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Abstract We have previously shown that protein kinase
C (PKC) activation has distinct effects on the structure and
barrier properties of cultured epithelial cells (HT29 and
MDCK I). Since the claudin family of tight junction
(TJ)-associated proteins is considered to be crucial for the
function of mature TJ, we assessed their expression pat-
terns and cellular destination, detergent solubility and
phosphorylation upon PKC stimulation for 2 or 18 h with
phorbol myristate acetate (PMA). In HT29 cells, claudins
1, 3, 4 and 5 and possibly claudin 2 were redistributed to
apical cell-cell contacts after PKC activation and the
amounts of claudins 1, 3 and 5, but not of claudin 2, were
increased in cell lysates. By contrast, in MDCK 1T cells,
PMA treatment resulted in redistribution of claudins 1, 3, 4
and 5 from the TJ and in reorganization of the proteins into
more insoluble complexes. Claudins 1 and 4 were phos-
phorylated in both MDCK I and HT29 cells, but PKC-
induced changes in claudin phosphorylation state were
detected only in MDCK I cells. A major difference
between HT29 and MDCK 1 cells, which have low and
high basal transepithelial electrical resistance, respectively,
was the absence of claudin 2 in the latter. Our findings
show that PKC activation targets in characteristic ways the
expression patterns, destination, detergent solubility and
phosphorylation state of claudins in epithelial cells with
different capacities to form an epithelial barrier.
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Introduction

Tight junctions (TJs) form a continuous cellular seal
between the apical and basolateral compartments of epi-
thelial cells. They create a selective barrier to the diffusion
of solutes across the cell layer and prevent the intermixing
of proteins and lipids between the two domains, thereby
helping to maintain cell polarization (Gumbiner 1987;
Schneeberger and Lynch 1992; Anderson and Van Itallie
1995; Balda and Matter 1998; Tsukita et al. 2001). They
comprise a complex of many proteins, including trans-
membrane proteins like occludin (Furuse et al. 1993;
Ando-Akatsuka et al. 1996), JAM (Martin-Padura et al.
1998), claudins (Furuse et al. 1998) and tricellulin (Ike-
nouchi et al. 2005). These transmembrane proteins interact
with a cytoplasmic plaque of adaptors, e.g., the ZO proteins
(Stevenson et al. 1986), providing a link to the cytoskele-
ton. In total, around 40 proteins of the TJ fulfill roles in
scaffolding, cytoskeletal attachment, cell polarity, signal-
ing and vesicle trafficking (Gonzalez-Mariscal et al. 2003;
Chiba et al. 2008; Guillemot et al. 2008). The paracellular
fence is regulated by a wide range of physiological stimuli
and cell signals, including protein kinase C (PKC) activa-
tion (Tsukamoto and Nigam 1999; Andreeva et al. 2001;
Matter and Balda 2003; Sjo et al. 2003, 2005).

The epithelial barriers vary widely among different tis-
sues and even among epithelial cells in the same tissue.
Functionally, they behave as though equipped with pores
with distinct charges and size selectivities (Powell 1981;
Reuss et al. 1981; Sundqvist and Magnusson 1985; Van
Itallie et al. 2003, 2008; Van Itallie and Anderson 2004),
which are critically dependent on the presence of different
claudins (Furuse et al. 1998; Morita et al. 1999; Tsukita
et al. 2001; Van Itallie and Anderson 2006). The claudin
family has at least 24 members with variable expression
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patterns in different cell types and tissues. Some, like
claudin-1, are ubiquitously expressed, whereas others are
restricted to specific cell types or periods of development
(Simon et al. 1999; Turksen and Troy 2001, 2004; Tam-
agawa et al. 2003). In rat intestinal epithelium, claudins
1-5 display a specific distribution; claudin 2 is detected
only in the crypts of the small and large intestine, and
claudin 4 is restricted to the villi (Rahner et al. 2001). A
complex segment-specific pattern of claudin 2 expression
in human intestinal epithelial cells indicates a potential
correlation with intestinal differentiation (Escaffit et al.
2005), where claudin 2 was found only in undifferentiated
cells. The variation in TJ paracellular permeability of dif-
ferent epithelia might thus be explained by distinct com-
binations of claudin isoforms. There may furthermore be
“housekeeping” and “specialized” claudins expressed
widely and at high levels or exclusively and at low levels,
respectively (Van Itallie and Anderson 2006). The paired
claudin strands display a dynamic behavior with retained
overall structural integrity, but they could, perhaps during
reorganization of the strands, allow some solutes to pass
across the TJ (Sasaki et al. 2003; Krause et al. 2008).

