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Disassembly of the epithelial apical junctional complex (AJC), composed of the tight junction (TJ) and adherens junction
(AJ), is important for normal tissue remodeling and pathogen-induced disruption of epithelial barriers. Using a calcium
depletion model in T84 epithelial cells, we previously found that disassembly of the AJC results in endocytosis of AJ/TJ
proteins. In the present study, we investigated the role of the actin cytoskeleton in disassembly and internalization of the
AJC. Calcium depletion induced reorganization of apical F-actin into contractile rings. Internalized AJ/TJ proteins
colocalized with these rings. Both depolymerization and stabilization of F-actin inhibited ring formation and disassembly
of the AJC, suggesting a role for actin filament turnover. Actin reorganization was accompanied by activation (dephos-
phorylation) of cofilin-1 and its translocation to the F-actin rings. In addition, Arp3 and cortactin colocalized with these
rings. F-actin reorganization and disassembly of the AJC were blocked by blebbistatin, an inhibitor of nonmuscle myosin
II. Myosin IIA was expressed in T84 cells and colocalized with F-actin rings. We conclude that disassembly of the AJC in
calcium-depleted cells is driven by reorganization of apical F-actin. Mechanisms of such reorganization involve cofilin-
1–dependent depolymerization and Arp2/3-assisted repolymerization of actin filaments as well as myosin IIA-mediated
contraction.

INTRODUCTION

Polarized epithelial cells restrict passage of solutes and mac-
romolecules and regulate vectorial transcellular fluxes be-
tween different body compartments (Madara, 1998). Barrier
function and polarity of epithelial monolayers depend on
specialized intercellular structures referred to as an apical
junctional complex (AJC; Yeaman et al., 1999; Matter and
Balda, 2003). The two constituents of the AJC are the tight
junction (TJ) and subjacent adherens junction (AJ; Farquhar
and Palade, 1963). The AJ is vital for initiating and main-
taining cell-cell contacts, whereas the TJ seals the intercellu-
lar space and regulates paracellular fluxes (Gumbiner, 1996;
Vleminckx and Kemler, 1999; Yeaman et al., 1999; Matter and
Balda, 2003). Both the TJ and AJ are composed of transmem-
brane proteins and cytosolic plaque proteins (Yap et al., 1997;
Tsukita et al., 2001; Gonzáles-Mariscal et al., 2003). The
former proteins physically associate with their counterparts
at the plasma membrane of adjacent cell, whereas the latter
link the TJ and AJ to the cytoskeleton and participate in
intracellular signaling. Transmembrane proteins of the TJ
include occludin, claudins, and junctional adhesion mole-

cule (JAM)-1, whereas its cytoplasmic plaque consists of a
number of scaffolding and signaling molecules such as the
zonula occludens (ZO) protein family (Tsukita et al., 2001;
Gonzáles-Mariscal et al., 2003). The major transmembrane
protein constituent of AJ in epithelial cells is E-cadherin,
which interacts with several catenin proteins on the cytosolic
side of the plasma membrane (Yap et al., 1997).

Significant progress has been made in understanding
mechanisms of assembly of the AJC during initiation of
intercellular contacts and establishment of cell polarity (for
review see Drubin and Nelson, 1996; Vasioukhin and Fuchs,
2001; Takai and Nakanishi, 2003). However, assembly of the
AJC is only one part of its biogenesis that also involves
demolition of apical junctions. For example, disassembly of
the AJC occurs in embryonic morphogenesis and tissue re-
modeling (Decker, 1981; Caldwell et al., 1984; Miller and
McClay, 1997; Jarrett et al., 2002), and during extrusion of
apoptotic cells from epithelial layers (Madara, 1990). In ad-
dition, the mature AJC is likely to undergo constant reorga-
nization manifested by endocytosis and recycling of junc-
tional proteins (Le et al., 1999; Peifer and Yap, 2003; Matsuda
et al., 2004). Such remodeling may serve to replace damaged
proteins and/or a “tonic” signaling from apical junctions to
the nucleus (Matter and Balda, 2003). Disassembly of the
AJC is accelerated by variety of pathological stimuli includ-
ing bacterial and viral proteins (Nusrat et al., 2001; Scott et
al., 2002; Hopkins et al., 2003), cytokines (Han et al., 2003),
growth factors (Kamei et al., 1999; Harhaj et al., 2002), and
oxidative agents (Basuroy et al., 2003). However, the mech-
anism(s) by which epithelial AJs and TJs are disassembled
remains poorly understood.

Decreases in extracellular calcium concentration to the
micromolar range have been shown to induce disassembly
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of the epithelial AJC and have been used extensively to
model formation and remodeling of apical junctions in vitro
(Cereijido et al., 1978; Siliciano and Goodenough, 1988;
Kartenbeck et al., 1991; Kamei et al., 1999; Ivanov et al., 2004).
Using the calcium depletion model with T84 intestinal epi-
thelial cells, we recently demonstrated that disruption of the
AJC results in clathrin-mediated internalization of junctional
proteins (Ivanov et al., 2004). However, intracellular events
that trigger disruption and endocytosis of the AJC during
calcium depletion remain poorly understood. In polarized
epithelial cells, the TJs and AJs are physically linked to
apical F-actin filaments that are organized in a perijunctional
belt-like structure (Mooseker, 1985; Fanning, 2001). The peri-
junctional actin belt is critical for formation of the AJC
(Madara et al., 1988; Citi et al., 1994; Stevenson and Begg,
1994; Ma et al., 2000) and regulation of paracellular perme-
ability (reviewed in Turner, 2000; Fanning, 2001). The
present study was designed to investigate the role of the
actin cytoskeleton in disassembly of apical junctions in in-
testinal epithelial cells during calcium depletion.

