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Abstract. Alpha-dystrobrevin (a-DB) has been de-
scribed primarily as a cytoplasmic component of the
dystrophin-glycoprotein complex in skeletal muscle
cells. Isoforms of a-DB show different localization in
cells and tissues; at basolateral membranes in epi-
thelial cells, dystrobrevins mediate contact with the
extracellular matrix, peripheral and transmembrane
proteins and the filamentous actin cytoskeleton. Be-
side their structural role, a-DBs are assumed to be
important in cell signalling and cell differentiation.
We have primarily assessed the role of a-DB in two
epithelial cell lines (MDCK I, HT 29), which repre-
sent different developmental stages and exhibit dis-
tinct permeability characteristics. Using a polyclonal
anti-a-DB antibody, we have investigated its expres-
sion, localization and association with tight junction
(TJ)- associated proteins (ZO-1, occludin) before and
after protein kinase C (PKC) activation with phorbol
myristate acetate. Distinct subsets of a-DB isoforms
were detected in the two cell lines by immunoblotting.
In both cell lines there was submembranous locali-
zation of a-DB both apically and basolaterally,
shown with confocal imaging. PKC activation caused
a reorganization of TJ, which was parallel to in-
creased localization of a-DB to TJ areas, most pro-
nounced in MDCK I cells. Moreover, actin and ZO-1
co-immunoprecipitated with a-DB, as displayed with
immunoblotting. Our findings suggest that a-dys-
trobrevin specifically is associated with the tight
junctions during their reorganization.
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Introduction

Dystrobrevin (DB) has been described as a cytoplas-
mic component of the dystrophin-glycoprotein com-
plex (DGC) in skeletal muscle cells (Carr, Fischbach
& Cohen, 1989; Wagner, Cohen & Huganir, 1993;
Nawrotzki et al., 1998). The complex forms a multi-
molecular, transmembrane link between the intracel-
lular cytoskeleton and the extracellular basal lamina,
where it is believed to participate in the stabilization
of the membrane during muscle contraction and
relaxation (Koenig & Kunkel, 1990; Yoshida &
Ozawa, 1990; Ibraghimov-Beskrovnaya et al., 1992;
Sadoulet-Puccio et al., 1996). The DGC can be di-
vided into three subcomplexes, i.e., the dystroglycan,
the sarcoglycan, and the cytoplasmic complexes, the
latter comprising dystrophin or utrophin, and DB
(Roberts, 2001; Blake et al., 2002). Dystrophin, a
flexible rod-like protein, is linked to extracellular
laminin through the dystroglycan complex. Dystro-
phin also interacts with actin, thereby providing a link
between extracellular matrix and the cytoskeleton.
The sarcoglycan complex consists of four transmem-
brane glycoproteins, and sarcospans (Blake et al.,
2002; Grady et al., 2003), which associate laterally
with the dystroglycan complex and probably also with
the cytoplasmic components dystrophin and DB
(Metzinger et al, 1997; Yoshida et al., 1994, 2000).

Beside its structural role, DGC is assumed to
play a role in signal transduction through association
with the syntrophins, a family of adapter proteins.
Some syntrophin domains are often found in cyto-
skeletal and signalling proteins, e.g., a PDZ-domain
that binds, for instance, to voltage-gated sodium
channels (Gee et al., 1998) and to neuronal nitric
oxide synthase (nNOS) (Brenman et al., 1996). Sev-
eral of the DGC proteins can also be tyrosine-phos-
phorylated (Peters et al., 1998; James et al., 2000).

DB was originally identified in the Torpedo
californica electric organ as an 87-kDa phosphopro-Correspondence to: A. Sjö; email: anisj@imk.liu.se
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tein (Carr et al., 1989). In mammalian cells, the DB
family of proteins is encoded by two different genes,
coding for a-DB and b-DB, respectively. Both the
a-DB and the b-DB genes encode different protein
isoforms, generated by alternative splicing (Blake et
al., 1996, 1998; Sadoulet-Puccio et al., 1996; Peters et
al., 1997). DBs, except for a-DB 3, bind to dystrophin
and utrophin via homologous domains at their C-
termini (Blake et al., 1995; Loh et al., 2000). Fur-
thermore, recent experiments suggest that the N-ter-
minal region of DB binds to sarcoglycans (Yoshida et
al., 2000).

The dystrophin-associated proteins, like DB, are
highly expressed in brain and muscle but have also
been found in other tissues, such as lung, kidney,
testis, and intestine (Blake et al., 2002). Moreover, the
individual isoforms of DB display distinct expression
patterns in different tissues (Blake et al., 1996;
Holzfeind et al., 1999; Yoshida et al., 2000). Studies
of muscle cells have, for instance, shown that the
alternatively spliced variants of DB are develop-
mentally regulated, and it has been suggested that a
multipromotor system was originally developed to
allow the regulation of the DB gene in different cell
types and/or in different developmental stages (Enigk
& Maimone, 1999; Holzfeind et al., 1999).