Detergent insolubility of proteins is considered to indi-
cate their integration into macromolecular complexes such
as intercellular junctions (Sakakibara et al. 1997; Fujibe
et al. 2004) or lipid rafts (Nusrat et al. 2000). The latter
have been suggested to have a close relationship to the TJ.
Consequently, TJ proteins could be expected to be found in
the detergent-insoluble fraction.

Based on this proposal, we investigated effects of phor-
bol 12-myristate 13-acetate (PMA)-induced PKC activation
on expression, destination, detergent solubility and phos-
phorylation of individual claudins in cultured epithelial
cells with different barrier properties of their TJ, i.e.,
MDCK I and HT29 cells. These have distinct basal per-
meability characteristics and different origins, i.e., kidney
and gut epithelium, respectively. MDCK I cells form a very
tight monolayer with high transepithelial electric resistance
(TER) and low permeability to uncharged molecules, while
HT29 cells present a leaky barrier with low TER and high
permeability. First, in HT29 cells, PKC activation resulted
in a redistribution of claudins 1, 3, 4 and 5 and possibly
claudin 2 to apical cell-cell contacts and an increase in the
amount of claudins 1, 3 and 5, but not of claudin 2, in cell
lysates. By contrast, in MDCK T cells, PKC activation
yielded a decrease of claudins 1, 3, 4 and 5 from the TJ and
a shift for these claudins from a detergent-soluble to a
detergent-resistant fraction. Second, comparing leaky HT29
and tight MDCK T cells, there was a complete absence of
claudin 2 in the latter, corroborating findings by other
investigators (Furuse et al. 2001; Amasheh et al. 2002).
Third, phosphorylated claudins were demonstrated in
MDCK I 'and HT29 cells, but only in MDCK I cells did PKC
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activation induce detectable changes in the claudin phos-
phorylation state. This suggests that PKC targets in distinct
ways both the expression patterns and destination of clau-
dins in epithelial cells with different capacities to form a
tight epithelial barrier.

Materials and Methods
Cell Culture

As epithelial cell models, the Madin-Darby canine kidney I
cell line (MDCK 1) and the human colon carcinoma cell
line HT29 (Fogh and Trempe 1975) were used. Cells were
grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin and 4 mM L-glutamine
(all from Invitrogen, Stockholm, Sweden). To promote a
small intestinal, epithelial phenotype of HT29 cells, a
medium with 25 mM galactose (Sigma, St. Louis, MO)
instead of glucose was used (Pinto et al. 1982; Zweibaum
et al. 1985; Neutra and Louvard 1989). Cells were main-
tained in tissue culture flasks (Falcon VWR, Stockholm,
Sweden) at 37°C in a humidified 5% CO, atmosphere. For
experiments, cells were plated on collagen-coated cover-
slips (Biocoat; Becton—Dickinson, Franklin Lakes, NJ) or
on six-well tissue culture plates (Falcon). The culture
medium was exchanged every second day, and cells were
used after 5-7 days for MDCK I and after 7-10 days for
HT?29. PKC activation was achieved by incubation with
100 nM PMA (Sigma), diluted in culture medium.

Immunofluorescence

Cells were grown on collagen-coated glass coverslips and
stimulated with 100 nM PMA for 0, 2 or 18 h; rinsed in
Krebs-Ringers glucose buffer (KRG; in mM: 120 NaCl, 4.9
KCl, 1.2 MgSQy,, 1.7 KH,PO,, 8.3 Na,HPO,, 10 glucose and
1.0 CaCl,); 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
KH,PO, and 6.7 Na,HPO,), cells were permeabilized in
0.2% Triton X-100 (Sigma) for 5 min at room temperature
and washed in PBS. After blocking nonspecific antibody
binding with 1% bovine serum albumin (BSA; Roche,
Mannheim, Germany), 1 mM glycine (GE Healthcare Bio-
Sciences, Uppsala, Sweden) and 10% normal swine serum
(Dako, Glostrup, Denmark) in PBS, cells were incubated for
1 h at 37°C with monoclonal mouse antibodies against
claudin 2, polyclonal rabbit antibodies against claudin 3 and
monoclonal mouse antibodies against claudins 1, 4 and 5,
conjugated with AlexaFluor 488 (all from Invitrogen/Zymed
Laboratories, San Fransisco, CA). Thereafter, they were
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washed in PBS and unconjugated antibodies reacted with
AlexaFluor 488-labeled anti-mouse or anti-rabbit antibodies
for 1 h at 37°C. Cells were washed in PBS and mounted
upside down on a three-well microscope slide in ProLong
mounting medium to prevent photobleaching (Invitrogen/
Molecular Probes, Eugene, OR). The three-dimensional
localization of claudins was assessed with confocal laser
scanning microscopy (Radiance 2100 MP; Bio-Rad Zeiss,
Jena, Germany). The 488 nm wavelength of the argon laser
was used for excitation of AlexaFluor 488. The primary
dichroic mirror with a cut-off wavelength of 535 nm was
used to separate excitation light from emitted light. For
specific detection of the green signal, a 545DF30 nm band-
pass filter was used. Vertical sections and series of horizontal
sections were collected, using a 60x oil immersion objec-
tive (NA 1.4). With horizontal scanning, we displayed one
section, representing the most apical part of the cell layer.
Representative images from multiple experiments (three or
more) are shown in the figures.