MATERIALS AND METHODS

Antibodies and Other Reagents
The following primary polyclonal (pAb) and monoclonal antibodies (mAb)
were used to detect TJ, AJ, and cytoskeletal proteins by immunofluorescence
labeling and Western blotting: antioccludin, ZO-1 and JAM-1 pAbs (Zymed
Laboratories, San Francisco, CA); anti-JAM-1 mAb (1H2A9; Liu et al., 2000);
anti-E-cadherin mAb (HECD-1; Zymed); anti-�-catenin and actin pAbs
(Sigma, St. Louis, MO), anti-�-catenin mAb (BD PharMingen, San Diego, CA);
antimammalian nonmuscle myosin (MNMM) IIA and IIB pAbs (Covance,
Berkley, CA); anti-mono- and diphosphorylated regulatory myosin light
chain and antiphospho-cofilin-1 pAbs (Cell Signaling Technology, Beverly,
MA); anticofilin pAb (Cytoskeleton, Denver, CO); anticortactin mAb (Upstate
Biotechnology, Lake Placid, NY). Polyclonal antibodies recognizing total and
phosphorylated forms of actin depolymerizing factor/cofilin-1 were gener-
ously provided by Dr. James Bamburg (Colorado State University, Fort Col-
lins, CO). Anti-MNMM IIC and actin-related protein 3 pAbs were generously
provided respectively by Dr. Robert Adelstein (National Institutes of Health,
Bethesda, MD) and Dr. Matthew Welch (University of California, Berkeley,
CA). Alexa-488–conjugated G-actin, rhodamine-phalloidin, as well as donkey
anti-rabbit and goat anti-mouse secondary antibodies conjugated to or Alexa-
488 or Alexa-568 dyes were obtained from Molecular Probes (Eugene, OR);
horseradish peroxidase–conjugated goat anti-rabbit and anti-mouse second-
ary antibodies were obtained from Jackson ImmunoResearch Laboratories
(West Grove, PA).

Cytochalasin D, latrunculin A, 2,3-butanedione monoxime (BDM), and
saponin were obtained from Sigma; jasplakinolide was purchased from Cal-
biochem (La Jolla, CA); S(�)-blebbistatin was obtained from Toronto Re-
search Chemicals (North York, Canada). Other reagents were of the highest
analytical grade and were obtained from Sigma.

Cell Culture
T84 intestinal epithelial cells (American Type Culture Collection, Manassas,
VA) were cultured in a 1:1 mixture of DMEM and Ham’s F-12 medium
supplemented with 10 mM HEPES, 14 mM NaHCO3, 40 �g/ml penicillin, 100
�g/ml streptomycin, 5% newborn calf serum, and adjusted to pH 7.4 (further
designated as T84 complete medium). For all experiments, T84 cells were
grown for 8–14 d on collagen-coated, permeable polycarbonate filters, 0.4-�m
pore size (Costar, Cambridge, MA). Filters with a surface area of 0.33 and 5
cm2 were used for immunocytochemical and biochemical experiments, re-
spectively.

Calcium Depletion and Pharmacological Modulation of
Apical Junction Disassembly
To deplete extracellular Ca2�, confluent T84 monolayers were washed twice
with calcium-free Eagle’s minimum essential medium for suspension culture
(Sigma) supplemented with 2 mM EGTA, 10 mM HEPES, 14 mM NaHCO3,
and 5% dialyzed newborn calf serum (designated here as S-MEM) and incu-
bated in S-MEM for indicated times at 37°C. For pharmacological modulation
of cytoskeleton, T84 cells were preincubated for 60 min with inhibitors in
complete T84 medium followed by 60-min incubation in S-MEM containing
the same concentration of inhibitor. Stock solutions of water-insoluble inhib-
itors were prepared in DMSO and diluted in cell culture media immediately
before each experiment. The final concentration of DMSO was 0.1%; the same
concentration of the vehicle was included in appropriate controls.

Immunofluorescence Labeling
Calcium-depleted T84 monolayers were rinsed twice with ice-cold calcium-
and magnesium-free HBSS containing 10 mM HEPES (HBSS�), whereas
control monolayers were rinsed with HEPES-buffered HBSS containing cal-
cium and magnesium (HBSS�). Cells were fixed/permeabilized in absolute
methanol for 20 min at �20°C followed by blocking in HBSS� containing 1%
bovine serum albumin (blocking buffer) for 60 min at room temperature and
incubation for 60 min with primary antibodies in blocking buffer. Cell mono-
layers were then washed, incubated for 60 min with Alexa dye–conjugated
secondary antibodies followed by rinsing and mounting on slides with Pro-
Long Antifade medium (Molecular Probes). For double labeling of junctional
proteins and myosin II with F-actin, monolayers were fixed in 3.7% parafor-
maldehyde (PFA), permeabilized with 0.5% Triton X-100 (TX-100), and se-
quentially stained with primary and green Alexa dye-conjugated secondary
antibodies, whereas F-actin was labeled with rhodamine-phalloidin. Stained
monolayers were examined using a Zeiss LSM510 laser scanning confocal
microscope (Zeiss Microimaging, Thornwood, NY) coupled to a Zeiss 100M
axiovert and 63� or 100� Pan-Apochromat oil lenses. Fluorescent dyes were
imaged sequentially in frame-interlace mode to eliminate cross-talk between
channels. Images shown are representative of at least three experiments, with
multiple images taken per slide.

Transmission Electron Microscopy
Confluent T84 monolayers were fixed in 4% buffered glutaraldehyde and cut
into 1-�m strips using a microtome. The strips were postfixed in 1% osmium
tetraoxide, sequentially dehydrated through graded alcohols and propylene
oxide, and then infiltrated with Embed-812 (Electron Microscopy Sciences, Ft.
Washington, PA). Strips were embedded for cross-section orientation. Semi-
thin (0.5 mm) sections were cut, stained with toluidine blue, and examined for
adequacy. Ultrathin section (900 Å) were cut with a diamond knife, stained
with uranyl acetate and lead citrate, and examined with a Philips EM201
electron microscope (Philips Electronics, Mahwah, NJ).

Immunoblotting
Cells were homogenized in a lysis buffer (20 mM Tris, 50 mM NaCl, 2 mM
EDTA, 2 mM EGTA, 1% sodium deoxycholate, 1% TX-100, and 0.1% SDS, pH
7.4), containing a proteinase inhibitor cocktail (1:100, Sigma) and phosphatase
inhibitor cocktails 1 and 2 (both at 1:200, Sigma). Lysates were then cleared by
centrifugation (20 min at 14,000 � g) and immediately boiled in SDS sample
buffer. PAGE and immunoblotting were conducted by standard methods
with 10–20 �g protein per lane. The results shown are representative immu-
noblots of at least three independent experiments. Quantification of protein
expression was performed by densitometric analysis of Western blot images
on the UN-SCAN-IT automated digitizing system (Silk Scientific, Orem, UT).

Fractionation of G- and F-actin and Incorporation of
Exogenous G-actin
Quantification of G- and F-actin was performed by TX-100 fractionation of
intracellular actin as previously described (Cramer et al., 2002). Briefly, control
and calcium-depleted monolayers were washed with HBSS� and HBSS�,
respectively, and G-actin was extracted by gentle shaking for 5 min at room
temperature in HBSS� containing 1% TX-100, the proteinase inhibitor cock-
tail, and 1 �g/ml phalloidin to prevent filament disassembly. This extraction
method has been shown to remove �95% of monomeric actin (Cramer et al.,
2002). The TX-100–soluble G-actin fraction was mixed with an equal volume
of SDS sample buffer and boiled. Filters were then briefly washed with HBSS�

and the TX-100–insoluble F-actin fraction collected by scraping cells in 2
volumes of SDS sample buffer, and boiled. The amount of actin in each
fraction was determined by gel electrophoresis and Western blotting as
described above. A similar procedure was also used to determine association
of junctional proteins and myosin II with F-actin, except that the TX-100
extraction was performed for 15 min on ice.

