. 4C,D). subconfluent density (1x80° cells/cn¥; Fig. 5D, asterisks).

We analyzed the development of transepithelial electricahlthough the two types of ASIP/PAR-3 are expressed in
resistance (TER) using these cell lines. Since TER essentialyrtually the same way and remain constant during cell
reflects paracellular resistance regulated by TJ, de novwoliferation (Fig. 5G), the overexpression of L-AQPB has
formation of TJ can be followed through the development oho effect on TER development (Fig. 5E). In addition, we
TER after plating (Cereijido et al., 1998). The TER of MDCK confirmed that the depletion of DC itself does not promote but

B Cc
- L-ASIP WT e L-ASIP APB ...123 (parental cell line)
—— DC 0 ng/ml —— DC 0 ng/mi —— DC 0 ng/ml
—— DC 10 ng/mi —o— DC 10 ng/mi —o— DC 10 ng/ml
%103 ------------------------------------------------- %103 / %103 ------------------------------------------------
% 50 70 ) 1035 50 70 9 L — — 70 El)
time after plating (hours) time after plating (hours) time after plating (hours)
D L-ASIP WT E L-ASIP APB F T23 (parental cell line)

*
| Eo—— | E s .| OO

—e— DC 0 ng/ml —e— DC 0 ng/ml

F 17| RO, - SO0 +DC1°nglm| 400} 'Y =~ DEA0 ng/ml —e— DC 0 ng/ml
/\ —o— DC 10 ng/ml
5 350 } 100 f% T

125

300

200
\ 150
e 100
50 % rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 50

ER (Qcn?)

Tl

%z % K3 48 60 72 %2 2% 36 8 60 72 Y %48 60 72 84
time after plating (hours) time after plating (hours) time after plating (hours)
G L-ASIP WT L-ASIP APB
0 h 36 h 54 h 72 h 0h 36 h 54 h 72 h
KDa_0 10 0 10 0 10 0 10 0 10 0 10 0 10 0 10 DC (ng/mi)

M E N N - e . e,
-....... e b T TE——— L T

Fig. 5.Induced overexpression of ASIP/PAR-3 accelerates TER development after cell plating. (A-C) There is no significant difealénce in
growth between cells cultured with or without 10 ng/ml of doxycycline (DC). (D-F) TER development of each cell line wasdna¢asure
different times after plating on Transwell-CI8¥filters at a density of 1:8 (P cells/cn?. Cells were maintained with or without 10 ng/ml of
DC for at least 3 days before plating. Every point is the meants.e.m. of three groups of cells on independBnidiliesswere calculated

with a two-sided-test and statistical significance was considerd<@t05 (D, asterisks). (G) Expressions of the T7-tagged ASIPs and
endogenous aPKC at the different times after plating. Cells were maintained with or without 10 ng/ml of BD04nél5/lane were

subjected to western blot analysis with the T7-tag-specific antibody (Omni probe) and anjisaRikady.