Detergent Extraction of Cell Monolayers

Cell monolayers were grown on tissue culture plates and first
exposed to 100 nM PMA for 0, 2 or 18 h and then subjected
to detergent extraction with non-ionic NP40 according to
Sakakibara and coworkers (1997). Immediately after the
PMA treatment, cells were placed on ice, washed with KRG
supplemented with 1 mM Na;VO, and lysed in 500 pl NP40
buffer (1% NP40, 0.15 M NaCl, 25 mM HEPES [pH 7.4],
25 mM NaF and 4 mM EDTA). The lysis buffer contained
0.01% benzonase (Merck, Spanga, Sweden), | mM Na3;VO,
and a mixture of protease inhibitors (Complete; Roche
Diagnostics, Stockholm, Sweden). Cells were scraped into
microcentrifuge tubes and turned for 30 min. After centri-
fugation at 15,000x g for 10 min, the supernatant was col-
lected as the NP40-soluble fraction (NPsol). The pellet was
resuspended in 100 pl of sodium dodecyl sulfate (SDS) lysis
buffer (1% SDS, 25 mM HEPES [pH 7.5], 4 mM EDTA,
25 mM NaF) and homogenized with a Kontes (Vineland,
NY) homogenizer. The homogenate was combined with
900 pl of NP40 buffer to further wash the homogenizer and
the lysate was passed 10 times through a 27G needle, rotated
again for 30 min and centrifuged. The supernatant was col-
lected as the NP40-insoluble fraction (NPins). To determine
the total amount of claudins, cells were lysed in NP40 buffer
with 0.2% SDS, homogenized, passed through a needle,
rotated and centrifuged and the supernatants were collected.
All procedures were carried out at 4°C.

Immunoprecipitation

For immunoprecipitation, the NPsol and the NPins were
precleared with protein-G/A agarose beads (Calbiochem

EMD Chemicals Merck, Darmstadt, Germany) and incu-
bated with polyclonal antibodies against claudin 1 or
monoclonal antibodies against claudin 1 and 4, respec-
tively, for 1 h and again with agarose beads. The beads were
collected by centrifugation at 1,000xg for 5 min and
washed four times in lysis buffer supplemented with 0.01%
benzonase, | mM NazVO, and protease inhibitors. Immu-
noprecipitation was carried out at 4°C. Precipitates were
then subjected to electrophoresis and immunoblotting.

Immunoblotting Analyses

For electrophoresis, equal amounts of total protein within
each fraction were loaded onto the gel. The total protein
concentration was approximately fourfold higher in NPsol
than in NPins. Proteins were dissolved in NuPAGE®LDS
sample buffer (Invitrogen) and heated for 10 min at 70°C.
SDS polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli 1970) was performed using a 4-12% gel
(Invitrogen), and the fractionated proteins were electro-
blotted (Towbin et al. 1979) onto PVDF membranes
(Millipore, Stockholm, Sweden). After blocking with 3%
BSA in PBS with 0.1% Tween 20 (PBS-T), membranes
were incubated with polyclonal antibodies against claudins
1 and 3 (Invitrogen/Zymed) and phosphothreonine (Cell
Signaling Technology, Danvers, MA) or with monoclonal
antibodies against claudins 1, 2, 4 and 5 (Invitrogen/
Zymed) and phosphotyrosine (Cell Signaling), respec-
tively, washed in PBS-T and further incubated with
HRP-conjugated secondary antibodies (Dako). The ECL
Western blot analysis system (GE Healthcare) was used to
detect the antibodies. The density ratio of the specific
bands was quantified using ImageJ (National Institutes of
Health, Bethesda, MD). Representative blots from multiple
experiments (three or more) are shown in the figures. Blots
were digitally contrasted with preserved relative intensity
of specific claudin bands.