Introduction of exogenous G-actin into permeabilized cells was performed
as previously described (Symons and Mitchison, 1991). Briefly, T84 monolay-
ers were calcium-depleted for 15 min and washed twice in a rinsing buffer (20
mM HEPES, 138 mM KCl, 4 mM MgCl2, 3 mM EGTA, 1 mM ATP, pH 7.4).
Cells were then incubated for 5 min at room temperature in a permeabilizing
buffer (0.2 mg/ml saponin in the rising buffer) containing 1 �M of fluores-
cently labeled G-actin. Thereafter, cells were washed with HBSS�, fixed with
PFA, permeabilized with 0.5% TX-100, and counterstained for F-actin with
rhodamine-phalloidin.

Transepithelial Resistance Measurement
Effect of calcium depletion on transepithelial electrical resistance (TEER) was
measured using an EVOMX voltohmmeter (World Precision Instruments,
Sarasota, FL). The resistance of cell-free collagen-coated filters was subtracted
from each experimental point.

A.I. Ivanov et al.

Molecular Biology of the Cell2640



Statistics
Numerical values from individual experiments were pooled and expressed as
mean � SE of the mean (SE) throughout. Values obtained for control and
calcium-depleted groups were compared by two-tailed Student’s t tests, with
statistical significance assumed at p � 0.05.

RESULTS

Disassembly of the AJC in Calcium-depleted Cells
Depends on Integrity of Actin Filaments and Is Associated
with Formation of Contractile Apical F-actin Rings
To investigate whether disassembly of the AJC and internal-
ization of junctional proteins in calcium-depleted epithelial
cells depends on integrity of the actin cytoskeleton, we
treated T84 cells with cytochalasin D or latrunculin A, low-
molecular-weight agents that depolymerize F-actin via dif-
ferent mechanisms. Cytochalasin D prevents polymerization
of actin filaments by capping their fast growing end (Ur-
banik and Ware, 1989), whereas latrunculin A depolymer-
izes the filaments by sequestering monomeric actin (Morton
et al., 2000). In agreement with our previous study (Ivanov et
al., 2004), depletion of extracellular calcium for 60 min dis-
rupted the AJC in vehicle-treated T84 cells and caused trans-
location of AJ (E-cadherin) and TJ (occludin and JAM-1)
proteins from intercellular contacts into centrally located
ring-like structures (Figure 1). Pretreatment of T84 monolay-
ers with cytochalasin D (10 �M) or latrunculin A (5 �M)
significantly attenuated disruption of the AJC and translo-
cation of junctional proteins in calcium-depleted cells (Fig-
ure 1).

To analyze the effect of calcium depletion on organization
of junction-associated actin filaments, we visualized F-actin
using a fluorescent derivative of phalloidin. In T84 cells
cultivated with a normal concentration of calcium, apical
F-actin appeared as a thick belt at the level of the AJC as well
as an array of dots and short filaments at the base of brush-

border microvilli (Figure 2). Calcium depletion resulted in
dramatic reorganization of apical F-actin into centrally lo-
cated rings with radiating F-actin cables (Figure 2, arrows).
During the course of calcium depletion, the actin rings were
observed to decrease in diameter, which indicates their con-
traction (compare images corresponding to 10- and 30-min
time points in Figure 2). After 120 min of calcium depletion,
the actin rings began to disintegrate into small vesicle-like
structures (Figure 2, dashed arrows).

Evidence suggests that, in polarized epithelial cells cul-
tured in normal concentration of calcium, the perijunctional
actin belt is physically attached to the plasma membrane
(Mooseker, 1985; Volberg et al., 1986; Fanning, 2001). If such
attachment is preserved in calcium-depleted cells (Castillo et
al., 1998), contraction of apical F-actin ring would result in
retraction of plasma membranes of adjacent cells and pro-
vide force required for disruption of their intercellular junc-
tions. To prove this, we analyzed the morphology of calci-
um-depleted T84 cells using transmission electron
microscopy. Electron micrographs of T84 monolayers cul-
tured in normal concentration of calcium revealed colum-
nar, fully differentiated cells that contain well developed
apical junctions (Figure 3, dotted arrow). At an early time
point (30 min) of calcium depletion, a centripetal retraction
of plasma membrane at the cell apex, effectively separating
the brush-border from cell body was observed (Figure 3,
arrow). Such retraction created apical and subapical filopo-
dia-like structures that are likely to represent retraction fi-
bers through which neighboring cells remain attached to
each other (Figure 3, asterisk). We observed this membrane
retraction to be limited to the cell apex and not accompanied
by gross changes in cell shape at early times of calcium
depletion (Figure 3). We did not investigate the fate of apical
blebs; however, it is possible that they may de-attach from
the cell, as has been observed in energy-depleted hepato-
cytes (Zahrebelski et al., 1995) and renal epithelial cells

Figure 1. Depolymerization of F-actin pre-
vents disassembly of the AJC in calcium-de-
pleted epithelial cells. Confluent T84 cells
were preincubated for 60 min in either cy-
tochalasin D (10 �M) or latrunculin A (5 �M)
or vehicle followed by 60 min incubation in
S-MEM containing the same concentrations of
drugs. Localization of E-cadherin, occludin,
and JAM-1 was determined by immunofluo-
rescence labeling and confocal microscopy.
As can be seen, in vehicle treated cells calcium
depletion leads to translocation of junctional
proteins from areas of cell-cell contact into
centrally located ring-like structures. The F-
actin-depolymerizing agents prevent disas-
sembly of the AJC and translocation of junc-
tional proteins. Bar, 10 �m.
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(Chen and Wagner, 2001), or fuse with the cell body after
disintegration of the F-actin ring. On the basis of these
ultrastructural findings, we suggest that the F-actin ring
observed by fluorescent labeling and confocal microscopy is
located in and beneath the furrow separating the apical

brush-border, whereas radiating F-actin cables support re-
traction fibers.

