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Abstract. Incorporation of E-cadherin into the adherens
junction is a highly regulated process required to estab-
lish firm cell-cell adhesion in most epithelia. Less is
known about the mechanisms that govern the clearance of
E-cadherin from the cell surface in both normal and
pathological states. In this study, we found that the
steady-state removal of E-cadherin in primary cultured
pig thyroid cell monolayers is slow and involves intracel-
lular degradation. Experimental abrogation of adhesion
by a Ca?* switch induces rapid cell surface proteolysis of

E-cadherin. At the same time, endocytosed intact E-cad-
herin and newly synthesized E-cadherin accumulate in
intracellular compartments that largely escape further
degradation. Acute stimulation with thyroid-stimulating
hormone (TSH) or forskolin prevents all signs of acceler-
ated E-cadherin turnover. The findings indicate that TSH
receptor signaling via cyclic AMP stabilizes the assembly
and retention of E-cadherin at the cell surface. This sug-
gests a new mechanism by which TSH supports mainte-
nance of thyroid follicular integrity.
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The adherens junction (AJ) brings cohesive strength to
epithelial cells through a number of protein interactions.
Adhesion is provided by E-cadherin, a transmembrane
glycoprotein that homotypically binds to complementary
E-cadherin molecules at the surface of adjacent cells. In-
tracellularly, the cytoplasmic tail of E-cadherin is directly
associated with a group of regulatory proteins called
catenins, which mediate a functionally important link to
the submembranous actin-based cytoskeleton [1, 2]. The
cadherin-catenin complex not only establishes firm cell-
cell adhesion in mature epithelia, but also has a master
role in conducting a variety of intracellular signals that
together determine epithelial formation and behavior
both in embryonic development and adult tissues [3, 4].

* Corresponding author.

The assembly of E-cadherin into a stable adhesion com-
plex that builds up the AJ is a highly regulated process
[reviewed in ref. 5]. E-cadherin is synthesized as a 135-
kDa precursor polypeptide that is processed in the endo-
plasmic reticulum and the Golgi complex to its mature
size of 120 kDa. At the cell surface, E-cadherin forms lat-
eral (cis) and adhesive (trans) dimers [6] that require
binding of Ca?" in the extracellular N terminal of the mol-
ecule [7-9]. This process further concentrates and locks
E-cadherin in a restricted portion of the plasma mem-
brane that forms the AJ. Once integrated in the AJ, the
turnover of E-cadherin is probably very low [10]. How-
ever, increased turnover of E-cadherin takes place when
dynamic changes in adhesion are required, e.g. in cell mi-
gration and during epithelial-mesenchymal transition.
However, knowledge of mechanisms that on the one hand
prevent premature degradation of E-cadherin and on the
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other govern the normal clearance of E-cadherin from the
cell surface is sparse. The natural breakdown of E-cad-
herin in the steady-state probably takes place in lyso-
somes preceded by a ubiquitination process [11]. Endo-
cytosed E-cadherin was recently shown to recycle to the
cell surface [12], suggesting a mechanism that could
rapidly modify the amount of preformed E-cadherin
available for cell-cell adhesion.

The fact that E-cadherin requires Ca?" to stay in a favor-
able conformation has frequently been employed to alter
E-cadherin-mediated adhesion experimentally [13—15].
By reducing the extracellular Ca?* concentration to mi-
cromolar levels, commonly referred to as the ‘Ca*
switch’, the E-cadherin complex is rapidly dissociated
and internalized leading to loss of adhesion and sec-
ondary disassembly of the entire junction complex [7,
16-20]. Despite the widespread use of Ca?" switch ex-
periments to explore the properties of E-cadherin in a
cellular context, it is largely unknown if low Ca?* treat-
ment preferentially provokes degradation or recycling of
E. cadherin.

In the present study, these aspects were investigated in
primary cultured pig thyrocytes grown in bicameral
chambers to mimic the organization of the natural epithe-
lium. We found that reduction of extracellular Ca?
rapidly induces proteolytic cleavage of E-cadherin, which
takes place at the cell surface rather than in cytoplasmic
compartments. Moreover, in the absence of Ca?"-depen-
dent adhesion, newly synthesized E-cadherin is partly
processed, but resides intracellularly together with endo-
cytosed mature E-cadherin that escapes further proteoly-
sis. We also found that thyroid-stimulating hormone
(TSH), the main regulator of thyroid differentiation,
rapidly stabilizes E-cadherin at the cell surface and pre-
vents, via a cyclic AMP (cAMP)-dependent mechanism,
the accelerated turnover of E-cadherin.

Materials and methods

Cell culture and Ca?* switch experiments

Isolation of thyroid follicles from pig and subsequent
culture have previously been described in detail [21]. In
short, segments of ruptured follicles were suspended in
minimal essential medium (MEM) (Gibco, Paisly, UK)
supplemented with 5% fetal calf serum, penicillin
(200 U/ml; Gibco), streptomycin (200 pg/ml, Gibco Ltd)
and fungizone/amphotericin (2.5 pg/ml, Gibco Ltd), and
plated at a density of ~50 follicles/mm? on Transwell fil-
ters (pore size 0.4 pm) (Corning Costar Europe, Bad-
hoevedorp, The Netherlands) precoated with collagen S
(type I, 0.3 mg/ml; Roche Diagnostics Scandinavia,
Bromma, Sweden). A tight and confluent monolayer,
estimated by measuring the transepithelial resistance
with a Millicell ohmmeter (Millipore, Bedford, Mass.),
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was established after culture for 67 days at 37°C in
5% CO,.