The precise role of the DBs in relation to the role
of the DGC is not known. Alpha-DB knock-out mice
exhibit muscular defects, abnormal neuromuscular
junctions, and malformed myotendinous junctions
(Grady et al., 1999; Akaaboune et al., 2002), and it
has been suggested that a-DBs play multiple roles in
muscle cells as a consequence of distinct signalling or
structural properties of the isoforms.

Some mammalian splice variants of DB have a
unique C-terminus containing tyrosine phosphoryla-
tion consensus sites (PYCT), while being absent in
others (Wagner et al., 1993; Balasubramanian, Fung
& Huganir, 1998). The presence of the PYCT motif
thus makes DBs a candidate for regulation by tyr-
osine phosphorylation. Actually, it was recently
shown that the enhanced efficacy of a-DB 1 to pre-
vent synaptic and myotendinous defects depended in
part on its tyrosine phosphorylation (Grady et al.,
2003) and in the promyelytic HL 60 cell line an iso-
form of a-DB was found to undergo tyrosine phos-
phorylation during granulocytic differentiation
(Kulyte et al., 2002).

Recent findings have demonstrated that DGC
play a role also in non-muscle tissues, e.g., epithelia.
Loh and co-workers (Loh et al., 2000) identified
several different DGC-like complexes in the kidney,
distributed in a cell-type specific manner. Alpha-DB
and b-DB were found to be associated with different
members of the dystrophin and syntrophin family of
proteins, implying that there are differences in their
functions in the different renal cell types and it was
suggested that the DGC-like complexes act as scaf-

folds for signalling molecules. In addition, a syntro-
phin/utrophin/DB complex has been identified in
polarized epithelial cells (Kachinsky, Froehner &
Milgram, 1999), and it has been speculated that the
complex serves a structural role but may also be in-
volved in the development of polarity in epithelial
cells.

In epithelial cells, the tight junctions (TJs) are
multiprotein structures in which transmembrane
proteins link adjacent cells together, thereby forming
the epithelial barrier. The TJ structure has been ex-
tensively studied over the last 20 years (Stevenson
et al., 1986; Gonzalez-Mariscal et al., 2003; Matter &
Balda, 2003). The structure is complex, as is its reg-
ulation, but protein kinase C (PKC) plays an im-
portant role by being able to phosphorylate several of
the TJ components (Balda et al., 1993; Clarke et al.,
2000; Gonzalez-Mariscal, Betanzos & Avila-Flores,
2000). The TJ is associated with the cytoskeleton and
a chain of reactions goes between the TJ and other
structures such as the adherence junction and the
nucleus. The TJ also participates in proliferation and
differentiation (Cereijido, Shoshani & Contreras,
2000). Accordingly, the TJ and the DGC multi-
protein complexes are both linked to the cytoskeleton
and are involved in cell signalling and epithelial dif-
ferentiation. To find out whether these two complexes
are associated, we have studied expression and loca-
lization of the DGC protein a-DB in two epithelial
cell lines, HT 29 and MDCK I. These cells are in
different developmental stages and exhibit distinct
permeability characteristics. In a recent study we
have demonstrated that protein kinase C activation in
not fully differentiated HT 29 cells improves the
barrier function (Sjo, Magnusson & Peterson, 2003).
By contrast, in MDCK I cells PKC activation causes
increased permeability and opening of the TJs. The
results of the present study show that a-DB is ex-
pressed as several isoforms in HT 29 and MDCK I
with a submembranous localization in control cells,
whereas in cell layers reorganizing after PKC acti-
vation, a-DB appeared as clusters in close vicinity to
TJ. The TJ- protein ZO-1 and actin were demon-
strated in immunoprecipitates of a-DB from MDCK
I and HT 29. These findings suggest that a-DB spe-
cifically is associated with the reorganizing TJ.

Materials and Methods

CELL CULTURE

The Madin Darby canine kidney cell line I (MDCK I) and the

human colon carcinoma cell line HT 29 were used primarily. For a

comparison, normal porcine LLC-PK1 cells of kidney origin and

another human carcinoma cell line, small intestine-like Caco-2

cells, were tested. Cells were grown in Dulbecco�s modified Eagle�s
medium (DMEM) supplemented with 10 % fetal bovine serum, 100

u/ml penicillin, 100 lg/ml streptomycin, and 4 mM L-glutamine (all
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from Invitrogen, Paisley, UK). To Caco-2 cell medium, standard

concentrations of non-essential amino acids were added. To pro-

mote an epithelial phenotype of HT 29 cells, a medium with 25 mM

galactose (Sigma, St Louis, MO) instead of glucose was used. Cells

were maintained in tissue culture flasks (NUNC, Roskilde, Den-

mark) at 37�C in a humidified 5 % CO2 atmosphere. For experi-

ments, cells were plated on collagen-treated cover slips (Biocoat,

Becton Dickinson, Franklin Lakes, NJ) or on tissue culture plates

(NUNC). The culture medium was exchanged every second day

and cells were used after 5 days for MDCK I and LLC-PK1, and

after 7 days for HT 29 and Caco-2. Caco-2 cells spontaneously

develop into small intestine-like cells in DMEM (Pinto et al., 1983;