To link reorganization of the perijunctional actin belt and
disassembly of the AJC in calcium-depleted cells, we dou-
ble-labeled F-actin with different AJ/TJ proteins. At early
times (30 min) of calcium depletion, the ring-like structures
containing E-cadherin and occludin clearly colocalized with
F-actin rings (Figure 4A, arrows). Similar colocalization with
F-actin was also found for ZO-1, JAM-1, and �-catenin (our
unpublished results). The ring-like structures containing E-
cadherin and occludin were resistant to extraction with the
TX-100/phalloidin buffer, indicating physical association of
these junctional proteins with F-actin (our unpublished re-
sults). At later times (60–120 min) of calcium depletion,
junction proteins appeared underneath the actin rings and
became more diffusely distributed in a subapical compart-
ment (our unpublished results; see also Ivanov et al., 2004).

Several previous studies including ours showed internal-
ization of AJ/TJ proteins after calcium depletion (Karten-
beck et al., 1991; Kamei et al., 1999; Le et al., 1999; Ivanov et
al., 2004), whereas others reported distribution of the AJC
remnants within plasma membrane (Pitelka et al., 1983;
Troyanovsky et al., 1999; Fukuhara et al., 2002). To test
whether the ring-like structures containing AJ/TJ proteins
are initially assembled on the cell surface or intracellularly,
we labeled PFA-fixed TX-100–permeabilized and nonper-
meabilized T84 cells with antibodies recognizing extracellu-
lar domains of E-cadherin and JAM-1. E-cadherin–contain-
ing rings were identified only in permeabilized calcium-
depleted cells (Figure 4B), indicating their intracellular
localization. In contrast, the JAM-1–containing ring-like
structures were visible in both nonpermeabilized and per-
meabilized cells (Figure 4B), suggesting that the rings are
exposed to the cell surface. In support of this, reconstructed
xz images demonstrated a narrow band of JAM-1 labeling at
the apical plasma membrane of nonpermeabilized cells (Fig-
ure 4B). However, xz image of permeabilized cells revealed
much broader apical JAM-1 labeling (Figure 4B), likely rep-
resenting both plasma membrane and submembranous, in-
ternalized pools of the protein. These data suggest that
during calcium depletion AJ proteins undergo direct F-ac-
tin–dependent internalization into a subapical compart-
ment. TJ proteins initially reorganize into actin-associated

Figure 2. Calcium depletion induces rapid reorganization of apical
F-actin cytoskeleton. Confluent T84 monolayers were incubated in
S-MEM for indicated times and organization of F-actin at the level
of the AJC was visualized using fluorescently labeled phalloidin
and confocal microscopy. In control T84 cells, apical actin is orga-
nized in short brush-border filaments surrounded by the perijunc-
tional F-actin belt. Depletion of extracellular calcium leads to reor-
ganization of apical F-actin into ring-like structures (arrows) and
radiating F-actin cables. The rings progressively contract and even-
tually collapse into small vesicles in the late stages of calcium
depletion (dashed arrows). Bar, 5 �m.

Figure 3. Calcium depletion induces apical
contraction in intestinal epithelial cells. Mor-
phology of normal T84 cell monolayer and
cells depleted in calcium for 30 min was eval-
uated by transmission electron microscopy. In
normal monolayers, cells are attached to each
other by apical junctions (dotted arrow). At
an early stage of calcium depletion, a centrip-
etal retraction of the plasma membrane and
separation of brush-border is observed (ar-
row), whereas cells remain in contact with
each other by retraction fibers (asterisk).
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ring-like structure at the plasma membrane after which they
are at least partially internalized (Figure 4; see also Ivanov et
al., 2004).

Formation of Contractile F-actin Rings Involves Turnover
of Actin Filaments Associated with Activation of Cofilin-
1/ADF and Recruitment of the Arp2/3 Complex
Given the observation that formation of contractile F-actin
rings appears to be a driving force for disassembly of the
AJC in calcium-depleted epithelial cells, we next investi-
gated mechanisms involved in formation and contraction of
these rings. Two potential mechanisms were investigated: a
turnover (depolymerization/repolymerization) of cortical
actin filaments and a myosin-dependent movement of stable
actin filaments.

We first investigated whether depolymerization of pre-
existing actin filaments is required for creation of F-actin
rings in calcium-depleted cells. Actin depolymerization
was inhibited using jasplakinolide, a cell-permeable agent
that promotes polymerization and stabilizes actin fila-
ments (Bubb et al., 1994, 2000). Because jasplakinolide has
been shown to block phalloidin binding to F-actin (Bubb
et al., 1994, 2000), we visualized total actin with polyclonal
antibody. In calcium-depleted cells, this antibody de-
tected the F-actin rings similar to those visualized by
rhodamine-phalloidin (Figure 5). Incubation of T84 cells
with jasplakinolide (2 �M) drastically attenuated ring
formation. Furthermore, stabilization of F-actin with jas-
plakinolide prevented disassembly of the AJC and trans-
location of E-cadherin and occludin from areas of cell-cell

Figure 4. Translocated junctional proteins
colocalize with F-actin rings that are assem-
bled both intracellularly and on the plasma
membrane. (A) T84 cells were incubated for
30 min in calcium-free media and double-
labeled for E-cadherin and occludin (green)
with F-actin (red). The ring-like structures
containing E-cadherin and occludin (arrows)
clearly colocalize with F-actin rings. (B) Cal-
cium-depleted (30 min) T84 cells were fixed
with PFA and labeled with antibodies recog-
nizing extracellular domains of E-cadherin
and JAM-1 with and without TX-100 perme-
abilization. E-cadherin containing ring-like
structures are visible only in permeabilized
cells, suggesting their cytosolic localization.
Ring-like structures containing JAM-1 are ob-
served in permeabilized and nonpermeabi-
lized cells, indicating that they are partially
assembled on the plasma membrane. Recon-
structed xz images show broad apical staining
of JAM-1 in permeabilized cells and narrow
surface labeling in nonpermeabilized cells,
suggesting that the ring-like structures con-
tain both surface-exposed and internalized
JAM-1. Bar, 5 �m.

Figure 5. Stabilization of actin filaments at-
tenuates F-actin reorganization and disassem-
bly of the AJC in calcium-depleted cells. T84
cells were preincubated for 60 min with jas-
plakinolide (2 �M) or vehicle followed by 60
min incubation in S-MEM containing the
same concentrations of jasplakinolide. Local-
ization of total actin, E-cadherin, and occludin
was determined by immunolabeling and con-
focal microscopy. Jasplakinolide, which pre-
vents depolymerization of actin filaments,
substantially attenuates formation of contrac-
tile actin rings and disassembly of AJs and TJs
in calcium-depleted cells. Bar, 10 �m.