Extracellular Ca?* was lowered by replacing the culture
medium with serum- and Ca*-free MEM (Gibco) sup-
plemented with 1.8 pM CaCl,. As this treatment de-
creased the transepithelial resistance only slowly, the
cells were initially exposed to Ca*'-free MEM containing
1 mM ethyleneglycol-bis-( f-aminoethyl ether) N,N’-
tetraacetic acid (EGTA; Sigma-Aldrich, St. Louis, Mo.)
for 10 min. Other treatments were 1 mU/ml TSH, 50 uM
forskolin, 500 nM bafilomycin, 0.1 mM chloroquine,
10 pM brefeldin or 50 pg/ml cycloheximide (all from
Sigma-Aldrich).

Immunofluorescence

Cells were fixed in 4% paraformaldehyde in 0.1 M
sodium cacodylate, pH 7.2, for 20 min at room tempera-
ture, followed by two rinses in phosphate-buffered saline
(PBS) and permeabilization with 0.1% Triton X-100 in
PBS for 5 min. After three washes in PBS, the cells were
incubated with avidin-biotin blocking reagents (Vector
Laboratories, Burlingame, Calif.) for 2 x 10 min and with
blocking buffer (5% fat-free milk, 0.1% gelatine and
7.5% sucrose in PBS) for 5 min. Cells were incubated
with primary antibodies against the C terminus of E-
cadherin (clone 36, mouse monoclonal IgG; BD Trans-
duction, Lexington, Ky.), the C terminus of human
P-catenin (clone 14, mouse monoclonal IgG; BD Trans-
duction) and occludin (rabbit polyclonal IgG; Zymed
Laboratories, San Francisco, Calif.) for 1 h. Immuno-
reactivity was detected with biotin-conjugated sec-
ondary antibodies (Amersham Pharmacia Biotech,
Buckinghamshire, UK) and fluorescein-isothiocyanate
(FITC)-conjugated streptavidin (Amersham Pharmacia
Biotech) incubated for 30 min each. Specificity was con-
trolled by omitting primary antibody or incubating with
irrelevant antibodies against non-junctional proteins.
Filters with immunolabeled cells were placed on slides,
mounted with Vectashield (Vector Laboratories) and
examined in a Nikon Microphot FXA epifluorescence
microscope equipped with a QLC100 confocal laser
scanning module (VisiTech, Sunderland, UK). Images
were captured on a digital camera and further processed
using Image Pro Plu software (Media Cybernetics,
Silver Spring, Md.)

Cell surface biotinylation

Cells were rinsed once in serum-free MEM and twice in
ice-cold PBS, pH 7.5, and then incubated with 1.0 mg/ml
sNHS-ss-biotin (Pierce Biotechnology, Rockford, IlL.),
dissolved in PBS and added to both the apical and basal
sides of the Transwell filter, for 30 min on a rocking plat-
form on ice. Biotinylation was stopped by washing twice
in PBS containing 100 mM glycine and twice in PBS for
altogether 35 min. Cells were solubilized in lysis buffer
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consisting of 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5
mM EDTA, 1% Tx-100 and a mixture of protease in-
hibitors: 5 pg/ml each of leupeptin and aprotinin (Sigma-
Aldrich) and 0.4 mM 4-(2-aminoethyl)-benzolsolfonyl-
fluoride (Pefabloc; Roche Diagnostics Scandinavia).
Streptavidin-agarose slurry (50% dissolved in PBS;
Pierce Biotechnology) was then added and the lysates
were incubated overnight at 4 °C with end-over-end rota-
tion. Precipitated proteins were washed three times in ly-
sis buffer, twice in high-salt buffer (lysis buffer with 500
mM NaCl) and once in Tris-HCI, pH 7.5. Each washing
step was followed by centrifugation for 3 min at 350 g
and, before addition of sample buffer, for 1 min at 9000 g.
The samples were boiled for 4 min and precipitated
proteins were analyzed with SDS-PAGE and Western
blotting as described.

Western blot analysis

Cells were solubilized in a lysis buffer consisting of 0.5
M Tris-HCI, pH 6.8, 2% SDS and protease inhibitors.
The protein concentration was determined with the Micro
BCA protein assay kit (Pierce Biotechnology). Samples
of equal protein concentrations were boiled for 4 min and
subjected to SDS-PAGE using 4—15% polyacrylamide
Readygels (Bio-Rad, Upplands-Visby, Sweden), after
which the separated proteins were transferred by elec-
troblotting to nitrocellulose filters (pore size 0.45 pm) in
a mini-transblot cell (Bio-Rad). The blots were preincu-
bated for 1 h in blocking buffer consisting of 5 % dry milk
in TBS-Tween (20 mM Tris-HCI, 137 mM NaCl and
0.1% Tween 20, pH 7.6) and then incubated with primary
antibodies against E-cadherin, f-catenin and occludin
and with secondary horseradish peroxidase-conjugated
antibodies (Dako, Glostrup, Denmark) for 1 h each. Im-
munolabeled proteins were detected by enhanced chemi-
luminescence (ECL; Amersham Pharmacia Biotech) ac-
cording to the manufacturer’s instructions. Protein mass
was calculated by comparison to prestained SDS-PAGE
molecular-weight standards (Bio-Rad). Densitometric
evaluation of immunoblotted proteins was performed on
a GS-700 imaging densitometer (Bio-Rad) using the
Molecular Analyst Software.