Neutra & Louvard, 1989), and LLC-PK1 cells behave like MDCK

I when grown under standard conditions in DMEM (Hull, Cherry

& Weaver, 1976).

Protein kinase C (PKC) activation was achieved using 100 nM

phorbol 12-myristate 13-acetate (PMA; Sigma), diluted in culture

medium.

ANTIBODIES

Polyclonal rabbit anti-ZO-1 antibodies and monoclonal mouse

anti-occludin antibodies were purchased from ZYMED Labora-

tories Inc. (San Fransisco, CA), polyclonal goat anti-actin anti-

bodies from Santa Cruz Biotechnology (Leiden, The Netherlands),

and monoclonal mouse anti-phosphotyrosine antibodies (4G10)

from Upstate Biotechnology (Lake Placid, NY). Horse radish

peroxidase (HRP)-conjugated antibodies against rabbit IgG and

mouse IgG, respectively, were obtained from Dako AS (Glostrup,

Denmark), and Alexa 488-conjugated antibodies against rabbit

IgG and Alexa 594-conjugated antibodies against mouse IgG, from

Molecular Probes (Eugene, OR).

Polyclonal antibodies against human a-dystrobrevin (a-DB)
were generated in rabbits by using a synthetic peptide with a ter-

minal cysteine coupled to keyhole-limpet hemocyanin, according to

standard methods by Agrisera (Vannas, Sweden). The synthetic

peptide used was EHEQASQPTPEKAQQ, corresponding to ami-

no acids 439–453 of the C-terminal of human a-DB. The antibodies
were affinity-purified to obtain the total immunoglobulin fraction

before use in experiments (Kulyte et al., 2002).

IMMUNOFLUORESCENCE LABELLING OF CELLS AND
CONFOCAL LASER SCANNING MICROSCOPY

MDCK I and HT 29 cells grown on collagen-treated glass cover-

slips were treated with 100 nM PMA for 0, 2, or 18 h, respectively.

They were rinsed in Krebs-Ringer glucose buffer (KRG; in mM: 120

NaCl, 4.9 KCl, 1.2 MgSO4, 1.7 KH2PO4, 8.3 Na2HPO4, 10 glucose,

and 1.0 CaCl2) and fixed for 15 min in 2.5 % paraformaldehyde

(Sigma) at room temperature. After washing in phosphate-buffered

saline (PBS; in mM: 147 NaCl, 2.7 KCl, 1 .5 KH2PO4, and 6.7

Na2HPO4 ), the cells were permeabilized in 0.2 % Triton X-100

(Sigma) for 5 min at room temperature and washed in PBS. After

blocking with 1% bovine serum albumin (BSA; Roche, Mannheim,

Germany), 1 mM glycine (Amersham Pharmacia Biotech, Uppsala,

Sweden), and 10 % normal swine serum (Dako AS) in PBS, the

cells were incubated with antibodies against a-DB for 1 h at 37�C,
washed in PBS and incubated with antibodies against ZO-1 or

occludin for 1 h at 37�C. Thereafter the cover slips were washed in
PBS and incubated with Alexa-labelled anti-rabbit and anti-mouse

antibodies for 1 h at 37�C, washed in PBS and mounted upside
down on a 3-well microscope slide in ProLong mounting medium

(Molecular Probes, Eugene, OR).

Three-dimensional localization of a-DB, ZO-1, and occludin
was performed with confocal laser scanning microscopy (Sarastro

2000, Molecular Dynamics, Sunnyvale, CA). The 488 and the 514

nm wavelength of the argon ion laser were used for simultaneous

excitation of AlexaFluor 488 andAlexaFluor 594. A dichroic mirror

with the cut-off wavelength of 535 nm was used to separate exci-

tation light from emitted light. The green and red emitted light were

separated using a 565 nm dichroic mirror, and for specific detection

of the green signal, a 545DF30 nm band-pass filter was used and for

detection of the red signal, a 600 nm long-pass emission filter.

Vertical sections and horizontal sections at the apical part of the

cells were collected, using a 60 · oil immersion objective (NA 1.4).