Disassembly of Apical Junctional Complex

Vol. 15, June 2004 2643



contacts (Figure 5), thus suggesting a critical role for
F-actin depolymerization in these processes.

We next analyzed whether calcium depletion induces ac-
tivation of members of the actin depolymerizing factor
(ADF)/cofilin protein family. These experiments were de-
signed because ADF/cofilin proteins are known to greatly
accelerate depolymerization of filamentous actin in living
cells (Lappalainen and Drubin, 1997). It is generally believed
that ADF/cofilin proteins possess much stronger F-actin–
depolymerizing activity when they exist in the nonphospho-
rylated state (Moon and Drubin, 1995; Bamburg, 1999; Ono,
2003). Therefore, we used commercially available antibodies
recognizing either total or phosphorylated (Ser3) cofilin-1 to
analyze the phosphorylation status and thus activity of this
protein. As shown in Figure 6, calcium depletion caused a
progressive decrease in the amount of phosphorylated cofi-
lin-1 in T84 total cell lysates without a significant effect on
the total amounts of cofilin-1. Densitometry analysis of
Western blots revealed that after 60 min of calcium deple-
tion, the average amounts of phosphorylated and total cofi-

lin-1 were, respectively, 11 and 76% of control levels (Figure
6B). Similar results (our unpublished data) were obtained
using a different set of antibodies recognizing either total
cofilin-1 and its homologue ADF (Morgan et al., 1993) or
identically phosphorylated forms of these two proteins (Me-
berg et al., 1998). We also used the latter antibodies to
analyze the effect of calcium depletion on intracellular local-
ization of cofilin-1/ADF. Double labeling showed colocal-
ization of total cofilin-1/ADF in areas of F-actin rings in
calcium-depleted cells (Figure 6B, arrows). In contrast, no
substantial colocalization of F-actin and phosphorylated co-
filin-1/ADF was found, indicating that the nonphosphory-
lated, active forms of these proteins colocalize with F-actin
rings. Taken together, these data suggest that calcium de-
pletion is accompanied by activation (dephosphorylation) of
cofilin-1 and its translocation to F-actin rings.

Next we asked whether actin depolymerization is in-
volved in the initial step of F-actin ring formation or whether
biogenesis of such rings requires continuous depolymeriza-
tion and de novo polymerization of actin. If the latter mech-

Figure 6. Calcium depletion is accompanied
by activation of cofilin-1 and its accumulation
in contractile F-actin rings. T84 cells were in-
cubated in S-MEM for indicated times and
amount of total and phosphorylated (P) cofi-
lin-1 in cell lysates was determined by West-
ern blotting. Representative blot (A) and
quantification results from three indepen-
dent experiments (B) shows that the amount
of phosphorylated (inactive) but not total
cofilin-1 drastically decreases during cal-
cium depletion. (C) Calcium-depleted (30
min) cells were double-labeled for total co-
filin-1/ADF and phosphorylated cofilin-
1/ADF (green) with F-actin (red). Total cofi-
lin-1/ADF colocalizes with F-actin rings
(arrows); however, no such colocalization is
seen for phosphorylated (inactive) cofilin-1/
ADF. Bar, 5 �m.
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anism is valid, then sequestration of monomeric actin would
be expected to induce disassembly of F-actin rings. To test
this, we allowed the rings to develop during first 30 min of
calcium depletion and then treated cells for another 30 min
with either a high concentration of the G-actin–binding drug
latrunculin A (50 �M) or vehicle. Figure 7A demonstrates
that treatment with vehicle did not affect integrity of the
F-actin rings, whereas sequestration of monomeric actin by
latrunculin A caused rapid (within 30 min) ring disassem-
bly. As a complementary approach, we investigated incor-
poration of exogenous G-actin into cytoskeletal structures of
gently permeabilized, calcium-depleted T84 cells. We prein-
cubated cells without calcium for 15 min with subsequent
introduction of the fluorescently labeled G-actin in cell-per-
meabilizing buffer. Figure 7B shows that within 5 min of
such introduction, a substantial amount of exogenous G-
actin is incorporated into F-actin rings, especially at the ring
edge (arrows). Interestingly, the rapid turnover of F-actin
rings in calcium-depleted cells was not accompanied by
significant changes in a balance between G and F-actin.
Thus, the calculated G/F actin ratio was 0.96 � 0.16 and
1.08 � 0.3 (n � 3; p � 0.05) in T84 cells cultured in normal
concentration of calcium and in calcium-free medium for 60
min, respectively.

Because nucleation of new actin filaments is regulated by
the actin related protein (Arp) 2/3 complex (Suetsugu et al.,
2002; Welch and Mullins, 2002), one could expect accumu-
lation of the Arp2/3 complex in contractile F-actin rings if de
novo actin polymerization occurs during their biogenesis.
Indeed, double-labeling experiments revealed substantial
colocalization of Arp3 protein with F-actin rings in calcium-
depleted cells (Figure 8A, arrows). Furthermore, these rings
were also enriched in cortactin (Figure 8A, arrows), a protein
that recruits the Arp2/3 complex to actin filaments (Weed et
al., 2000; Urino et al., 2001). Another argument supporting
the role of Arp2/3-dependent actin polymerization in the
formation of contractile F-actin rings was obtained by using
2,3-butanedione monoxime (BDM), a low-molecular-weight
agent that has been reported to prevent Arp2/3 binding to
F-actin (Yarrow et al., 2003). As shown in Figure 8B, BDM

treatment (30 mM) attenuated the formation of F-actin rings
and translocation of E-cadherin and occludin from intercel-
lular junctions after 30 min of calcium depletion (compare
images on Figure 8B to the time-matched controls presented
in Figures 2 and 4A). The Arp2/3-related data reinforces the
idea that de novo actin polymerization is important for
biogenesis of contractile F-actin rings and disassembly of the
AJC in calcium-depleted epithelial cells.

Activity of Myosin IIA Is Required for Biogenesis of
Contractile F-actin Rings
Besides directed actin polymerization, it can be envisioned
that simple sliding of neighboring actin filaments against
each other may provide force for contraction of F-actin rings
(Mooseker, 1985; Spudich, 2001). In human intestinal epithe-
lial cells, such movement is assisted by mammalian non-
muscle myosin (MNMM) II (Mooseker, 1985). We sought to
investigate whether MNMM II plays a role in contraction of
F-actin rings and disassembly of the AJC during calcium
depletion. As shown in Figure 9A, treatment of T84 cells
with selective MNMM II inhibitor blebbistatin (50 �M) com-
pletely prevented reorganization of apical F-actin and trans-
location of E-cadherin and occludin from intercellular junc-
tions. Blebbistatin treatment also affected the barrier
properties of T84 monolayers (Figure 9B). Indeed at normal
calcium concentration, inhibition of MNMM II slightly de-
creased TEER. However, after 60 min of calcium depletion,
blebbistatin treatment significantly attenuated the drop in
electrical resistance (Figure 9B). In calcium depleted, bleb-
bistatin treated monolayers, the TEER remained in the range
of 400–450 	 cm2, which is characteristic of functional epi-
thelial apical junctions.