Metabolic labeling, immunoprecipitation

and autoradiography

Cells were washed with serum-free MEM devoid of
leucine (MEM-leu; Gibco) and incubated with 100 pCi/
ml [*H]leucine (Amersham Pharmacia Biotech) in MEM-
leu added to the bottom Transwell chamber, for 4 h at
37°C. After washing in radioactivity-free MEM, the cells
were either fixed and further washed in 10% trichloro-
acetic acid for quantification of total protein-bound radio-
activity by liquid scintillation, or subjected to immuno-
precipitation of E-cadherin. For this purpose, cells were
solubilized in lysis buffer (0.5% Triton X-100, 0.01 M
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maleinic acid, 0.13 M NacCl, 0.03 M KCl, 5 mM glucose,
0.5 mM MgCl,, 1.8 mM CaCl, and 0.01 M Tris, pH 6.8)
for 20 min in the presence of protease inhibitors. The
solutes were diluted to equal protein concentrations and
incubated with anti-E-cadherin monoclonal antibody
(mAD) for 1.5 h at 4°C, after which protein A-Sepharose
CL4-B (Amersham Pharmacia Biotech) was added and
further incubated for 1 h on a rocking platform. After
centrifugation at 10,000 g, the immunoprecipitates were
dissolved in sample buffer, heated to 96 °C for 4 min, and
separated by electrophoresis in a 4-20% polyacrylamide
gradient gel (Mini-Protean II; Bio-Rad). Finally, the gels
were impregnated with Amplify (Amersham Pharmacia
Biotech) and exposed to autoradiographic film (Hyper-
film; Amersham Pharmacia Biotech).

Results

Redistribution of E-cadherin in pig thyrocytes after
switch to low extracellular Ca*

A Ca?" switch protocol was employed to rapidly reduce
extracellular Ca>* to micromolar levels and thereby dis-
sociate Ca?"-dependent cell-cell adhesion. Similar to ear-
lier observations [17], this treatment caused a gradual
loss of E-cadherin from the thyroid cell surface likely
due to internalization, and after 4 h most E-cadherin had
obtained a perinuclear cytoplasmatic distribution (fig.
1A, B). At the same time, B-catenin normally bound to
E-cadherin showed a similar route of translocation to the
cell interior (fig. 1C, D). The tight-junction protein oc-
cludin was dislocated from the plasma membrane after
incubation in low-Ca?" medium (fig. 1E, F), indicating
that the provoked redistribution was not restricted to the
cadherin-catenin complex. The following experiments
were conducted to investigate if the accelerated endo-
cytosis of E-cadherin was accompanied by increased
degradation.

Degradation and internalization of E-cadherin

in low-Ca?* conditions

Confluent cells grown in normal Ca?>* medium predomi-
nantly expressed the 120-kDa mature form of E-cadherin,
but small amounts of low-molecular-weight fragments of
approximately 110, 85, 55 and 35 kDa were also detected
(fig. 2A, lane 1). Biotinylation experiments indicated that
most if not all intact E-cadherin was present at the cell
surface whereas the presumed degradation products were
located in the cytoplasm (fig. 2A, lane 2). In Ca*'-de-
pleted cells, the total level of E-cadherin was slightly re-
duced (fig. 2A, lane 3). However, in conformity with the
immunofluorescent findings, E-cadherin gradually dis-
appeared from the cell surface and after 4 h in low Ca?
most of the remaining mature E-cadherin had accumu-
lated intracellularly (fig. 2A, lane 4, fig. 2B). At the same
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Figure 1. Redistribution of E-cadherin, B-catenin and occludin in
filter-cultured pig thyrocytes after switch to a low Ca*" concentra-
tion. E-cadherin, B-catenin and occludin were mainly located at the
cell-cell contacts in untreated cells (4, C, E), while all three junc-
tion-associated proteins showed a perinuclear staining in cells ex-
posed to 1.8 pM Ca?* for 4 h (B, D, F). No immunoreactivity was
observed at the cell surface. Scale bar, 10 pm.

time, the E-cadherin fragments residing in the cytoplasm
in untreated cells were lost and replaced by other cleav-
age products of 78, 70 and 68 kDa (fig. 2A, lane 3). Un-
expectedly, these newly formed E-cadherin fragments
were recovered by cell surface biotinylation (fig. 2A, lane
4). Thus, the fate of E-cadherin losing adhesion after re-
duction of the extracellular Ca>* levels was twofold: one
fraction was rapidly degraded, presumably at the cell sur-
face, whereas another larger fraction was internalized
without signs of being cleaved.