Results
Initial Localization of Claudins
MDCK I Cells

Cells formed a confluent layer with a regular hexagonal
cell shape. Conventional immunofluorescence and confocal
microscopic horizontal sections showed distinct staining
patterns for claudins 1, 3, 4 and 5 at the apical part of the
cell—cell contact (Fig. la, x-y sections) and vertical sec-
tions displayed additional expression at basolateral cell-
cell contacts (Fig. la, z sections). Claudin 4 was more
apparent at the apical parts (Fig. la, z section). Claudin 3
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Fig. 1 In MDCK I and HT29 A MDCK | B HT 29
control cells, claudins were
apically and laterally localized. control PMA 2 h PMA 18 h control PMA2h  PMA18h
a In MDCK I cells, PKC claudin 1 claudin 1
activation by PMA treatment
resulted in redistribution of x-y-section x-y-section
claudins 1, 3, 4, 5 and possibly 2 )
from the TJ. b In HT29 cells, ssecton TGN DR S zsecton INNNEEN TSR R
PKC activation increased the ; .
claudin 3 claudin 2
localization of claudins 1, 3, 4 u
and 5 at the TJ. Cells were x-y-section x-y-section
treated with PMA for 2 and 18 h
and subjected to cecctor HNDNG  PRETTOED RN z-section NN IEENEN RSN
immunostaining with ) claudin 3
anticlaudin antibodies. Apical claudin 4
localization of claudins was x-y-section x-y-section
assessed with confocal laser
scanning microscopy, zsection IENNEN RN SR zsection (NN NN NN
represented by the most apical -
part of the cell layer. For lateral claudin 5 claudin 4 W
localization, z-section confocal icain ) 3
images were collected; the Y Hysecion o
apical part of cells is facing ; i
upward. Scale bar = 10 pm z-section IITTPERE TS NN -GN ISR NS
claudin 5
x-y-section £EYT
zsection INNNESE IEEEEEN MEENERR

expression was less distinct than that of claudins 1, 4 and 5.
Claudin 2 could not be detected at all in the cells.

HT29 Cells

A confluent layer of irregular cells was formed. Diffuse
staining of claudins 1, 2, 3, 4 and 5 was seen at apical and
lateral cell-cell contacts but also at the apical and baso-
lateral membranes (Fig. 1b). Claudins 4 and 5 also showed
more distinct staining in certain cells.

Effect of PMA-Induced PKC Activation
on the Distribution of Claudins

MDCK I Cells

A 2-h PMA stimulation resulted in weaker staining of
claudin 1 at apical cell-cell contacts (Fig. l1a). After 18 h
with PMA the claudin 1 staining at the apical cell borders
was diffuse and partially fragmented. Claudin 3 was
weaker and scattered after 2 h with PMA, and after 18 h
the staining became totally fragmented. Claudin 4 staining
was enhanced at the apical cell borders after 2 h with
PMA, but after 18 h it became fragmented. Claudin 5
expression showed uneven staining after 2 h with PMA;
some areas with enhanced staining became fragmented
after 18 h. Claudin 2 remained undetectable in the cells
after both 2-h and 18-h PMA incubation.
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HT29 Cells

By PMA treatment for 2 or 18 h, light microscopy showed
that the morphology changed from an irregular to a hex-
agonal shape, which confirms previous findings (Sjo et al.
2003). Confocal imaging showed increased and more dis-
tinct apical staining of claudins 1, 3, 4 and 5 after 2 and
18 h with PMA. However, for claudin 2, only some cells
displayed clearly increased fragmented staining at apical
cell—cell contacts after 2 and 18 h (Fig. 1b).

Expression and Detergent Solubility of Claudins

Western blot was used to examine the expression of clau-
dins in MDCK I and HT29 cells during PKC-induced TJ
reorganization and the distribution of claudins between the
NPsol and NPins fractions. The relative intensity of the
protein bands was measured.

Claudins 1, 3, 4 and 5 were expressed in both cell lines,
whereas claudin 2 was seen only in HT29 cells (Fig. 2),
which is consistent with the confocal images. The apparent
molecular mass of all claudins was approximately 18 kDa.
Claudin 4 expressed in HT29 cells showed a lower
molecular mass (16 kDa) compared to claudin 4 in MDCK
I cells (18 kDa). The claudins were recovered from both
fractions of MDCK I and HT29 cells.