2492 Journal of Cell Science 115 (12)

rather suppresses TER development in the parental cell limbsence of 10 ng/ml of DC was subjected té*Gavitch. At
(Fig. 5F). Even if each cell line is plated at lower densitydifferent times after Cd switch, total cell lysates were
1.0x10P cells/cn?, the differences between the three cell linedractionated into NP-40-soluble and -insoluble fractions, and
are still observed; however, it takes more time for each TER tihe amount of insoluble occludin in each cell line was
reach a peak (data not shown). Therefore, these data indicaaluated by western blotting with anti-occludin antibody. The
that the overexpression of L-ASIP WT, but not its mutantamount of protein applied to each lane for each cell line were
lacking the aPKC-binding sequence, promotes TJ formationormalized to CBB-stained tubulin levels.
after plating without changing the rate of MDCK cell As reported previously, phosphorylated and slowly
proliferation. migrating occludin collects preferentially in the NP-40-
insoluble fraction, and there was no significant change in the
) ] total amount of occludin in any cell line examined throughout
Induced overexpression of ASIP/PAR-3 in MDCK cells the time course (data not shown) (Sakakibara et al., 1997). In
promotes insolubilization of occludin after calcium switch MDCK cell lines expressing L-ASIP WT, the amount of NP-
Besides the development of TER, the phosphorylation andi0-insoluble occludin starts to increase rapidly to about 1.7-
enhanced resistance to NP-40 extraction of occludin are al$éold within 30 minutes after Ga switch, and finally reaches
closely related to epithelial TJ formation in various culturedabout twice the level before E€aswitch (Fig. 6A, left panel;
cells (Sakakibara et al., 1997). If L-ASIP WT does promote TFig. 6C, filled circles). By contrast, in cells without the induced
formation, the biochemical behavior of occludin can beoverexpression of L-ASIP WT (DC=10 ng/ml), it takes 60
expected to be affected in MDCK cells expressing L-ASIP WTminutes to reach the same level (Fig. 6A, right panel; Fig. 6C,
To evaluate this possibilityy, we examined occludinunfilled circles). Furthermore, the induced overexpression of
insolubilization after C& switch (Gumbiner and Simons, L-ASIP APB has no significant effect on the insolubilization
1986) in MDCK cells expressing L-ASIP WT APB. Culture  of occludin after C& switch (Fig. 6B; Fig. 6D, filled and
in low (5 uM) C&* medium disrupts cell-cell junctional unfilled squares). Consistent with the above results of TER
complexes, and switching to normal (1.8 mMyCmedium  development, these data indicate that only L-ASIP WT
triggers cadherin-mediated cell-cell contacts and a series pfomotes TJ formation in MDCK cells.
molecular events, including occludin insolubilization, to Taken together, these independent results evaluating TJ
reconstitute junctional complexes. Confluent monolayers diormation by functional and biochemical analyses clearly
MDCK cell lines were cultured in low Gamedium for 20 indicate that the overexpression of L-ASIP WT promotes TJ
hours, and then Caglivas added back to restore theQavel  formation in MDCK cells. Furthermore, only L-ASIP WT, and
(Ca* switch). Each cell line cultured in the presence omot L-ASIP APB, has such an effect, suggesting that the

E(I:%Il?d:gsaof![:?”é?gevrlltg:l in A L-ASIP WT (NP-40-insoluble fractions) B L-ASIP APB (NP-40-insoluble fractions)

MDCK cell lines expressing L- _DC-0Ongiml __DC= W0ngiml _DC=Ongil_ _DC= 10 ngiml

ASIP WT (A,C) orAPB (B,D). € ‘€ time aft E E time afty
MDCK cells cultured with or g5 © & 8888 < 2888 calclimsiwteh kpa_ < 28888 < 2888 ¥ calclumsiwtch
without 10 ng/ml of DQ were D2 mwoeee - - ASIP180k - ~ ASIP180k
harvested at different times aft ~aASIP150k ~a ASIP150k

Ca* switch, and the NP-40- 79mi
insoluble fractions were

SubjIeCf[ed t'?hwe?'tirgltl:)’lcthZ n. u.]occludm ‘.ml “I]occludin
analysis with anti- - !

3AP) or anti-occludin pAb. CB “ ... -

staining of tubulins on the CETT|EE T T e g o/p-tubulin SENEDD IS S5 55 g p-tubulin
blotted membranes is shown & (CBB staining) (CBB staining)
control. The results are c
representative of three

independent experiments. NP-
40-insoluble occludin was

detected by chemiluminescent

ECL, and the resulting signals

were quantified directly with
LAS-1000 plus system (FUJI

Photo Film, Tokyo, Japan) in a
fluorescence image mode and
normalized to the amount of
tubulins in each lane (C,D).

Each point is the meants.e.m.
three independent experiment 30 60 90 120 30 60 90 120

P-values were calculated with time after calcium switch (min) time after calcium switch (min)

two-sidedt-test and statistical

significance was consideredRxt0.05 (asterisk). Induced overexpression of L-ASIP WT (C; filled circles), bdtR®t(D; filled squares),
results in the rapid accumulation of occludin in NP-40-insoluble fractions aftés@ach.
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interaction between ASIP/PAR-3 and aPKC may
involved in the promotion of TJ formation.