Endocytosed E-cadherin has recently been shown to re-
cycle to the cell surface [12]. To exclude the possibility
that the observed breakdown of E-cadherin in low-Ca?*
conditions took place intracellularly, and that the cleav-
age products are subjected to recycling by default, we in-
vestigated if the degradation could be blocked by inhibit-
ing endosomal function. However, as the degradation pat-
tern of E-cadherin was the same in Ca*'-depleted cells
simultaneously treated with bafilomycin (fig. 2C) or
chloroquine (fig. 2D), endocytosis and endosomal degra-
dation were likely not involved.
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Figure 2. Altered degradation of E-cadherin in low-Ca?* condi-
tions. (4) Western blot analysis of whole-cell lysates (lanes 1 and 3)
and cell surface biotinylated samples (lanes 2 and 4). Mature E-cad-
herin (120 kDa) and degradation products are indicated (110, 85, 55
and 35 kDa by arrows and 78, 70 and 68 kDa by arrowheads). (B)
Time-dependent loss of E-cadherin accessible to cell surface bio-
tinylation after incubation in low-Ca?" medium (LC). (C, D) Lack
of effects of bafilomycin (Baf, 500 nM) and chloroquine (Clq,
0.1 mM) on E-cadherin degradation.

Synthesis and processing of E-cadherin

after a Ca?* switch

Another constant finding in Ca?*-depleted cells was the
appearance of a larger form of E-cadherin of approxi-
mately 135 kDa (fig. 2C, D). After prolonged incubation
in low Ca?" for 24 h, the amount of the 135-kDa form of-
ten exceeded that of the mature protein (fig. 3A). Block-
ing of Golgi transport by brefeldin in cells kept in normal
medium also caused accumulation of the larger E-cad-
herin (fig. 3B). Moreover, treatment with cycloheximide
prevented its appearance (fig. 3C, lanes 1 and 2). To-
gether, these findings indicated that the 135-kDa form in
all probability was identical to the E-cadherin precursor
previously characterized [10]. To further support this no-
tion, [3H]leucine metabolic labeling experiments were
conducted. This showed that total protein synthesis was
not significantly different between controls and Ca?*-de-
pleted cells (data not shown), and that E-cadherin contin-
ued to be expressed in low Ca** conditions (fig. 3D). Also
evident was that newly synthesized E-cadherin was
processed to mature protein and some slightly smaller
immunoreactive species (fig. 3D), the size of which did
not correspond to those simultaneously generated by pro-
teolytic cleavage of E-cadherin at the cell surface. As al-
most no mature E-cadherin could be detected at the sur-
face of cells depleted of Ca?* for 4 h (see fig. 2A, B),
after processing the newly formed E-cadherin likely ac-
cumulated in the cytoplasm. It is however noteworthy
that neosynthesis contributed little to the total amount of
E-cadherin in Ca**-depleted cells (fig. 3C, lanes 1 and 2).
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Figure 3. Accumulation of E-cadherin precursor after a switch to
low-Ca?" medium. (4) Time-dependent increase of a 135-kDa band
that is immunoreactive to the E-cadherin antibody. (B) Brefeldin
(Brf, 10 pM) caused 135-kDa E-cadherin accumulation and
blocked E-cadherin degradation in normal Ca?* conditions. (C) Cy-
cloheximide (Chx, 50 pg/ml) added 1 h before the Ca*" switch
blocked the accumulation of E-cadherin precursor and the acceler-
ated breakdown of mature E-cadherin in cells incubated in low Ca?*.
(D) Autoradiography of precursor and processed E-cadherin recov-
ered by immunoprecipitation (IP) of [*H]leucine-labeled cells. Note
that minute amounts of the 135-kDa precursor and two large degra-
dation bands were also present in cultures not subjected to low
Ca?". (E) Different extracellular Ca?* levels inducing cell surface
degradation of mature E-cadherin and accumulation of E-cadherin
precursor. All cultures with reduced extracellular Ca** levels were
initially incubated with EGTA in Ca?**-free medium for 10 min to
rapidly dissociate the junction complex.

In fact, to fully replace the preformed E-cadherin pool
with E-cadherin synthesized after the Ca?" switch, pro-
longed incubation in low Ca?" for up to 24 h was required
(fig. 3C, lanes 3 and 4).

The different E-cadherin alterations provoked by the Ca?*
switch evidently had a common cause in the reduced ex-
tracellular Ca?* level, but whether they were mechanisti-
cally related phenomena was not obvious. To explore this,
E-cadherin was investigated in cultures subjected to grad-
ually decreasing Ca?" concentrations. As shown in figure
3E, altered proteolysis of E-cadherin was observed
already after 10 min EGTA treatment (fig. 3E). However,
accelerated endocytosis of E-cadherin (data not shown)
and accumulation of the E-cadherin precursor (fig. 3E)
was found only in cells incubated in medium with
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Figure 4. TSH and forskolin counteract the accelerated turnover of
E-cadherin after the Ca?* switch. (4) Time-dependent changes in
E-cadherin (precursor, mature and degraded forms) following incu-
bation in low-Ca?>’'medium (LC) with or without forskolin (50 pM)
for 1-24 h. (B) TSH (1 mU/ml) reproduced the protective effect
of forskolin on E-cadherin degradation. (C) The protective effect
of TSH (1 mU/ml) or forskolin (50 pM) was immediate (<30 min)
and not affected by cycloheximide (Chx, 50 pg/ml) treatment
(added 1 h before the Ca**-switch).