Both 2- and 18-h PMA treatments of confluent MDCK I
cells reduced the amount of claudins 1, 3, 4 and 5 in NPsol,
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A MDCK | B HT 29
NPsol NPins  Tot . NPsol NPins  Tot
Time(h) ¢ 218 c 218 c 218 Time(h) ¢ 218 ¢c 218 ¢ 218
claudin 1 e ccume Sana claudin 1 e s s e -
Mean (% of control) 100 88 55 100 128 120 100 101 96 Mean (% of control) 100 91 87 100 95 111 100 94 98
SEM 0 311 02018 0 4 2 SEM 0 108 01314 0 8 5
claudin 2 claudin 2 -— o
Mean (% of control) 100 95 90 10093 98 100 101 96
SEM 0 311 0218 0 1 1
claudin 3 == SE— - claudin 3 EEERER SRR -
Mean (% of control) 100 86 75 100 136 122 100 94 82 Mean (% of control) 100 101 98 100 109 124 1000 97 104
SEM 0 1019 020 11 0 11 27 SEM 0 513 07 7 0 6 7

claudin 4 wees s =SS -

claudin 4 '=—Esasssasas S

Mean (% of control) 100 95 83 100 140 152 100 98 96 Mean (% of control) 100 99 107 100 101 108 100 98 102
SEM 0 612 0293 0 4 5 SEM 0 4 100 1 2 0 4 2
claudin5 == - - claudin 5 == === S ————
Mean (% of control) 100 98 82 100 144 146 100 102 99 Mean (% of control) 100 111 135 100 109 143 100 93 107
S| 0 515 0 46 25 0 15 9 SEM 0 W0 7 0 6 9 0 8 6

Fig. 2 PMA-induced PKC activation induced a shift of 18-kDa
claudins from the NPsol to the NPins fraction in MDCK I cells, and it
increased the amount of claudin 5 in both fractions of HT29 cells and
of claudins 1 and 3 in NPins. In MDCK I cells, the total expression
(Tot) of claudins 1, 4 and 5 was unchanged, whereas a slight decrease
in claudin 3 expression was noted. In HT29 cells, PMA did not
change the total expression of claudins 1, 2, 3 and 4 but claudin 5

with a parallel increase of claudins 4 and 5 in NPins.
Claudin 1 and 3 proteins in NPins increased after 2 h PMA,
followed by a decrease after 18 h PMA (Fig. 2a). PMA
stimulation of HT29 cells resulted in increased levels of
claudin 5 in both NPsol and NPins and of claudins 1 and 3
in the insoluble fractions after 18-h, but not 2-h, incubation
(Fig. 2b). The expression of claudin 2 was not changed in
either fraction. In nonfractionated cell lysates of MDCK 1,
the expression of claudins 1, 4 and 5 was unchanged after
either 2- or 18-h PMA incubation, whereas for claudin 3 a
possible decrease was noted after 18 h. In HT29 cells, no
detectable changes were found in the total expression of
claudins 1, 2, 3 and 4 after 18 h with PMA (Fig. 2a, b) but
claudin 5 showed a possible increase after 18 h.

In lysates from MDCK I and HT29 cells, several
immunoreactive bands of higher molecular weight were
detected, especially for claudin 1 with both monoclonal
and polyclonal antibodies and for claudin 4 with mono-
clonal antibodies (not shown). Thus, in MDCK 1, claudin 1
antibodies recognized proteins at 56 kDa in NPsol and at
45 and 150 kDa in NPins; with claudin 4 antibodies, pro-
tein bands at 56 kDa were detected in NPsol. In HT29
cells, claudin 1 antibodies reacted with a 47-kDa protein in
NPsol and a 150-kDa protein in NPins and claudin 4
antibodies reacted with a 56-kDa protein in NPsol and a
150-kDa protein in NPins. PMA incubation increased the

showed a possible increase after 18 h. Cells were stimulated with
PMA for 2 and 18 h. NPsol, NPins and nonfractionated lysates (Tot)
were separated by SDS-PAGE and immunoblotted with the appro-
priate antibodies. The approximate estimated molecular mass of the
claudins was 16—18 kDa. Mean values and standard error of the mean
(SEM) are shown, n > 3. ¢ = control cells

relative expression of the 150-kDa protein recognized by
claudin 1 antibodies in NPins of MDCK I (not shown).