ASIP/PAR-3 phosphorylated at Ser827 concentrates
at the most apical tip of cell-cell contacts during the
restoration of cell-cell junctions

The aPKC-binding sequence in ASIP/PAR-3 includes
highly conserved serine residues (827 and 829) withi
PKC phosphorylation consensus sequence (lzumi ¢
1998). Furthermore, we have recently identified Ser8
ASIP/PAR-3 as being phosphorylated by aPKC in vivo
in vitro (Y.T.-N. and S.O., unpublished). Therefore, the a
results suggesting the significance of the aPKC-bit
sequence of ASIP/PAR-3 in the promotion of TJ form:
imply that the phosphorylation of Ser827 is involved in
ASIP/PAR-3 function. To assess this possibility, we obs¢
the localization of the Ser827-phosphorylated forn
ASIP/PAR-3 in MDCK cells overexpressing L-ASIP \
after C&* switch using an antibody that specific
recognizes this phosphorylated form of ASIP/PAR-3 |
7L,M). When mature cell-cell junctions are establishec
immunoreactivities of Ser827-phosphorylated ASIP/P/
(Fig. 7A,C, red) completely overlap overexpressed L-/
WT in apical cell-cell junctions (Fig. 7A-C, arrows).
contrast, 1 hour after €aswitch, when cell-cell junctior
are developing, the Ser827-phosphorylated ASIP/P
signals (Fig. 7D) are concentrated at the most apical
cell-cell contacts (Fig. 7F,G, filled arrowhead), w
overexpressed L-ASIP WT (Fig. 7E) is still detel
predominantly in a region slightly basal to the apical tip
7F,H, unfilled arrowhead). These results imply a relatiol
between the localization of ASIP/PAR-3 and
phosphorylation at Ser827 during TJ formation.

Discussion

In mammalian epithelial cells, the most apical compol
of the lateral junctional complex are TJs that serv
intercellular barriers to regulate paracellular permea
and function as intramembranous fences to maintai
polarization of the apical and basolateral membrane do
(Mitic and Anderson, 1998; Cereijido et al., 1998)
growing number of TJ-associated peripheral or int
proteins have been identified, and the characte
properties of these proteins provide a molecular basis
formation and function. However, at present it is not
understood how the formation of this complicated juncti

structure is orchestrated in terms of the dynamic process.
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Fig. 7.Localization of Ser827 phosphorylated ASIP/PAR-3 in mature
and immature cell-cell contacts. ASIP/PAR-3 phosphorylated at Ser827
(A,D) and overexpressed T7-tagged ASIP/PAR-3 (B,E) were labeled
with Cy3 and FITC, respectively. Four hours aftefGavitch, the
overexpressed ASIP/PAR-3 (green; B,C) in mature cell-cell contacts
overlaps the immunoreactivities of ASIP/PAR-3 phosphorylated at
Ser827 (red; A,C, arrows). In contrast, 1 hour after switching, the
immunoreactivities for ASIP/PAR-3 phosphorylated at Ser827
predominantly occupy the most apical tip of the immature cell-cell
contacts (D,F; filled arrowhead), whereas overexpressed L-ASIP WT is
detected also in the region slightly basal to the apical tip (E, F; unfilled
arrowhead). The merged view of an X-Z optical section is shown in F
with filled and unfilled arrowheads corresponding to the levels of the X-
Y optical sections shown in G and H, respectively. The distance between
the two X-Y optical sections is 1.76n. Merged X-Z views of other
representatives are shown in |, J and K. Anti-S827-P antibody strongly
stains cell-cell junctions of MDCK cells expressing T7-tagged
ASIP/PAR-3 (L), whereas the antigen peptide abolishes the signals (M)
in cell-cell junctions where T7-tagged ASIP/PAR-3 is concentrated (N).
The distribution of overexpressed T7-tagged ASIP/PAR-3 in the same
field as in M is shown in N. Bars, 10n.