Three isoforms of MNMM II referred to as IIA, IIB, and
IIC have been characterized to date (Murakami et al., 1991;
Phillips et al., 1995; Golomb et al., 2004). The isoforms differ
in their heavy-chain structure and may have distinct biolog-
ical functions (Maupin et al., 1994; Kolega, 2003; Togo and
Steinhardt, 2004). Although myosin II has been shown to be
abundant in intestinal epithelial cells (Mooseker, 1985; Fan-
ning, 2001), which isoforms are expressed is unknown. Us-

Figure 7. G-actin is essential for stability of
the contractile F-actin rings, and it is incorpo-
rated into rings during calcium depletion.
(A). T84 cells were preincubated in S-MEM
for 30 min followed by another 30 min incu-
bation in S-MEM containing either G-actin–
binding agent, latrunculin A (50 �M), or ve-
hicle. Sequestration of G-actin with
latrunculin A, but not vehicle treatment re-
sults in rapid disassembly of preformed F-
actin rings. Bar, 10 �m. (B). Fluorescently la-
beled exogenous G-actin (green) was
introduced for 5 min into saponin-permeabi-
lized calcium-depleted T84 cells, and its intra-
cellular localization together with topography
of F-actin (red) was determined by confocal
microscopy. As can be seen, exogenous G-
actin is incorporated into F-actin rings in cal-
cium-depleted cells (arrows). Bar, 5 �m.
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ing antibodies that specifically recognize different MNMM II
heavy chains, we analyzed expression and localization of
known myosin II isoforms in T84 cells. Figure 10A shows
that MNMM IIA is strongly expressed, whereas expression
of the IIB isoform is much weaker and IIC is virtually
undetectable by Western blot. Immunolabeling and confocal
microscopy showed that in polarized T84 cells cultured in a
normal calcium concentration, MNMM IIA is enriched in the
cell apex, presumably in brush-border microvilli (Figure
10B). In cells incubated for 30 min without calcium, MNMM
IIA was found to strongly colocalize with contractile F-actin
rings and to accumulate along F-actin cables penetrating
retraction fibers (Figure 10B). These data are in agreement
with previously observed colocalization of an unspecified
myosin II isoform within F-actin rings in calcium-depleted
MDCK and Caco-2 cells (Castillo et al., 1998; Ma et al., 2000b).
Fractionation with TX-100/phalloidin-containing buffer
demonstrated that in control cells the majority of MNMM
IIA is TX-100–soluble (Figure 10C) and therefore weakly
associated with actin filaments. This is not a surprising
finding for a motor protein with a fast rate of association
with/dissociation from the cytoskeleton (Spudich, 2001).
Compared with the control, calcium-depleted cells had
greater amounts of TX-100–insoluble MNMM IIA (Figure
10C), thus indicating increased physical association of my-
osin II with F-actin.

Colocalization of the MNMM IIA heavy chain with F-actin
does not necessarily reflect the presence of a fully functional
motor protein. Activity of myosin II requires association of

its heavy chains with phosphorylated regulatory myosin
light chains (RMLC; reviewed in Tan et al., 1992; Bresnick,
1999). To determine whether actin rings contain active
MNMM IIA, we performed double labeling of F-actin with
two antibodies specifically recognizing mono- phosphory-
lated (Ser 19) and di-phosphorylated (Ser19/Thr18) RMLCs.
After 30 min of calcium depletion, we found significant
colocalization of phosphorylated RMLCs with contractile
F-actin rings (Figure 11 arrows). Taken together our phar-
macological and morphological data support a role of
MNMM IIA in the formation of apical F-actin rings and
disassembly of the AJC in calcium-depleted T84 cells.

DISCUSSION

Formation of Contractile F-actin Rings Triggers
Disruption of Apical Junctions in Calcium-depleted Cells
Depletion of extracellular calcium in differentiated epithelial
monolayers causes orchestrated translocation of major AJ
and TJ proteins from areas of cell-cell contacts and their
subsequent endocytosis (Siliciano and Goodenough, 1988;
Kartenbeck et al., 1991; Kamei et al., 1999; Ivanov et al., 2004).
Rapid coordinated movement of large multiprotein com-
plexes is likely to be mediated by cytoskeletal reorganiza-
tion. Because in epithelial cells the apical perijunctional F-
actin belt affiliates with the AJC and controls assembly
(Vasioukhin and Fuchs, 2001) and barrier properties of api-
cal junctions (Madara et al., 1988; Citi et al., 1994; Stevenson

Figure 8. Arp2/3 complex is involved in
formation of F-actin rings and disassembly of
the AJC. (A). T84 cells were depleted in cal-
cium for 30 min and double-labeled for Arp3
and cortactin (green) with F-actin (red). As
can be seen, both components of the active
Arp2/3 complex colocalize with F-actin rings
(arrows). Bar, 5 �m. (B). T84 cells were prein-
cubated for 60 min with BDM (30 mM) fol-
lowed by 30-min incubation in S-MEM con-
taining the same concentrations of BDM.
Localization of F-actin, E-cadherin, and occlu-
din was determined by fluorescence labeling
and confocal microscopy. BDM, which dislo-
cates the Arp2/3 complex from actin fila-
ments, substantially attenuates formation of
contractile F-actin rings and disassembly of
AJs and TJs in calcium-depleted cells (com-
pare with time-matched images of untreated
calcium-depleted cells on Figures 2 and 4A).
Bar, 10 �m.

A.I. Ivanov et al.

Molecular Biology of the Cell2646



and Begg, 1994; Ma et al., 2000a; Turner et al., 2000), we
sought to investigate the role of actin cytoskeleton in disas-
sembly of the AJC after removal of extracellular calcium.