IMMUNOPRECIPITATION AND IMMUNOBLOT ANALYSIS

Monolayers of MDCK I and HT 29, grown on tissue culture

plates, were exposed to 100 nM PMA for 0, 2, or 1 8 h. Immediately

after treatment, the plates were placed on ice and cells washed with

ice-cold PBS containing 1 mM sodium orthovanadate (Sigma). The

cell proteins were extracted using lysis buffer containing 1 % NP 40

(Roche), 0.15 M NaCl, 10 mM HEPES, 25 mM NaF, and 2 mM

EDTA. Immediately before use the lysis buffer was supplemented

with 0.01 % benzonase (Merck, Spanga, Sweden), 1 mM sodium

orthovanadate and a mixture of protease inhibitors (Complete;

Roche). After a 30-min extraction with vigorous shaking the lysate

was transferred to microtubes and insoluble cell particles pelleted

by centrifugation at 15,000 · g for 10 min. The supernatant was
collected as the NP-40 soluble fraction (NP-sol). The pellet was

further homogenized with a Kontes homogenizer (Vineland, NY)

and solubilized in lysis buffer containing 1 % sodium dodecyl sul-

fate (SDS; Amersham Pharmacia Biotech), and 1 mM sodium or-

thovanadate. After centrifugation the supernatant was collected as

the NP 40-insolubIe fraction (NP-ins). For electrophoresis, the

proteins were dissolved in sample buffer (1.25 M Tris-HCl pH 6.8, 2

% SDS, 0.1 M dithiothreitol, 10 % glycerol, and 0.01 % brom-

ophenol blue) and heated for 5 min at 95�C. For immunoprecipi-
tation, the NP-sol and NP-ins were precleared with protein-A

agarose beads and normal rabbit serum (0.25 lg/ml lysate), incu-
bated with antibodies for 1 h, and again with protein-A agarose

beads. Finally, beads were collected by centrifugation at 1000 · g

for 5 min and washed four times in lysis buffer. Extraction, cen-

trifugation and immunoprecipitation were carried out at 4�C. The
precipitates were then dissolved in sample buffer and heated for 5

min at 95�C.
SDS polyacrylamide gel electrophoresis was performed

according to the method of Laemmli (Laemmli, 1970) using either a

10 % or a 4–12 % gel (Invitrogen), and the fractionated proteins

were electroblotted (Towbin, Staehelin & Gordon, 1979) onto

PVDF-membranes (Millipore, Stockholm, Sweden). After blocking

with 3 % BSA in PBS with 0.05 % Tween 20 (PBS-T), membranes

were incubated with primary antibodies, washed in PBS-T and

incubated with HRP-conjugated secondary antibodies. The ECL

Western blot analysis system (Amersham Pharmacia Biotech) was

used to detect the antibodies. To perform a second immunodetec-

tion, antibodies were removed from the membranes with a strip-

ping buffer (62.5 mM Tris HC1, pH 6.8, 2 % SDS, and 0.7 %

mercaptoethanol) for 30 min at 50�C, followed by three washes
with large volumes of PBS-T.

Results

SUBCELLULAR DISTRIBUTION OF a-DYSTROBREVIN

ISOFORMS

Immunoblotting of NP 40-soluble fractions (NP-sol)
of MDCKI cells using a-dystrobrevin (a-DB) anti-
bodies revealed protein bands of immunoreactivity
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corresponding to molecular weights of 35 kDa, 42
kDa, 54 kDa, and 79 kDa, and additional faint bands
at 46kDa, 59 kDa, 67 kDa, and 115 kDa (Fig. 1 a).
The NP 40-insoluble fractions (NP-ins) showed pro-
tein bands at 42 kDa and 79 kDa, and faint bands at
115 kDa (Fig. 1b). In both fractions of HT 29 cells,
the antibody detected protein bands at 76 kDa and in
NP-sol a supplementary band at 54 kDa (Fig. 1 c,d).
In addition, faint protein bands were found in NP-
sol, corresponding to 42 kDa, 59 kDa, and 105 kDa,
and in NP-ins corresponding to 54 kDa, 67 kDa, and
105 kDa (Fig. 1 c,d). Treatment with PMA did not
change the subcellular distribution of a-dystrobrevin
in either cell line.

IMMUNOFLUORESCENCE LOCALIZATION OF

a-DYSTROBREVIN

Expression of a-DB in both MDCK I and HT 29 cells
was found using confocal microscopy. Vertical sec-
tions of untreated cells displayed a diffuse pattern,
localized to the basolateral and the apical submem-
branous areas of the cells (Fig. 2 a, d). In MDCK I
cells, PMA treatment caused concentration of a-DB
at lateral cell contacts (Fig. 2 b, c), while in HT 29
cells, the distribution of a-DB seemed to be unaf-
fected by PMA treatment (Fig. 2 e, f).