forestomach; Fig. 2G, small intestine). In addition,

We have previously identified ASIP, the mammalianimmunogold electron microscopy of epithelial cells in renal

homolog ofC. elegangolarity protein PAR-3, as an epithelial tubules reveals that ASIP/PAR-3 concentrates exclusively in
TJ-associated peripheral protein (Izumi et al., 1998); howevethe cytoplasm of the apical edge of TJ, whereas ZO-1
the physiological functions of mammalian ASIP/PAR-3 remaindistributes alongside the TJ (Fig. 3). These observations
to be clarified. In this study, we provide two lines of evidencéndicate that, unlike ZO-1, the distribution patterns of
suggesting that ASIP/PAR-3 is involved in the early phase oASIP/PAR-3 do not necessarily correlate with the level of TJ
epithelial TJ formation. First, immunofluorescence analysis oflevelopment in epithelial cells. Thus, these findings do not
various rat epithelial tissues shows that, in contrast to ZO-Tavor the possibility that ASIP/PAR-3 serves simply as a
ASIP/PAR-3 distributes to the apical junctional complexstructural element of TJs. Second, we observed that the
regions of epithelial cells that do not have well-developed Taverexpression of L-ASIP WT in MDCK cells promotes the
strands (Fig. 2), and a higher level of ASIP/PAR-3 is observeihitial phase of TJ formation as evaluated by functional (Fig.
in some epithelial cells with immature TJs (Fig. 2C,5; TER development measurement) as well as biochemical
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(Fig. 6; occludin insolubilization) analyses. Intriguingly, the overexpression of an aPR@nutant lacking kinase activity not
promotion of TJ formation by ASIP/PAR-3 is observed inonly affects proper ASIP/PAR-3 localization, but also
MDCK cells overexpressing L-ASIP WT, but not those significantly perturbs ZO-1 localization to cell-cell junctions in
overexpressing L-ASIRAPB, which lacks the aPKC-binding MDCK cells during TJ formation without severely disturbing
sequence, implying that this function of ASIP/PAR-3 isthe localization of E-cadherin d8-catenin (Suzuki et al.,
mediated through the interaction with aPKC. This conclusior2001). Second, we demonstrate here that a relatively higher
is further supported by our demonstration that aPKC activitamount of ASIP/PAR-3 concentrates to cell-cell junctions in
is indispensable for the formation but not the maintenance d¢he immature epithelia of forestomach and small intestine
TJs in mammalian epithelial cells (Suzuki et al., 2001)where relatively low amounts of ZO-1 are concentrated (Fig.
Furthermore, the significance of the interaction betwee@A-H). Third, we show that ASIP/PAR-3 phosphorylated at
ASIP/PAR-3 and aPKC for TJ formation is consistent withSer827 is more concentrated at the apical tip of developing
previous reports that. elegandPAR-3 and aPKC/PKC-3, or cell-cell contacts than another form of ASIP/PAR-3 without
their Drosophilahomologs, are mutually dependent on eactphosphorylated Ser827 (Fig. 7D-H). This Ser827 is
other for their proper functions in the establishment of celphosphorylated by aPKC in vitro and in vivo in polarized
polarity (Tabuse et al., 1998; Wodarz et al., 2000). TakeMDCK cells (Y.T.-N. and S.O., unpublished). Lastly, our
together, our results strengthen the possibility that theecent observations have revealed that the aPKC—-ASIP/PAR-3
evolutionarily conserved aPKC-ASIP/PAR-3 complex is onecomplex exists in the cytoplasm even in the absence of cell-
of the regulatory elements in mammalian epithelial TJs, and sell contacts, and that it translocates to the apical cell-cell
required to promote the initial phase of TJ formation rathecontact region very early after calcium-triggered cell-cell
than serving only as a structural component. adhesion (Yamanaka et al., 2001). Therefore, our results,
The ultrastructural analysis of ASIP/PAR-3 localizationtogether with previously published data, allow us to speculate
described here is the first example of a protein that concentrataisout the following possibility: the de novo formation of cell-
at the apical edge of TJs (Fig. 3). With respect to mammaliagell contacts initiates the translocation of pre-existing
epithelial polarity, TJs are the borders of the apical and lateraPKC-ASIP/PAR-3 complexes to primordial adherens
