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Abstract. To examine the functions of ERM family
members (ezrin, radixin, and moesin), mouse epithe-
lial cells (MTD-1A cells) and thymoma cells
(L5178Y), which coexpress all of them, were cultured
in the presence of antisense phosphorothioate oligonu-
cleotides (PONs) complementary to ERM sequences.
Immunoblotting revealed that the antisense PONs
selectively suppressed the expression of each member.
Immunofluorescence microscopy of these ezrin,
radixin, or moesin “single-suppressed” MTD-1A cells
revealed that the ERM family members are colocalized
at cell-cell adhesion sites, microvilli, and cleavage fur-
rows, where actin filaments are densely associated
with plasma membranes. The ezrin/radixin/moesin an-

tisense PONs mixture induced the destruction of both
cell-cell and cell-substrate adhesion, as well as the
disappearance of microvilli. Ezrin or radixin antisense
PONs individually affected the initial step of the for-
mation of both cell-cell and cell-substrate adhesion,
but did not affect the microvilli structures. In sharp
contrast, moesin antisense PONs did not singly affect
cell-cell and cell-substrate adhesion, whereas it partly
affected the microvilli structures. These data indicate
that ezrin and radixin can be functionally substituted,
that moesin has some synergetic functional interaction
with ezrin and radixin, and that these ERM family
members are involved in cell-cell and cell-substrate
adhesion, as well as microvilli formation.

teins; ezrin, radixin, and moesin (Sato et al., 1992;
Tsukita et al., 1992). Ezrin (also called cytovillin or
p81) was first identified as a constituent of microvilli in intes-
tinal epithelial cells (Bretscher, 1983; Pakkanen et al.,
1987), and is a good substrate in vivo for tyrosine kinases
such as EGF receptors (Bretscher, 1989; Gould et al., 1986;
Hunter and Cooper, 1981, 1983). Radixin is an actin-
modulating protein that was first purified and characterized
from the isolated cell-cell adherens junction fraction (Tsu-
kita et al., 1989). Moesin was originally identified as an ex-
tracellular heparin-binding protein (Lankes et al., 1988) and
was later found to be intracellular (Lankes and Furthmayr,
1991). Since these proteins were very similar, the identity of
each was not fully established until each cDNA was cloned
and sequenced (Gould et al., 1989; Turunen et al., 1989;
Funayama et al., 1991; Lankes and Furthmayr, 1991; Sato
et al., 1992).
Sequence analyses revealed that these three proteins are
highly homologous; in the mouse, the identity is 75, 72, and
80% for ezrin/radixin, ezrin/moesin, and radixin/moesin,

THE ERM family consists of three closely related pro-
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respectively (Funayama et al., 1991; Sato et al., 1992). The
sequence of their NHo-terminal half is highly conserved
(~85 % identity for any pair). This sequence was also found
in the NH,-terminal region of the band 4.1 superfamily
members such as band 4.1 protein, talin, and protein-
tyrosine-phosphatases (PTPHI and PTMEG), indicating
that the ERM family is included in the band 4.1 superfamily
{Conboy et al., 1986; Rees etal., 1990; Guetal., 1991; Yang
etal., 1991). Detailed analysis with in vitro translation using
cDNAs revealed that mouse ezrin, radixin, and moesin mi-
grate at 85, 82, 75 kD in SDS-PAGE, which allows the ex-
pression of these ERM family members in various types of
cells and tissues to be compared by immunoblotting (Sato et
al., 1992). In all types of mouse cultured cells so far exam-
ined, ezrin, radixin, and moesin are all coexpressed, but
their expression profiles are distinct among tissues in vivo.

The distribution of ERM family members inside cells has
been so far intensively analyzed using various combinations
of antibodies and cells (Bretscher, 1983; Pakkanen et al.,
1987; Tsukita et al., 1989; Lankes et al., 1988; Sato et al.,
1991, 1992; Franck et al., 1993; Berryman et al., 1993).
However, the results have not been consistent. This is proba-
bly because (a) the identity of each protein was confused, (b)
the antibodies were not specific for each protein, and (c) the
masking problem for immunofluorescence microscopy was
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+1 +24
§ L. 3
Ezrin LI ACCAGCCAAG ATGCCCAAGCCAATCAACGTCCGG GTGACCACCATGGAT «+ -+
Radixin = +«v..» GAAAAAGAAA ATGCCGAAGCCAATCAATGTAAGA GTAACTACAATGGAC -----.
Moesin  -ecee- TGCCGCCACC ATGCCGAAGACGATCAGTGTGCGT GTCACCACCATGGAT -+

severe. Taking all localization studies of ERM family mem-
bers into consideration, what we can conclude at present is
that at least one ERM family member is concentrated in the
plasmalemmal undercoat at microvilli, ruffling membranes,
and cleavage furrows (Sato et al., 1992; Franck et al., 1993;
Berryman et al., 1993). These are specialized sites where
actin filaments are densely associated with plasma mem-
branes; therefore, ERM family members may play a crucial
role in the association between actin filaments and plasma
membranes in general. This notion seems to be consistent
with biochemical data. The NH,-terminal half of band 4.1
protein, which shows similarity with the NH,-terminal half
of ERM family members, is responsible for its direct binding
to an integral membrane protein called glycophorin C in
erythrocytes (Anderson and Lovrien, 1984; Anderson and
Marchesi, 1985; Leto et al., 1986), suggesting that ERM
family members are directly associated with a putative inte-
gral membrane protein. On the other hand, radixin directly
interacts with actin filaments at least in vitro (Tsukita et al.,
1989), and the COOH-terminal half of ezrin is reportedly as-
sociated with actin filaments in vivo (Algrain et al., 1993).