<18 pM Ca?". Altogether, this suggests that cell surface
degradation of E-cadherin after the switch to low Ca?*
takes place independently of other changes in E-cadherin
turnover.

Effect of TSH and forskolin on the turnover and local-
ization of E-cadherin

From previous studies on the regulation of the thyroid
epithelial barrier [22, 23] we know that TSH receptor ac-
tivation of the cAMP signaling pathway effectively in-
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Figure 5. TSH and forskolin inhibit endocytosis of E-cadherin af-
ter the Ca?* switch. Incubation in low Ca?* resulted in redistribution
of E-cadherin from the lateral membrane to the perinuclear cyto-
plasm already after 1 h (4), and the staining pattern remained for
4 h (B). The internalization of E-cadherin in low Ca?* conditions
was inhibited by acute stimulation with TSH (C, D) and forskolin
(E, F); only a slight discontinuity of the E-cadherin distribution
along the cell-cell contacts is observed. Scale bar, 10 pm.

hibits the junction-breaking effect of extracellular Ca?*
removal. Of interest, therefore, was to investigate if
E-cadherin might be a target for the protection mecha-
nism. As shown in figure 4A, forskolin was able to
nearly fully block the degradation of E-cadherin in low
Ca?", and the appearance of the 135-kDa precursor was
also much delayed. Similar protective effects on E-cad-
herin were observed in TSH-stimulated cultures (fig.
4B). The protection was rapid and not affected by cyclo-
heximide treatment (fig. 4C), but the inhibitory effect
sustained when the Ca?*-depleted state continued for as
long as 24 h (fig. 4A). That increased TSH receptor sig-
naling via cAMP actually stabilized the localization of
E-cadherin at the cell-cell contacts was evident in im-
munofluorescent images (fig. 5 A—F); no signs of dis-
sociation and internalization of E-cadherin were ob-
served in Ca?'-depleted cells that were co-stimulated
with TSH or forskolin.
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Discussion

Employing the Ca?" switch technique we found in the pre-
sent study that E-cadherin was rapidly degraded in pri-
mary cultured thyroid epithelial cells incubated in low-
Ca?" medium. In contrast to untreated cells, in which the
slow E-cadherin turnover involved intracellular degrada-
tion, the accelerated proteolysis in Ca?*-depleted cells oc-
curred exclusively at the surface, generating several pro-
teolytic fragments of E-cadherin that were retained in the
plasma membrane for several hours. At the same time, a
large pool of intact E-cadherin was gradually internalized
without being degraded. This indicates that a subpopula-
tion of surface-bound E-cadherin is highly susceptible to
endogenous proteolytic attack once Ca?" is removed from
the extracellular domain. Based on the size of the retained
cleavage products (68, 70 and 78 kDa), and the fact that
immunoreactivity against an epitope located in the
cytoplasmic tail of the molecule was preserved, the
degradation of E-cadherin was likely mediated by an ex-
tracellular, presumably membrane-bound protease. The
ectodomain of E-cadherin can be enzymatically cleaved,
e.g. by metalloproteinases [24-26] and presenilin-1/g-
secretase [27], during processes involving dynamic alter-
ations of cell adhesion. However, neither of the E-cad-
herin fragments appearing in the Ca?'-depleted thyro-
cytes corresponded to those previously reported in the
literature [24-26, 28, 29], giving no clues as to the iden-
tity of the protease(s) involved.

Since the stability of E-cadherin homodimers is strictly
dependent on the presence of Ca?* [30], loss of ho-
mophilic binding likely makes E-cadherin susceptible for
surface cleavage. In fact, this is very similar to the ability
of E-cadherin to resist trypsin digestion unless adhesion
is broken by Ca?" removal, as originally described in
Takeichi’s classical experiments [31]. The multiple bind-
ing of calcium ions in the extracellular domain of E-cad-
herin has been shown to stabilize a conformation of the N
terminal that favors homophilic adhesion [32]. Con-
versely, E-cadherin depleted of Ca?" undergoes a struc-
tural modification from a rod-like to a more condensed
shape along with a loss of the ability to dimerize [14].
Such a conformational change may thus expose protease-
sensitive sites of the molecule that are otherwise hidden
and protected from inappropriate cleavage. In vitro ex-
periments on recombinant E-cadherin have further shown
that the Ca?*-binding pockets of the extracellular domain
possess different Ca?"-binding affinities [33]. Interest-
ingly, we found here that E-cadherin was readily de-
graded when Ca?" was modestly reduced down to 90 uM,
whereas Ca?" concentrations less than 18 uM were re-
quired to also induce endocytosis of E-cadherin and ac-
cumulation of the precursor. Beside adding further sup-
port to the notion that proteolytic cleavage affects not all
but a distinct fraction of E-cadherin present at the cell
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surface, this suggests that E-cadherin need not be fully
dissociated to gain protease sensitivity.