Phosphorylation State of Claudins

Claudin 1 and claudin 4 immunoprecipitates of cell frac-
tions were analyzed by immunoblotting with antibodies to
phosphothreonine and phosphotyrosine and the corre-
sponding claudins. The amount of precipitated claudins of
18-20 kDa from each fraction was changed by PMA
treatment in the same manner as for nonprecipitated
claudins.

MDCK 1

In control cells, threonine- and tyrosine-phosphorylated
claudin 1 of 18-20 kDa was detected in NPins but only
tyrosine-phosphorylated claudin 1 in NPsol (Fig. 3a). In
NPins, both threonine and tyrosine phosphorylations were
reduced by 2-h incubation with PMA but recovered after
18 h with PMA. In NPsol, the amount of tyrosine-phos-
phorylated claudin 1 was decreased after 18-h incubation in
parallel with a decrease in the amount of the claudin
protein.

Claudin 4 displayed phosphorylation on threonine and
tyrosine in both fractions (Fig. 3c). PMA reduced the
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A MDCK | C MDCK |
NPsol NPins NPsol NPins

Time(h) c 218 ¢ 2 18 Time(h) ¢ 2 18 ¢ 218
IP: claudin 1 CrwEmw= IP: claudin 4 ——w T
WB: p-thre mrm— WB: p-thre
IP: claudin 1 S—— IP: claudin 4 o
WB: p-tyr FEm - WB: p-tyr - )
IP: claudin 1 IP: claudin 4

. e o -~ ! g [ ——
WB: claudin 1 WB: claudin 4 N—
B HT 29 D HT 29
NPsol NPins NPsol NPins

Time(h) ¢ 2 18 ¢ 2 18 Time(h) ¢ 2 18 ¢ 218

IP: claudin 1 IP: claudin 4 -
- ==

WB: p-thre . WB: p-thre
IP: claudin 1 " R IP: claudin 4 . _—
WB: p-tyr i WB: p-tyr -
IP: claudin 1 i asad IP:claudin 4 | g -
WE: claudin 1 WE: claudin 4

Fig. 3 NPsol and NPins fractions of PMA-activated MDCK I and
HT29 cells were immunoprecipitated (/P) with claudins 1 and 4,
respectively, and immunoblotted (WB) for phosphothreonine (p-thre),
and phosphotyrosine (p-tyr). In MDCK I cells, a claudin 1 in NPins
was dephosphorylated after 2-h incubation and recovered after 18 h
and c the tyrosine phosphorylation of claudin 4 decreased. b, d In
HT?29 cells, the phosphorylation of claudins 1 and 4 was unchanged.
The approximate estimated molecular mass of the claudins was
16-18 kDa. ¢ = control cells

tyrosine phosphorylation of claudin 4 in NPins and yielded
a smaller apparent molecular mass of the molecule,
whereas in NPsol a parallel decrease was detected in
tyrosine phosphorylation and the amount of the protein. A
slight increase in threonine phosphorylation could be
detected in NPsol.

HT29

Threonine and tyrosine phosphorylations of both claudins 1
and 4 were detected in the NPsol, but not NPins, of control
cells (Fig. 3b, d). PMA did not alter the phosphorylation of
the claudins.

Discussion
General

In this study, we compared the cellular partitioning and the
state of phosphorylation of claudins in two epithelial cell
lines, i.e., the canine kidney cell line MDCK I and the
human adenocarcinoma cell line HT29; the latter was
stimulated to form a differentiated small intestine-like
epithelium by growth in glucose-free medium (Pinto et al.
1982; Zweibaum et al. 1985; Neutra and Louvard 1989).
The two cell lines display distinct barrier characteristics;
i.e., MDCK I cells form a very tight monolayer with high
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TER (up to 5,000 Q x cm?) and low permeability to
uncharged molecules, while HT29 cells form a leaky bar-
rier with low TER (<200 Q x cm?) and high permeability
(Sjo et al. 2003).