To more specifically determine whether there was
also localization of a-DB at or near the tight junc-
tions (TJs), untreated and PMA-treated cells were
double-labelled with antibodies against a-DB and
ZO-1. Untreated MDCK I cells displayed continuous
ZO-1 staining at the TJs and a diffuse and spotty
a-DB staining (Fig. 3 a). However, a 2 h treatment
with PMA resulted in discontinuous ZO-1 labelling,

where areas lacking ZO-1 labelling now showed a
distinct labelling of a-DB near TJ areas (Fig. 3 b). In
areas with ZO-1-labelled cell-cell contacts, a-DB and
ZO-1 partially co-localized (Fig. 3 b). After an 18 h-
treatment, the ZO-1-labelling at the TJs was strongly
ruptured, and the cells also showed a decreased a-DB
labelling (Fig, 3 c). Untreated HT 29 cells, known to
have poorly developed TJs, displayed a mostly dif-
fuse ZO-1 staining with few distinctly labelled cell-
cell contacts and a diffuse a-DB staining (Fig. 3 d).
PMA treatment for 2 h or 18 h of HT 29 cells in-
creased the ZO-1 labelling of TJs, although not to the
same extent as in untreated MDCK I cells. Cells with
partly ZO-1-labelled cell borders displayed a distinct
a-DB staining at the sites of cell-cell contacts adja-
cent to, and partially co-localized with, ZO-1 (Fig. 3
e, f).

The localization of a-DB was further examined,
using occludin instead of ZO-1 as a marker for the
TJ. The staining of occludin in MDCK I and HT 29
cells showed a similar pattern as the ZO-1 staining
(Fig. 4). Thus, occludin in untreated MDCK I cells
formed a honeycomb pattern at the apical part of the
cells, which pattern was fragmented by PMA treat-
ment. In HT 29 cells, PMA caused an increase in
occludin localization at the TJ. a-DB showed a dif-
fuse submembranous localization at the TJ area of
untreated MDCK I cells, and PMA treatment re-
sulted in accumulation of a-DB at the sites of frag-
mented occludin (Fig. 4 b). In PMA-treated HT 29
cells, a-DB was also concentrated to intercellular
contacts close to occludin strands (Fig. 4 e, f). In
both MDCK I and HT 29 cells, spots of co-locali-
zation between occludin and a-dystrobrevin were
detected.

Fig. 1. Immunoblots of MDCK I and HT 29 cells before and after

PMA treatment for 2 h or 18 h, respectively, showing a-DB iso-
forms in NP 40 soluble (NP-sol) and insoluble (NP-ins) fractions.

(a, b) In NP-sol of MDCK I cells four bands of immunoreactivity,

at 35 kDa, 42 kDa, 54 kDa, and 79 kDa, are detected and the NP-

ins show two bands at 42 kDa and 79 kDa. (c, d) In HT 29 cells,

both fractions show protein bands at 76 kDa and the NP-sol shows

a supplementary band at 54 kDa. Additional faint protein bands

were detected by the antibody, as depicted in the figure. PMA-

treatment did not change the band pattern in neither cell line.

C = control cells.
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CO-PRECIPITATION OF a-DYSTROBREVIN WITH ZO-1 AND

ACTIN

To investigate its association with TJ, a-DB immu-
noprecipitates were analyzed by immunoblotting
with antibodies against ZO-1. The presence of a-DB
and actin in the immunoprecipitates was also exam-
ined. Alpha-DB protein bands corresponding to
molecular weights of 79 kDa and 76 kDa were en-
riched from MDCK I and HT 29 cells, respectively
(Fig. 5 a, b). In addition, in HT 29 cells, a-DBs with
the molecular weights of 67 kDa and 105 kDa were
detected (Fig. 5 b). The intense protein bands at 54
kDa in all lanes probably represent both a-DB and
the heavy chains of the immunoglobulin used for
immunoprecipitation. ZO-1 co-precipitated with
a-DB in NP-ins of untreated MDCK I cells (Fig. 5 c).
Cells treated with PMA for 2 h had an increased
amount of ZO-1 in the a-DB precipitate compared to
untreated cells and cells treated for 18 h with PMA
(Fig. 5 c). Co-precipitation of ZO-l with a-DB was
also detected in the NP-ins of HT 29 cells, but PMA
treatment did not seem to change the amount of
precipitated ZO-1 (Fig. 5 d). In NP-sol of MDCK I
and HT 29, no protein bands of ZO-1 were detected.
Actin co-precipitated with a-DB in NP-sol and NP-
ins of both HT 29 and MDCK I (Fig. 5 e, f).