membrane domains. In epithelial cells of arthropods, whiclunctions, and aPKC might phosphorylate ASIP/PAR-3 at
lack TJs, the boundary between the apical and later&er827 to concentrate this complex at developing apical cell-
membrane domains is marked by the ‘marginal zone’, the edgell junctions; consequently, aPKC-ASIP/PAR-3 could
of the apical membrane domain characterized by the specifiromote the segregation of TJ-associating proteins, including
accumulation of key regulators of apical polarity such agO-1, from primordial adherens junctions.
Crumbs and Discs Lost (Tepass, 1997; Tanentzapf et al., 2000).Besides the peripheral proteins of TJ, occludin, claudins and
Although it has not been shown that mammalian epithelial cellginctional adhesion molecules have been identified as integral
possess such a structure, the characteristic localization ® membrane proteins (Furuse et al., 1993; Furuse et al.,
ASIP/PAR-3 is reminiscent of that of Crumbs and Discs Lost1998a; Martin-Padura et al., 1998). Previous experimental
Taken together with the possible function of ASIP/PAR-3, ouevidence suggests that highly phosphorylated occludin co-
data suggest the intriguing hypothesis that the apical edge pblymerizes into claudin-based TJ strands at a relatively later
TJs might be a functional analog of the marginal zone tphase of TJ formation, whereas non- or less-phosphorylated
specify membrane polarity in mammalian epithelial cells.  occludin distributes to the basolateral membrane (Sakakibara
Accumulating experimental evidence favors the possibilityet al., 1997; Furuse et al., 1998b; Morita et al., 1998). Our
of multiple steps in epithelial TJ formation. Our present datgresent data indicate that the overexpression of ASIP/PAR-3
imply that the aPKC-ASIP/PAR-3 complex positively accelerates occludin insolubilization, which is presumably due
regulates epithelial TJ formation, but for which step is thigo phosphorylation during the formation of TJ in MDCK cells
complex responsible? Several lines of evidence suggest that t{fieég. 6C). In addition, we demonstrate here the frequent
E-cadherin adhesion system mediates the initial organizatidocalization of ASIP/PAR-3 at the basal edges of TJ as
of TJ components, including ZO-1, into primordial adherenceisualized by immunoelectron microscopy (Fig. 3A,B).
junctions (Gumbiner et al., 1988; Rajasekaran et al., 199@;herefore, we propose that ASIP/PAR-3 may participate in the
Ando-Akatsuka et al., 1999). In the next step, vinculintranslocation of occludin from the basolateral membrane
associated with the cadherirE-catenin complex serves to domain into TJ strands to establish mature TJs. Further
assemble apical actin bundles (Watabe-Uchida et al., 1998nalyses, including the targeted disruption of the aPKC and/or
Moreover, since there are data to indicate that ZO-1, ZO-2 ar&SIP/PAR-3 gene, will make it possible to elucidate the
Z0-3 bind directly to occludin and claudins, which are thehierarchy of stages in the formation of epithelial TJ and the
primary components of TJ strands, and actin filaments, development of epithelial polarity.
appears reasonable to speculate that ZO-1, ZO-2 and Z0O-3
may be recruited from cadherin-based primordial adherens We thank Shoichiro Tsukita and Masahiko Ito (Kyoto University)
junctions to crosslink the assembled apical actin bundles ar@f the anti-ZO-1 monoclonal antibody and helpful discussions,
claudin-based TJ strands (Furuse et al., 1994; Haskins et 4fiichiko Ehara (Second Department of Pathology, Yokohama City
1998: Itoh et al, 1999; Witichen et al, 1999). The niversity, School of Medicine) for technical help, and all the

. . . embers of our laboratory (Department of Molecular Biology,
aPKC-ASIP/PAR-3 complex, including activated aPKC, an okohama City University, School of Medicine) for stimulating

its concentration at apical cell-cell contacts might be criticajiscyssions and helpful comments. T.H. is grateful to H. Ishikawa for
for this segregation of ZO-1 to the TJ structure from cadherimer encouragement. This work was supported by grants from the
based primordial adherens junctions. This idea is based on aiffpan Society for the Promotion of Science (to S.0.) and the Ministry
previous observations and the results presented here. First, tifeEducation, Science, Sports and Culture of Japan (to S.O.).
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