Depolymerization of F-actin filaments with either cytocha-
lasin D or latrunculin A before calcium removal prevented
translocation of AJ/TJ proteins in calcium-depleted T84 cells
(Figure 1). These data and similar results reported in Madin-
Darby canine kidney (MDCK) epithelial cells (Citi et al.,
1994; Stevenson and Begg, 1994) substantiate the role for
actin filaments in AJC disassembly. Furthermore, morpho-
logical analysis of actin filaments revealed rapid formation
of apical F-actin rings in calcium-depleted cells (Figure 2).
We observed that contraction of these rings resulted in deep
invaginations of the plasma membrane at the level of the
AJC and “pinched-off” areas in the brush-border (Figure 3).
Such F-actin–driven membrane retraction is likely to be
uneven, creating multiple retraction fibers at the cell apex
(Figure 3). These fibers contain F-actin cables (Figures 2 and
4A) and remnants of TJs (Figure 4) and are responsible for
residual contacts between adjacent cells at early times of
calcium depletion (Figure 3).

We believe that actin-driven retraction of the plasma
membrane provides mechanical forces that disassemble the
AJC. As a result, AJ and TJ proteins translocate to a deep-
ening furrow and assemble into novel ring-like structures
associated with contractile F-actin rings (Figure 4A). It ap-

pears that translocation routes for transmembrane AJ and TJ
proteins are different. In particular, E-cadherin becomes rap-
idly internalized after disruption of intercellular contacts
and accumulates in a subapical cytosolic compartment (Fig-
ure 4B). In contrast, TJ remnants containing JAM-1 (and
probably other TJ proteins) become initially reorganized at
the cell surface (Figure 4B) and internalized at later times of
calcium depletion. These data support our previous findings
that internalized AJ and TJ proteins occupy adjacent but
distinct parts of a cytosolic storage compartment (Ivanov et
al., 2004). Interestingly, reorganization of apical F-actin and
disassembly of the AJC in T84 cells are completely reversible
after restoration of normal calcium concentration in the cell
culture medium (our unpublished results).

Role for Actin Filament Turnover in Biogenesis of
F-actin Rings
Contractile F-actin rings play critical roles in variety of bio-
logical processes including cell division (Field et al., 1999;
Noguchi et al., 2001), wound closure (Bement et al., 1993,
1999; Mandato and Bement, 2001; Florian et al., 2002), endo-
cytosis (Araki et al., 2002; Sokac et al., 2003), and extrusion of
apoptotic cells from epithelial monolayers (Rosenblatt et al.,
2001). Two different mechanisms account for generation of
force required for ring contraction. One mechanism is due to

Figure 9. Inhibition of mammalian non-
muscle myosin (MNMM) II prevents F-actin
reorganization, disassembly of the AJC, and
barrier dysfunction in calcium-depleted cells.
(A). T84 cells were preincubated for 60 min
with blebbistatin (50 �M) or vehicle followed
by 60-min incubation in S-MEM containing
the same concentrations of the inhibitor. Lo-
calization of F-actin, E-cadherin, and occludin
was determined by fluorescence labeling and
confocal microscopy. Blebbistatin, which se-
lectively inhibits activity of MNMM II, com-
pletely blocks formation of contractile F-actin
rings and disassembly of AJs and TJs in cal-
cium-depleted cells. (B). T84 cells were either
incubated for 120 min in T84 complete me-
dium containing blebbistatin (50 �M) or pre-
treated with blebbistatin for 60 min followed
by 60 min of calcium depletion in the pres-
ence of the inhibitor. Appropriate controls
were incubated with vehicle, and TEER in all
groups was measured. Blebbistatin slightly
decreases resistance in T84 monolayers at
normal concentration of calcium, but signifi-
cantly attenuates the drop in TEER during
calcium depletion. Data are presented as
mean � SE (n � 3); *p � 0.05; **p � 0.01
comparing to vehicle-treated controls.
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dynamic depolymerization/repolymerization of actin fila-
ments (Mandato and Bement, 2001; Henson et al., 2002;
Pelham and Chang, 2002; Sokac et al., 2003). Another re-
quires production of force by the motor protein, myosin II,
(Bement et al., 1993, 1999; Mandato and Bement, 2001; Araki
et al., 2002; Florian et al., 2002). Because both mechanisms
have been implicated in the biogenesis of F-actin rings dur-
ing cytokinesis and wound healing (Mandato and Bement,
2001; Noguchi et al., 2001), we analyzed whether they are
involved in reorganization of apical F-actin in calcium-de-
pleted epithelial cells.

Actin creates motile force via directed filament growth (Pan-
taloni et al., 2001; Pollard and Borisy, 2003). In this process,
known as treadmilling, monomeric units are added to so-called
“plus or barbed” ends of filaments and are removed from the
opposite, “minus or pointed” ends (Pantaloni et al., 2001; Pol-
lard and Borisy, 2003), thus rationalizing requirement of both
polymerization and depolymerization for filament movement.
In the present study, we have demonstrated that actin depoly-
merization is important for formation of contractile rings, be-
cause stabilization of F-actin with jasplakinolide drastically
attenuated this process as well as disassembly of the AJC
during calcium depletion (Figure 5). In a search for mecha-
nisms involved in such actin depolymerization, we analyzed
functional state of members of the ADF/cofilin family that
accelerate disassembly of actin filaments in vivo (Moon and
Drubin, 1995; Bamburg, 1999; Ono, 2003). Two members of this
protein family, ADF and cofilin-1 are expressed in epithelial
cells where they exist in nonphosphorylated and phosphory-

lated states (Bamburg, 1999). The nonphosphorylated state has
much higher actin-depolymerizing activity (Bamburg, 1999;
Ono, 2003). We found rapid dephosphorylation of cofilin-1 in
calcium-depleted T84 cells (Figure 6, A and B), indicating ac-
tivation of this protein. Furthermore, active, nonphosphory-
lated cofilin-1/ADF accumulated in contractile F-actin rings
(Figure 6C). Similar decrease in phosphorylation and translo-
cation of cofilin/ADF to areas of apical F-actin disassembly has
been found in energy-depleted renal epithelial cells (Ashworth
et al., 2001, 2003), where functional importance of these events
was confirmed by expression of constitutive active and inactive
forms of cofilin/ADF (Ashworth et al., 2003). We believe that
activation of cofilin-1/ADF in calcium-depleted cells also has
functional consequences by mediating disassembly of the api-
cal F-actin.