PHOSPHORYLATION STATE OF a-DYSTROBREVIN

ISOFORMS

Alpha-DB immunoprecipitates from MDCK I and
HT 29 were analyzed by immunoblotting with anti-

bodies to phosphotyrosine. In both fractions of
MDCK I and HT 29, protein bands were detected at
54 kDa and 67 kDa (Fig. 5 g, h) and in the NP-ins of
HT 29, additional weak bands were seen at 76 kDa,
representing tyrosine-phosphorylated a-DB 1 (Fig. 5
h). PMA treatment of MDCK I cells decreased the
tyrosine phosphorylation of a-DB in the NP-ins
(Fig. 5 g), but did not change the apparent amount of
tyrosine-phosphorylated a-DB in the NP-sol and in
the two fractions of HT 29 (Fig. 5 g, h).

COMPARISON WITH OTHER EPITHELIAL CELL LINES

TER measurements and immunofluorescence experi-
ments were repeated with two additional cell lines, i.e.
LLC-PK1 and Caco-2 (figures not shown). PKC
activation by PMA decreased TER in LLC-PK1 and
also in Caco-2, although more slowly. In LLC-PK1
cells, PKC activation for 2 h changed neither the ZO-
1 pattern nor the subcellular distribution of a-DB. On
the contrary, in Caco-2 cells, PKC activation for 2 h
caused fragmentation of the ZO-1 staining and clus-
tering of a-DB close to, and in some cells co-localized
with ZO-1.

Discussion

In this paper we have assessed the expression and
distribution of a-dystrobrevins (a-DBs) in the epi-
thelial cell lines MDCK I and HT 29, before and after
activation of protein kinase C (PKC). One major
difference between the two cell lines is their barrier

Fig. 2. Confocal vertical images displaying the distribution of

a-DB in MDCK I and HT 29 before and after PMA-treatment for

2 h or 1 8 h, respectively. Cells grown on glass cover slips were

exposed to PMA, fixed in paraformaldehyde and permeabilized in

Triton X-100. They were labelled with antibodies to a-DB, and
secondary antibodies conjugated with Alexa 488. The cover slips

were mounted in ProLong mounting medium and viewed in a

confocal laser scanning microscope. Apical parts are facing

downwards. (a, d) Vertical sections show basolateral and apical

submembranous staining of a-DB in control cells of MDCK I and

HT 29. (b, c) In MDCK I cells treated with PMA for 2 h, a-DB is
concentrated at the lateral contacts between cells while 18-h treated

MDCK I cells show decreased labelling of a-DB. (e, f) PMA-
treatment of HT 29 cells did not seem to change the distribution of

a-DB. Box = 10 · 10 lm.
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characteristics; MDCK I cell monolayers form a very
tight barrier (measured as high TER and low per-
meability to molecules), while HT 29 cell monolayers
form a leaky barrier (low TER and high permeabil-
ity). This suggests that the cells, being of kidney and
intestinal origin, have different functions and are at
different developmental stages. Accordingly, we have
recently reported that PKC activation with the
phorbolester PMA elicits distinct responses in the two
cell lines, viz. disassembly or assembly of tight junc-
tions (TJ), respectively (Sjo et al., 2003). The a-DBs
are expressed as several isoforms by alternative
splicing (Blake et al., 1996; Sadoulet-Puccio et al.,
1996). They have been grouped into three classes
(a-DB 1, a-DB 2, and a-DB 3), each consisting of
multiple splice variants (Enigk & Maimone, 1999). In
mouse skeletal muscle, the molecular weights of the
isoform classes are 94 kDa, 62 kDa, and 42 kDa
(Nawrotzki et al., 1998). In the present study, the
molecular masses of a-DBs found in MDCK I cells
and HT 29 cells were 79/76 kDa and 54 kDa (Fig. 1),

probably corresponding to splice variants of a-DB 1
and a-DB 2, respectively. The discrepancies in the
molecular sizes of a-DBs could also reflect varying
degrees of phosphorylation since some variants of
a-DB have multiple phosphorylation sites. The 79/76
kDa protein was represented in both the NP40-sol-
uble and -insoluble fractions, while the 54 kDa pro-
tein was concentrated to the NP40-soluble fractions.
This indicates that the 79/76 kDa isoform of a-DB
has a stronger association with detergent-insoluble
protein complexes, such as the TJ. Additional iso-
forms, with molecular masses of 35 kDa and 42 kDa,
were detected by the antibody and might represent
splice variants of a-DB 3. The faint bands probably
represent additional splice variants or possibly mod-
ified proteins or degraded products of a-DB isoforms.
PKC activation by PMA did not change the immu-
noblot band patterns or the detergent solubility of the
a-DBs.