Localization of Different Claudins

When assessing the localization of claudins 1-5 in MDCK
I and HT29 cells by immunostaining and confocal imaging,
first, expression of claudins 1, 3, 4 and 5 was observed in
both cell lines and, additionally, claudin 2 in HT29 cells
(Fig. 1a, b). The presence of claudin 2 is thought to confer
a leaky phenotype to epithelial TJs (Escaffit et al. 2005);
this is in accordance with the detection of claudin 2 in
HT?29 cells but not in MDCK I cells, confirming an earlier
report (Furuse et al. 1999). In the MDCK I cell monolayer,
representing a tight epithelium, claudins 1, 3, 4 and 5 were
all localized apically at the cell-cell contacts (Fig. la,
x-y sections). We presume that this localization represents
the TJ, where colocalization of claudin 1 and the strictly
apically localized TJ protein occludin has been demon-
strated (Furuse et al. 1993; Sjo et al. 2003). In HT29 cells,
claudins 1-5 were seen as diffuse bands at apical cell—cell
contacts (Fig. 1b, x-y sections). The absence of distinct
bands could indicate that the complete copolymerization
required for formation of TJs was not achieved, which
resulted in a weak barrier function of HT29 cell layers (Sjo
et al. 2003). Moreover, claudins 1, 3, 4 and 5 were found
also along the lateral interfaces of adjacent cells in both
HT29 and MDCK I (Fig. la, b; z sections). In MDCK cells,
claudin 4, but not claudins 1, 3 and 5, appeared apically as
distinct dots in the z sections, suggesting a concentration of
claudin 4 at the TJ. The lateral localizations of claudins,
different from the strictly apical localization of the integral
TJ protein occludin (Furuse et al. 1993; Sjo et al. 2003),
have also been seen in rat intestine and epididymis and in
human intestine and airway epithelium (Gregory et al.
2001; Rahner et al. 2001; Coyne et al. 2003; Escaffit et al.
2005). This pattern could reflect a pool of proteins that can
be recruited into the junction to rapidly alter paracellular
transport properties in response to a physiological stimulus.
It has also been suggested that claudins contribute to cell
adhesion (Kuhn et al. 2007). In HT29 cells, the claudins
were also to some extent seen along the entire membrane.

Detergent Solubility

The claudins were recovered in both the NPsol and NPins
fractions of cell lysates (Fig. 2a, b). Since the TJ strands
are assumed to be resistant to detergent extraction (Ste-
venson et al. 1988), these findings speak for the existence
of claudins both as a junctional complex and as a more
soluble pool of proteins. Our findings explain the lateral
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localization demonstrated by immunofluorescence. The
distribution of claudins in two distinct subcellular pools has
also been described earlier (de Oliveira et al. 2005).

In addition to the claudins of 16-18 kDa, we found
immunoreactive protein bands of higher molecular weight
(45/47, 56, 150 kDa) in lysates of both MDCK I and HT29,
after immunoblotting with claudin 1 and 4 antibodies. The
bands are recognized by monoclonal as well as polyclonal
antibodies. Some of the bands had a density close to that of
the putatively monomeric claudin bands of 16-18 kDa.
The recognition by both monoclonal and polyclonal anti-
bodies suggests a specific reaction and could represent
either oligomers of claudins (Mitic et al. 2003) or com-
plexes of claudins with other TJ proteins, not solubilized
with a standard SDS concentration. Although native gel
electrophoresis preferably should be used to detect oligo-
mers, partial retention of claudin oligomers can be
achieved by SDS-PAGE and reduced conditions (Coyne
et al. 2003).

PKC Activation

In a previous study, we demonstrated that PKC activation
promotes the barrier function and increases the apical
expression of the TJ proteins occludin and claudin 1 in
HT29 cells. By contrast, in MDCK I cells it reduced the
barrier and caused the redistribution of occludin and
claudin 1 from the apical part of the cells (Sjo et al. 2003,
2005). The present investigation delineated a PKC-induced
increase in claudin 1 but also in claudins 3, 4 and 5 and
possibly claudin 2 at the apical cell-cell contacts of HT29
cells (Fig. 1b). In parallel, the cells changed from an
irregular form to a honeycomb structure, which we also
reported in the earlier study (Sjo et al. 2003). The claudins
formed, however, only partially continuous bands. This
suggests that they were not completely incorporated into
the TJ structure, resulting in an improved but not fully
developed barrier (Sjo et al. 2003). By contrast, in MDCK I
cells PKC activation caused a decrease in and fragmenta-
tion of claudins 1, 3, 4 and 5 at the apical interface between
cells after 18 h preceded by an increase in claudins 4 and 5
after 2 h (Fig. la). Claudin 2 could not, however, be
detected either before or after PKC activation.