TSH and, even more effectively, the cAMP-generating
agent forskolin were found to prevent the degradation of
E-cadherin in the Ca?"-depleted thyrocytes. The fact that
only a short stimulation period with TSH or forskolin was
required to protect E-cadherin, and that protection could
not be blocked by cycloheximide, indicates that a post-
translational mechanism independent of gene expression
was involved. Conceivably, when the cAMP signaling
pathway is activated, E-cadherin is rapidly stabilized in a
conformation that restricts Ca?" depletion. This possibil-
ity is supported by earlier findings that neutralizing E-
cadherin antibodies do not to dissociate E-cadherin bind-
ing, presumably because they fail to reach hidden epi-
topes, in forskolin-treated MDCK cells [34]. As there is
no known cAMP-dependent kinase (PKA) consensus
binding site in its cytoplasmic tail, E-cadherin is probably
influenced indirectly. However, the cadherin-catenin com-
plex constitutes a regulatory unit that modifies cadherin
binding and adhesion in response to e.g. kinase activities
[35-37]. Thus, reinforced cadherin-catenin interaction
may be one possible mechanism by which the stabilizing
effect of TSH on E-cadherin is transduced. Reduced dis-
sociation of E-cadherin after Ca?* depletion may also be
accomplished by preventing the AJ-associated actin ring
from being concomitantly retracted into the cytoplasm
[38—40]. Interestingly, PKA was recently demonstrated to
bind to IQGAP1 [41], an effector of the cytoskeletal reg-
ulator Racl that is known to impair adhesion by binding
to f-catenin [42, 43]. The precise function of PKA in this
interaction and the possible impact on cadherin-binding
properties have, however, not yet been investigated.
Whether the protective effect of TSH on E-cadherin
degradation observed in this study is mediated by PKA
also remains to be proven. In fact, some cAMP-mediated
effects on junctional proteins may be PKA independent
[44].

Agents (bafilomycin and chloroquine) known to inhibit
prelysosomal endocytic transport had no effect on the
accelerated degradation of E-cadherin in Ca*"-depleted
thyrocytes. On the contrary, the low levels of E-cadherin
cleavage products present in the cytoplasm of untreated
cells disappeared soon after the switch to low Ca?*. This
indicates that intracellular proteolysis did not contribute
to the degradation of E-cadherin and was in fact blocked
by the treatment. However, intact E-cadherin was readily
internalized and accumulated in the cytoplasm, thus
escaping both cell surface and lysosomal proteolysis. In-
ternalized E-cadherin is likely, therefore, to have entered
a distinct intracellular compartment that managed to
avoid further routing to the endolysosomal system. This
is strikingly similar to a recently characterized postendo-
cytic compartment that contained junctional proteins
(including E-cadherin) and was formed in the apical
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cytoplasm of T84 intestinal epithelial cells after Ca?" re-
moval [45]. Interestingly, this storage compartment dis-
played several basolateral membrane proteins but was
devoid of markers of both early and late endosomes. A
function for a unique endocytic pathway might be to save
as much as possible of the mature E-cadherin pool for re-
cycling when new AlJs are to be formed. In this respect,
an important finding in the present study was that
stimulation with TSH and forskolin not only inhibited
the degradation but also prevented the internalization of
E-cadherin from the cell surface and the accumulation of
E-cadherin precursor in the cytoplasm. This suggests
that the intracellular transport of E-cadherin is under
regulatory control by the cAMP signaling pathway.

In conclusion, our data indicate that the turnover of
intracellular and cell-surface-associated E-cadherin is a
tightly coordinated process subjected to hormonal re-
gulation by TSH in cultured thyroid cells. A low degrada-
tion rate of E-cadherin presumably taking place in the
endolysosomal system characterizes the epithelium that
has established firm Ca?*-dependent cell-cell adhesion.
However, cell surface cleavage of E-cadherin predomi-
nates over intracellular proteolysis when the homotypic
binding is rapidly broken by experimental removal of
extracellular Ca?". Concomitantly, mature E-cadherin
escaping the proteolytic attack is internalized and accu-
mulated in a largely protease-resistant intracellular com-
partment; together with a constant influx of newly syn-
thesized and processed E-cadherin this constitutes a cyto-
plasmic pool of E-cadherin that might potentially be used
for reformation of the AJ. TSH via activation of the
cAMP signaling pathway counteracts all these effects by
stabilizing E-cadherin already present and integrated in
the AJ complex. In a physiological context, TSH is there-
fore likely to promote maintenance of thyroid epithelial
integrity and surveillance of the functionally important
barrier between the follicle lumen and the extrafollicular
space.

Acknowledgements. This work was supported by grants from the
Swedish Research Council (grant no. 537) and Assar Gabrielsson
Foundation for Cancer Research. We would like to thank Therese
Carlsson for excellent technical assistance and other members of
the Nilsson/Ericson laboratory for valuable discussions.

1 Aberle H., Schwartz H. and Kemler R. (1996) Cadherin-
catenin complex: protein interactions and their implications for
cadherin function. J. Cell Biochem. 61: 514523

2 Takeichi M. (1990) Cadherins: a molecular family important
in selective cell-cell adhesion. Annu. Rev. Biochem. 59:
237-252

3 Yap A. S., Bricher W. M. and Gumbiner B. M. (1997) Molecu-
lar and functional analysis of cadherin-based adherens junc-
tions. Annu. Rev. Cell. Dev. Biol. 13: 119-146

4 Gumbiner B. M. (1996) Cell adhesion: the molecular basis of
tissue architecture and morphogenesis. Cell 84: 345-357



CMLS, Cell. Mol. Life Sci.