DB was originally discovered as a member of the
dystrophin-associated complex in skeletal muscle

Fig. 3. Confocal horizontal images showing the distribution of

a-DB and ZO-1 in MDCK I and HT 29 before and after PMA-

treatment for 2 h and 18 h, respectively. Cells grown on glass cover

slips were exposed to PMA, fixed in paraformaldehyde and per-

meabilized in Triton X-100. They were labelled with antibodies to

a-DB and ZO-1, respectively, and secondary antibodies conjugated
with Alexa 488 (green) for a-DB and Alexa 594 (red) for ZO-1. The
cover slips were mounted in ProLong mounting medium and

viewed in a confocal laser scanning microscope. (a) MDCK I

control cells with continuous staining of ZO-1 display diffuse a-DB

staining. (b) PMA-treated MDCK I cells display discontinuous

staining of ZO-1 at the tight junctions and an accumulated a-DB
staining close to broken tight junction areas. (c) 18-h PMA treat-

ment results in decreased labelling of both ZO-1 and a-DB in

MDCK I cells. (d) HT 29 control cells have poorly developed tight

junctions with few areas of ZO-1 staining and a diffuse a-DB
staining. (e, f) In PMA-treated HT 29 cells, there is increased

staining of ZO-1 and a condensed a-DB staining at some cell-cell
contacts. Bar = 10 lm.
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cells (Blake et al., 2002). Later, DB-containing com-
plexes have been discovered in epithelial cells where
they were found to localize to the basal or basolateral
region (Kachinsky et al., 1999; Loh et al., 2000). In
the former studies, the DB isoform was proposed to
belong to the b-DB family. In the present investiga-
tion, using a-DB antibodies (Kulyte et al., 2002), we
demonstrate both basolateral and apical submem-
branous localization of a-DB in epithelial cells
(Fig. 2). First, these results suggest that a-DB-con-
taining complexes exist at the basolateral membrane
area, possibly mediating contact with the extracellu-
lar matrix and adjacent cells via transmembrane
proteins and the filamentous actin cytoskeleton
(Koenig & Kunkel, 1990; Yoshida & Ozawa, 1990).
Earlier, it has also been demonstrated that the DGC-
protein dystroglycan binds to laminin, a component
of the basement membrane that plays an important
role in the differentiation of epithelia (Durbeej et al.,
1995; Ekblom et al., 1998; Klein et al., 1988).
Accordingly, in our study we detected co-precipita-
tion of a-DB and actin (Fig. 5 e, f). Secondly, our

results propose that a-DB-containing complexes exist
at the apical membranes of the epithelial cells. These
complexes might serve as signalling and/or stabilizing
components in the membrane, e.g., scaffolds for
receptors and ion channels, but their specific role
remains to be elucidated.

Expression of a-DB isoforms has been described
predominantly in muscle cells (Nawrotzki et al., 1998;
Peters et al., 1998), while it is sparsely investigated in
epithelia. However, a-DB 1 has been found in the
renal cortex of mouse kidney where it forms a com-
plex with the dystrophin homologue utrophin (Loh et
al., 2000). In addition, the two a-DB isoforms, 65 and
87 kDa, were detected in ciliary epithelial cells (Ueda
et al., 2000). Interestingly, Kachinsky et al. report
that syntrophin preparations from MDCK II cells
contained only one DB isoform, the 65 kDa protein,
and this isoform was believed to be b-DB (Kachinsky
et al., 1999). Thus, the a-DB isoforms detected in
MDCK I in our study were not found in the syn-
trophin preparation by Kachinsky. Taken together,
these results suggest that a-DBs in epithelia exist in

Fig. 4. Confocal horizontal images displaying distribution of a-DB
and occludin in MDCK I and HT 29 before and after PMA

treatment for 2 h and 18 h, respectively. Cells grown on glass cover

slips were exposed to PMA, fixed in paraformaldehyde and per-

meabilized in Triton X-100. They were labelled with antibodies to

a-DB and occludin, respectively, and secondary antibodies conju-
gated with Alexa 488 (green) for a-DB and Alexa 594 (red) for ZO-
1. The cover slips were mounted in ProLong mounting medium and

viewed in a confocal laser scanning microscope. (a) MDCK I

control cells show continuous staining of occludin and a diffuse

a-DB staining. (b) PMA-treated MDCK I cells display a scattered

staining of occludin at the tight junctions and an accumulated

a-DB staining close to broken tight junction areas. (c) 18-h PMA
treatment results in decreased labelling of both occludin and a-DB
in MDCK I cells. (d) HT 29 control cells have poorly developed

tight junctions with few areas of occludin staining and a diffuse a-
DB staining. (e, f) PMA-treated HT 29 cells show increased

staining of occludin and a condensed a-DB staining at apical cell-
cell contacts. Bar = 10 lm.
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multiple distinct DGC-like complexes, possibly
binding to specific dystrophin- and syntrophin-like
proteins, not yet identified.