The reduction of the epithelial barrier and loss of pro-
teins from the TJ in PKC-activated MDCK I cells imply a
decreased complexity of the TJ. Hence, one would expect a
redistribution of claudins from NPins to NPsol. Our results
revealed, however, a decreased amount of claudins 1, 3, 4
and 5 in NPsol and a parallel increase in NPins of the cell
lysates (Fig. 2a), suggesting a reorganization of the clau-
dins into more insoluble complexes. The changes may
reflect altered interactions between junctional proteins
and the perijunctional F-actin cytoskeleton or altered

association of claudins with membrane lipid raft micro-
domains (Nusrat et al. 2000). This could be a protective
mechanism during the cellular stress induced by PMA
(Kachar and Pinto da Silva 1981; Lynch et al. 1995). The
claudins could thus respond by reorganizing into less sol-
uble complexes recovered not only from the TJ but also
from other parts of the cell, e.g., the adherens junctions
where they may have scaffolding functions. Accordingly,
by immunofluorescence there was loss of claudins from the
TJ region after 18 h. The decreased solubility of claudins
after 2 h paralleled the temporarily increased but less dis-
tinct apical staining of claudins 4 and 5, possibly repre-
senting claudin-containing complexes in close vicinity of
the TJ.

Recently, it has been proposed that claudins can be
regulated by PKC-mediated phosphorylation, contributing
to increased or decreased barrier function in the cells. Thus,
in Caco-2 cells, inactivation of PKC-0 reduced phosphor-
ylation of claudins 1 and 4 and decreased the membrane/
cytoskeletal distribution of the claudins (Banan et al.
2005). In ovarian cancer cells, phorbol ester-mediated PKC
activation induced phosphorylation of claudin 4 and
decreased barrier function (D’Souza et al. 2007); and in
human epidermal keratinocytes, formation of TJ was sug-
gested to be regulated by a PKC-induced phosphorylation
of claudin 4 (Aono and Hirai 2008). In our study, activation
of PKC by phorbol ester reduced claudin 1 phosphorylation
in NPins of MDCK I cells after 2 h, although the amount of
claudin 1 was increased. Likewise, in earlier studies, it has
been shown that occludin is dephosphorylated by PMA
after 2 h (Clarke et al. 2000; Sjo et al. 2003). Since PKC is
a serine/threonine kinase, dephosphorylation of proteins
could be the result of a downregulation or a secondary
effect of PKC. Interestingly, claudin 1 phosphorylation
returned after 18 h incubation, but at that time the distri-
bution of claudin 1 was totally fragmented at the apical
level (Fig. 1a) and the function of the barrier remained
impaired (Sjo et al. 2003). Consequently, phosphorylated
claudin 1 may not be localized exclusively at the TJ but
also at lateral membranes. PKC activation of MDCK I cells
resulted in a small reduction of claudin 4 phosphorylation
in the insoluble fraction but without the dual effects seen
for claudin 1. The decrease in the apparent molecular mass
of claudin 4 after 2 h also indicates dephosphorylation of
the claudin. Still, the apical distribution of claudin 4 was
not reduced but rather enhanced after 2 h with PMA.

HT29 cells normally form a leaky barrier with low TER
and high permeability. Unlike in MDCK 1 cells, it was
strengthened by 2- and 18-h PKC activations (Sjo et al.
2003), which could possibly be attributed to an apical
accumulation of claudins 1, 3, 4 and 5 (Fig. 1b). The
amounts of claudins in either fraction of HT29 cells
showed only small increases after 2 h but claudins 1, 3 and
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5 increased after 18 h, as demonstrated by immunoblotting
(Fig. 2a). This could suggest a rapid redistribution of
claudins from a cellular pool to the TJ, as demonstrated by
immunofluorescence, combined with a slower PKC-
induced differentiation process including synthesis of
specific claudins, i.e., claudins 1, 3 and 5. Such a proposal
is supported by a previous suggestion that claudins are
developmentally regulated (Turksen and Troy 2004). In
nonfractionated cell lysates, increases in the expression of
claudins were not detectable after 18-h incubation.

In MDCK I control cells, phosphorylated claudins 1 and
4 were found in both fractions, whereas in HT29 control
cells these were recovered mainly in NPsol and the phos-
phorylation of claudins 1 and 4 was not changed by PKC
activation. However, since PKC induced only a minor
increase in the apical distribution of the claudins and a
small improvement in barrier function (Sjo et al. 2003), a
change in the phosphorylation state might be limited and
below detection.

Taken together, our findings demonstrate that TJ regu-
lation is associated with specific alterations in the expres-
sion and destination of individual claudins, in cells with
very tight (MDCK 1) and leaky (HT29) TIs, respectively.
We also conclude that PKC-induced claudin reorganization
is accompanied by distinct changes in detergent solubility
and the phosphorylation state of the claudin isomers.
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