In agreement with the idea that rapid turnover of actin
filaments is involved in biogenesis of contractile F-actin
rings in calcium-depleted cells, we demonstrated that de
novo actin polymerization is essential for the rings forma-
tion and stability. Selective sequestration of G-actin with
latrunculin A prevented rings formation (Figure 1) and re-
sulted in rapid disassembly of intact ones (Figure 7A), indi-
cating their dependence on a constant supply of monomeric
actin. Furthermore, exogenous G-actin introduced into per-
meabilized calcium-depleted cells was rapidly incorporated
into contractile F-actin rings (Figure 7B). Another group of
evidence suggests a tentative mechanism for such de novo
actin polymerization. Thus, we found that Arp3, the major
component of the Arp2/3 complex that nucleates new actin

Figure 10. Mammalian nonmuscle myosin
IIA isoform is predominantly expressed in
T84 epithelial cells and colocalizes with F-
actin rings during calcium depletion. (A) Ex-
pression of different MNMM II isoforms in
T84 total cell lysates was determined by West-
ern blotting. The MNMM IIA is highly ex-
pressed in T84 cells, whereas expression of
the IIB isoform is weak and MNMM IIC is
undetectable. (B). Control T84 cells and calci-
um-depleted (30 min) cells were double-la-
beled for MNMM IIA (green) with F-actin
(red). As can be seen, in normal cells MNMM
IIA is enriched in apical brush-border,
whereas in calcium-depleted cells MNMM
IIA colocalizes with F-actin rings (arrows).
(C). Control T84 cells and cells incubated in
S-MEM for 60 min were fractionated using a
TX-100/phalloidin-containing buffer as de-
scribed in MATERIAL AND METHODS, and
distribution of MNMM IIA between TX-100–
soluble (S) and –insoluble (I) fractions was
determined. Calcium depletion increases
amount of TX-100–insoluble (F-actin-associ-
ated) fraction of MNMM IIA. Bar, 5 �m.
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filaments (Suetsugu et al., 2002; Welch and Mullins, 2002),
colocalizes with the F-actin rings (Figure 8A). Similar colo-
calization was found for cortactin, which activates the
Arp2/3 complex and targets it to actin filaments (Weed et al.,
2000; Urino et al., 2001). Furthermore, treatment with BDM,
that has been shown to displace the Arp2/3 complex from
F-actin (Yarrow et al., 2003), attenuated formation of contrac-
tile F-actin rings and disassembly of apical junctions (Figure
8B). Taken together, these data suggest that the Arp2/3-
assisted de novo actin polymerization is essential for bio-
genesis of contractile F-actin rings during calcium depletion.

Role for Myosin IIA Motor in Biogenesis of F-actin Rings
Turnover of F-actin filaments does not appear to be solely
responsible for creation of contractile actin rings and disrup-
tion of the AJC in calcium-depleted epithelial cells. Our data
demonstrate a vital role for MNMM II motor in these pro-
cesses. Myosin-driven contraction of perijunctional actin belt
has been intensively studied in isolated intestinal brush bor-
ders (see for review Mooseker, 1985), although mechanisms of
such contractility in living cells are poorly understood. Previ-
ous functional studies implicating myosin II in contraction of
F-actin ring in calcium-depleted MDCK and Caco-2 cells, were
based primarily on effects of BDM, which was thought to be a
general myosin inhibitor (Castillo et al., 1998; Ma et al., 2000b).
However, several recent studies showed that BDM, although
blocking activity of skeletal muscle myosin II, does not inhibit
MNMM II or any other nonmuscle myosins tested (Cheung et
al., 2002; Ostap, 2002; Yarrow et al., 2003). Inhibitory effects of
BDM on cell motility have been explained by its interference
with Arp2/3-dependent polymerization of F-actin (Yarrow et
al., 2003), and caution was urged with interpretation of old
BDM experiments (Ostap, 2002; Titus, 2003). In the present
study, we used blebbistatin, a highly selective inhibitor of
MNMM II (Straight et al., 2003) and demonstrated complete
prevention of formation of contractile F-actin rings and disas-
sembly of the AJC in calcium-depleted T84 cells (Figure 9A).
Amazingly, inhibition of myosin II activity also largely pre-
served barrier properties of calcium-depleted T84 monolayers
(Figure 9B). Of all pharmacological inhibitors of the AJC dis-

assembly used in the present work and in our previous study
(Ivanov et al., 2004), blebbistatin is the only agent that has been
observed to significantly inhibit the drop in TEER caused by
calcium removal.

Mammalian cells express three isoforms of nonmuscle
myosin II designated as MNMM IIA, IIB, and IIC (Mu-
rakami et al., 1991; Phillips et al., 1995; Golomb et al., 2004).
The MNMM II isoforms are widely expressed in embryonic
and adult tissues (Golomb et al., 2004) and MNMM IIA and
IIB play distinct roles in cell motility (Maupin et al., 1994;
Wylie and Chantler, 2001; Kolega, 2003) and vesicle traffick-
ing (Togo and Steinhardt, 2004). Our data suggest a critical
role for MNMM IIA in formation and closure of contractile
F-actin rings in calcium-depleted T84 cells. Not only did we
observe MNMM IIA as the predominant isoform in T84 cells
(Figure 10A), but we also found its colocalization with con-
tractile F-actin rings (Figure 10B). In addition, we observed
that the amount of MNMM IIA tightly associated with F-
actin is increased in calcium-depleted cells (Figure 10C) and
that it is likely to be activated by association with phosphor-
ylated RMLCs, which accumulate in the areas of actin rings
(Figure 11). Although the MNMM IIA isoform was previ-
ously implicated in formation of protrusive force during cell
migration (Saitoh et al., 2001; Kolega, 2003), our data to-
gether with findings of MNMM IIA in the cleavage furrow
during cytokinesis (Obungu et al., 2003; Maupin et al., 1994)
suggest that this myosin II isoform is involved in creation of
contractile/retraction force.

In conclusion, our present study demonstrates that reor-
ganization of the apical actin cytoskeleton mediates disas-
sembly of the AJC during calcium depletion of intestinal
epithelial cells. This reorganization leads to formation of
contractile F-actin rings that likely creates tension and re-
sults in disassembly of the AJC and internalization of AJ/TJ
proteins. Two processes cooperate in the formation and
contraction of F-actin rings. The first is a rapid reorganiza-
tion of F-actin involving cofilin-1/ADF–driven depolymer-
ization and Arp2/3-dependent repolymerization, and the
second is a myosin IIA–dependent contraction of actin rings.
This actomyosin-driven disruption of the AJC in calcium-

Figure 11. Mono- and di-phosphorylated
regulatory myosin light chain colocalize with
contractile F-actin rings in calcium-depleted
cells. T84 cells were calcium-depleted for 30
min and double-labeled for mono- and di-
phosphorylated regulatory myosin light
chain (P-RMLC and PP-RMLC, respectively;
labeled in green) with F-actin (red). As can be
seen, both P-RLMC and PP-RLMC colocalize
with F-actin rings (arrows). Bar, 5 �m.
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depleted cells may represent an exaggerated version of
mechanisms responsible for rapid disassembly of apical
junctions during normal remodeling of intestinal epithelium
and in intestinal inflammation.
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