By labelling the MDCK I cells with antibodies to
a-DB and the TJ-associated proteins ZO-1 and oc-
cludin, respectively, we found continuously labelled
bands at the TJs and a diffuse submembranous
localization of a-DB, usually not co-localized with
ZO-1 or occludin (Fig. 3a and 4a). However, disas-
sembly of TJs in MDCK I cells, as revealed by a
scattered staining of ZO-1 and occludin, caused a
concentration of a-DB at the membrane that partially
co-localized with ZO-1 and occludin (Fig. 2b, 3b and
4b). On the contrary, in HT 29 cells, it was HTJ
assembly that was accompanied with increased
localization of a-DB to apical cell-cell contacts
(Fig. 3e, f and 4e, f). Accordingly, the condensation
of a-DB at cell-cell contacts and its co-localization
with ZO-1 and occludin correlate with reorganizing
TJs. To further examine the association of a-dys-

trobrevin with TJ, we repeated the immunofluores-
cence experiment with two additional cell lines, i.e.,
LLC-PK1, originating from pig kidney, and Caco 2,
a commonly used human colon cancer cell line. In
LLC-PK1 cells, PKC activation for 2 h did neither
change the ZO-1 pattern nor the subcellular distri-
bution of a-DB. On the contrary, in Caco-2 cells,
PKC activation for 2 h caused fragmentation of the
ZO-1 staining and clustering of a-DB close to, and in
some cells co-localized with ZO-1. We conclude that
our results with LLC-PK1 and Caco 2 support our
proposition that a-DB accumulates at or near reor-
ganizing TJ.

The presence of tyrosine-phosphorylated a-DBs
in either cell line (Fig. 5g, h), and the PKC-induced
change in tyrosine phosphorylation in MDCK I cells,
suggest that a-DB has a signalling as well as a
structural role in epithelial cells. Its putative role in
the PKC-induced regulation of the epithelial barrier
needs to be further investigated. It has recently been

Fig. 5. Immunoblots showing co-precipitation of ZO-1 and actin

with a-DB, and tyrosine phosphorylation of a-DB isoforms. For
immunoprecipitation, cells were grown in tissue culture plates and

treated with PMA for 2 h or 18 h, respectively. a-DB was immu-
noprecipitated from NP-40 detergent soluble (NP-sol) and insolu-

ble (NP-ins) fractions and a-DB, ZO-1, actin and phosphotyrosine
were detected by electrophoresis and immunoblotting. (a, b) Two

isoforms of a-DB, with the molecular weights 59 kDa and 67 kDa
are enriched in both fractions of MDCKI and HT 29. The intense

protein bands at 54 kDa probably represent both a-DB and the

heavy chains of IgG. Supplementary bands corresponding to

molecular weights of 76 kDa and 105 kDa are detected in the NP-

ins of HT 29. The NP-ins of MDCK I cells show faint bands at 79

kDa. (c, d) ZO-1 co-precipitates with a-DB in NP-ins of MDCK I

and to a lesser degree in the NP-ins of HT 29. (e, f) Co-precipita-

tion of actin with a-DB. (g, h) In HT 29, weak bands of phosp-
hotyrosine proteins were detected at 76 kDa in the NP-ins, and

strong bands at 54 kDa and 67 kDa in both fractions. Phosp-

hotyrosine bands were also detected at 54, 67, and 79 kDa in all

lanes of MDCK 1. C = control cells; M = molecular mass stan-

dard; a-DB = a-dystrobrevin; ptyr = tyrosine-phosphorylated

proteins; * marks the rabbit IgG heavy chain.
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reported that PKC-induced modulation of cell-cell
adhesion involves activation also of the epidermal
growth factor receptor (Barbosa et al., 2003). The
latter has actually been found in the sarcoglycans of
the DGC (McNally et al., 1996), suggesting that they
participate in growth regulation and signalling pro-
cesses.

In muscle cells, a-DBs 1 and 2 bind to syntro-
phins, which have been shown to be associated with a
variety of signalling molecules via their PDZ domain,
forming homo- or heterodimers (Brenman et al.,
1996; Gee et al., 1998; Schultz et al., 1998; Hasegawa
et al., 1999). In epithelial cells, the only binding
molecule that has been identified for syntrophin is
b-DB (Kachinsky et al., 1999), but possibly a-DB
associates with isoforms of syntrophin or syntrophin-
like proteins not yet identified, thereby recruiting
signalling molecules via their PDZ domain. At the TJ
of epithelial cells, numerous PDZ-containing proteins
have been found (Gonzalez-Mariscal et al., 2003).
ZO-1 is such a PDZ-protein, making it a possible
candidate for association with syntrophin. In our
study, co-precipitation of a-DB and ZO-1 was seen in
the NP 40-insoluble fractions of MDCK I and HT
29, indicating that these proteins co-exist in multi-
protein complexes (Fig. 5 c, d). Taken together, our
findings suggest that a-DB is associated with reor-
ganizing TJ via ZO-1 and occludin. Whether the a-
DB isoforms also associate with other TJ proteins
during different stages of epithelial formation and
maintenance remains to be elucidated.
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