5

11

12

13

14

15

16

17

18

19

20

21

22

23

Vol. 61, 2004

Perez-Moreno M., Jamora C. and Fuchs E. (2003) Sticky busi-
ness: orchestrating cellular signals at adherens junctions. Cell
112: 535-548

Shapiro L., Fannon A. M., Kwong P.D., Thompson A., Leh-
mann M. S., Grubel G. et al. (1995) Structural basis of cell-cell
adhesion by cadherins. Nature 374: 327-337

Chitaev N. A. and Troyanovsky S. M. (1998) Adhesive but not
lateral E-cadherin complexes require calcium and catenins for
their formation. J. Cell Biol. 142: 837-846

Shan W. S., Tanaka H., Phillips G. R., Arndt K., Yoshida M.,
Colman D. R. et al. (2000) Functional cis-heterodimers of N-
and R-cadherins. J. Cell Biol. 148: 579-590

Klingelhofer J., Laur O.Y., Troyanovsky R. B. and Troyanovsky
S. M. (2002) Dynamic interplay between adhesive and lateral
E-cadherin dimers. Mol. Cell. Biol. 22: 7449-7458

Shore E. M. and Nelson W. J. (1991) Biosynthesis of the cell
adhesion molecule uvomorulin (E-cadherin) in Madin-Darby
canine kidney epithelial cells. J. Biol. Chem. 266: 19672—
19680

Fujita Y., Krause G., Scheffner M., Zechner D., Leddy H. E.,
Behrens J. et al. (2002) Hakai, a c-Cbl-like protein, ubiquiti-
nates and induces endocytosis of the E-cadherin complex. Nat.
Cell Biol. 4: 222-231

LeT. L., Yap A. S. and Stow J. L. (1999) Recycling of E-cad-
herin: a potential mechanism for regulating cadherin dynamics.
J. Cell Biol. 146: 219-232

Takeichi M. (1991) Cadherin cell adhesion receptors as a mor-
phogenetic regulator. Science 251: 1451-1455

Pokutta S., Herrenknecht K., Kemler R. and Engel J. (1994)
Conformational changes of the recombinant extracellular do-
main of E-cadherin upon calcium binding. Eur. J. Biochem.
223: 1019-1026

Gonzalez-Mariscal L., Chavez de Ramirez B. and Cereijido M.
(1985) Tight junction formation in cultured epithelial cells
(MDCK). J. Membr. Biol. 86: 113-125

Kartenbeck J., Schmid E., Franke W. W. and Geiger B. (1982)
Different modes of internalization of proteins associated with
adherens junctions and desmosomes: experimental separation
of lateral contacts induces endocytosis of desmosomal plaque
material. EMBO J. 1: 725-732

Kartenbeck J., Schmelz M., Franke W. W. and Geiger B. (1991)
Endocytosis of junctional cadherins in bovine kidney epithelial
(MDBK) cells cultured in low Ca?" ion medium. J. Cell Biol.
113: 881-892

Mattey D. L. and Garrod D. R. (1986) Calcium-induced desmo-
some formation in cultured kidney epithelial cells. J. Cell Sci.
85: 95111

Volberg T., Geiger B., Kartenbeck J. and Franke W. W. (1986)
Changes in membrane-microfilament interaction in intercellu-
lar adherens junctions upon removal of extracellular Ca?* ions.
J. Cell Biol. 102: 1832-1842

Green K. J., Geiger B., Jones J. C., Talian J. C. and Goldman R.
D. (1987) The relationship between intermediate filaments and
microfilaments before and during the formation of desmo-
somes and adherens-type junctions in mouse epidermal ker-
atinocytes. J. Cell Biol. 104: 1389-1402

Nilsson M., Bjorkman U., Ekholm R. and Ericson L. E. (1990)
Iodide transport in primary cultured thyroid follicle cells: evi-
dence of a TSH-regulated channel mediating iodide efflux se-
lectively across the apical domain of the plasma membrane. Eur
J. Cell Biol. 52: 270-281

Nilsson M., Molne J. and Ericson L. E. (1991) Integrity of the
occluding barrier in high-resistant thyroid follicular epithelium
in culture. II. Immediate protective effect of TSH on paracellu-
lar leakage induced by Ca?" removal and cytochalasin B. Eur J.
Cell Biol. 56: 308-318

Nilsson M. (1991) Integrity of the occluding barrier in high-re-
sistant thyroid follicular epithelium in culture. I. Dependence
of extracellular Ca?* is polarized. Eur J. Cell Biol. 56: 295-307

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Research Article 1841

Lochter A., Galosy S., Muschler J., Freedman N., Werb Z. and
Bissell M.J. (1997) Matrix metalloproteinase stromelysin-1
triggers a cascade of molecular alterations that leads to stable
epithelial-to-mesenchymal conversion and a premalignant
phenotype in mammary epithelial cells. J. Cell Biol. 139:
1861-1872

Herren B., Levkau B., Raines E. W. and Ross R. (1998)
Cleavage of beta-catenin and plakoglobin and shedding of
VE-cadherin during endothelial apoptosis: evidence for a role
for caspases and metalloproteinases. Mol. Biol. Cell 9: 1589—
1601

Noe V,, Fingleton B., Jacobs K., Crawford H. C., Vermeulen S.,
Steelant W. et al. (2001) Release of an invasion promoter E-cad-
herin fragment by matrilysin and stromelysin-1. J. Cell Sci.
114: 111-118

Marambaud P, Shioi J., Serban G., Georgakopoulos A., Sarner
S., Nagy V. et al. (2002) A presenilin-1/gamma-secretase
cleavage releases the E-cadherin intracellular domain and reg-
ulates disassembly of adherens junctions. EMBO J. 21: 1948—
1956

Steinhusen U., Weiske J., Badock V., Tauber R., Bommert K.
and Huber O. (2001) Cleavage and shedding of E-cadherin af-
ter induction of apoptosis. J. Biol. Chem. 276: 49724980
Keller S. H. and Nigam S. K. (2003) Biochemical processing of
E-cadherin under cellular stress. Biochem. Biophys. Res. Com-
mun. 307: 215-223

Takeda H., Shimoyama Y., Nagafuchi A. and Hirohashi S.
(1999) E-cadherin functions as a cis-dimer at the cell-cell ad-
hesive interface in vivo. Nat. Struct. Biol. 6: 310-312
Takeichi M. (1977) Functional correlation between cell adhe-
sive properties and some cell surface proteins. J. Cell Biol. 75:
464-474

Nagar B., Overduin M., Ikura M. and Rini J. M. (1996) Struc-
tural basis of calcium-induced E-cadherin rigidification and
dimerization. Nature 380: 360-364

Koch A. W,, Pokutta S., Lustig A. and Engel J. (1997) Calcium
binding and homoassociation of E-cadherin domains. Bio-
chemistry 36: 7697-7705

Behrens J., Birchmeier W., Goodman S. L. and Imhof B. A.
(1985) Dissociation of Madin-Darby canine kidney epithelial
cells by the monoclonal antibody anti-arc-1: mechanistic as-
pects and identification of the antigen as a component related
to uvomorulin. J. Cell Biol. 101: 1307-1315

Conacci-Sorrell M., Simcha 1., Ben-Yedidia T., Blechman J.,
Savagner P. and Ben-Ze’ev A. (2003) Autoregulation of E-cad-
herin expression by cadherin-cadherin interactions: the roles of
beta-catenin signaling, Slug, and MAPK. J. Cell Biol. 163:
847-857

Weng Z., Xin M., Pablo L., Grueneberg D., Hagel M., Bain G.
et al. (2002) Protection against anoikis and down-regulation of
cadherin expression by a regulatable beta-catenin protein. J.
Biol. Chem. 277: 18677-18686

Hoschuetzky H., Aberle H. and Kemler R. (1994) Beta-catenin
mediates the interaction of the cadherin-catenin complex with
epidermal growth factor receptor. J. Cell Biol. 127: 1375-1380
Citi S. (1992) Protein kinase inhibitors prevent junction disso-
ciation induced by low extracellular calcium in MDCK epithe-
lial cells. J. Cell Biol. 117: 169-178

Citi S., Volberg T., Bershadsky A. D., Denisenko N. and Geiger
B. (1994) Cytoskeletal involvement in the modulation of cell-
cell junctions by the protein kinase inhibitor H-7. J. Cell Sci.
107: 683-692

Volberg T., Geiger B., Citi S. and Bershadsky A. D. (1994) Ef-
fect of protein kinase inhibitor H-7 on the contractility, in-
tegrity, and membrane anchorage of the microfilament system.
Cell Motil. Cytoskel. 29: 321-338

Nauert J. B., Rigas J. D. and Lester L. B. (2003) Identification
of an IQGAP1/AKAP79 complex in beta-cells. J. Cell.
Biochem. 90: 97-108



1842

42

43

44

F. Larsson, H. Fagman and M. Nilsson

Kuroda S., Fukata M., Nakagawa M., Fujii K., Nakamura T.,
Ookubo T. et al. (1998) Role of IQGAP1, a target of the small
GTPases Cdc42 and Racl, in regulation of E-cadherin-medi-
ated cell-cell adhesion. Science 281: 832835

Kuroda S., Fukata M., Nakagawa M. and Kaibuchi K. (1999)
Cdc42, Racl, and their effector IQGAP1 as molecular switches
for cadherin-mediated cell-cell adhesion. Biochem. Biophys.
Res. Commun. 262: 1-6

Ishizaki T., Chiba H., Kojima T., Fujibe M., Soma T., Miyajima
H. et al. (2003) Cyclic AMP induces phosphorylation of

45

Thyrotropin prevents degradation of E-cadherin

claudin-5 immunoprecipitates and expression of claudin-5
gene in blood-brain-barrier endothelial cells via protein kinase
A-dependent and -independent pathways. Exp. Cell Res. 290:
275-288

Ivanov A. L., Nusrat A. and Parkos C. A. (2004) Endocytosis of
epithelial apical junctional proteins by a clathrin-mediated
pathway into a unique storage compartment. Mol. Biol. Cell
15: 176-188

To access this journal online:
http://www.birkhauser.ch