Our previous findings suggesting the presence of ERM
family members at cell to cell and cell to substrate adherens
junctions is in sharp contrast with the recent report by
Bretscher’s group that at least ezrin and moesin are not con-
centrated at these junctions (Sato et al., 1992; Franck et al.,
1993; Berryman et al., 1993). Previously, we used pAb and
mAb that are not specific for each member, and those of
Bretscher’s group did not include the information about the
localization of radixin, making it difficuit to compare these
data. Therefore, the presence of ERM family members at
these junctions should be closely reevaluated using mAbs
specific for each member, but as we previously reported, the
marked masking problem for immunofluorescence micros-
copy is expected to hamper this type of localization work
(Sato et al., 1992). This means that it is very difficult to spec-
ulate on the functions of ERM family members from their
localization, especially to evaluate whether or not ERM fam-
ily members are functionally involved in cell-cell and
cell-substrate adhesion.

Thus, in this study, we directly analyzed the functions of
ERM family members. We constructed antisense phosphoro-
thioate oligonucleotides (PONs)' complementary to the se-
quence of each ERM family member and applied it to cul-
tured epithelial (MTD-1A cells) and thymoma cells (L5178Y).
Antisense PONs are so stable that they can effectively sup-
press the expression of corresponding proteins (Matsukura
etal., 1987; Paria et al., 1992; Ratajczak et al., 1992; Yoko-

1. Abbreviations used in this paper: Al, adherens junction; FC, focal con-
tacts; PONSs, phosphorothioate oligonucleotides.
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Figure 1. Nucleotide sequences (—10rv39; relative
to the translation initiation site) of mouse ezrin,
radixin, and moesin (Funayama et al., 1991; Sato
et al., 1992). Antisense PONs complementary to
position 1-24 of ezrin, radixin, and moesin were
synthesized (shadowed). Sense PONSs of this re-
gion were also synthesized as controls.

zaki et al., 1993; Osen-Sand et al., 1993). When these cells
were cultured in the presence of antisense PONs comple-
mentary to ezrin, radixin, or moesin sequences, the expres-
sion of each ERM family member was selectively suppressed.
Immunofluorescence microscopy of these antisense-treated
cells showed that all the members are colocalized at cell-cell
adhesion sites, microvilli, and cleavage furrows; because of
the reasons described above, in this paper, we use “cell-cell
adhesion sites” instead of “cell to cell adherens junctions.” We
found that these antisense PONSs perturbed cell-substrate ad-
hesion, cell-cell adhesion, and microvilli formation. This
perturbation was observed most clearly when the ezrin/
radixin/moesin antisense PONs mixture was added to culture
media, We believe this study will provide a basis for a better
understanding of the significance of the coexpression of more
than two ERM family members in single cells and of their
physiological functions.

Materials and Methods
Antibodies

The mAb M11 was raised in a rat against recombinant mouse ezrin produced
in Escherichia coli (see Fig. 3). The pAb Il was raised in a rabbit against
purified rat radixin (Tsukita et al., 1989), and the mAb M22 was raised in
a rat against recombinant mouse moesin produced in E. coli (see Fig. 3).
The mouse anti-ZO-1 mAb (T8-754) was previously reported (Itoh et al.,
1991). Anti-mouse E-cadherin pAb was a gift from Dr. M. Takeichi (Kyoto
University).

Cell Culture

The mouse mammary tumor MTD-1A cell line is a subclone isolated from
the original MTD-1 line (Enami et al., 1984; Hirano et al., 1987). The
mouse thymoma (L5178Y), mouse myeloma (P3), and mouse leukemia cell
lines (WEHI231) were gifts from Dr. 1. Yahara (Tokyo Metropolitan Insti-
tute for Medical Sciences), Dr. T. Obinata (Chiba University, Chiba, Ja-
pan), and Dr. T. Yamamoto (Tokyo University), respectively. MTD-1A cells
were cultured in DME supplemented with 10% FCS, and the others were
cultured in RPMI 1640 with 10% FCS. To minimize the amount of antisense
PONSs, 24- or 96-well plastic dishes or 16-well glass-bottomed chamber
slide dishes (Nunc, Inc. Naperville, IL) were used.

For replating experiments of MTD-1A cells, cells cultured on dishes were
incubated with 5 mM EDTA in PBS for 10 min followed by incubation with
PBS containing 0.25% trypsin for 5 min. After floating cells were washed
with culture medium, they were plated on culture dishes or glass coverslips
in the same medium.

For Ca**-switch experiments, MTD-1A cells were cultured in Eagle’s
minimal essential medium containing 005 mM Ca™ and 10% FCS (low
Ca medium) for 48 h. The FCS in the low Ca medium was pretreated with
chelex to remove Ca** before use. They were then transferred to DME
supplemented with 10% FCS (normal Ca medium).

Antisense PONs

First, two distinct positions, 1-24 and 301-324 (relative to the translation ini-
tiation site), of radixin sequence were chosen for the synthesis of antisense
PONSs, and we found that antisense PONs complementary to the former po-
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Figure 2. Effects of antisense
PONSs on the expression of the
ERM family members in
MTD-1A (4) and thymoma
cells (B). MTD-1A and thy-
moma cells were cultured for
96 h in the presence of vari-
ous combinations of ezrin,
radixin, and moesin anti-
sense/sense PONs in a 24-
well dish, separated by SDS-
PAGE, and immunoblotted
with pAb I1, which recognizes
all members of the ERM fam-
ily by immunoblot (E, 85-kD
ezrin; R, 82-kD radixin; M,
75-kD moesin). The same
amount of cell extract was loaded for each sample. The combination of antisense (4) or sense (S) PONs is shown above each lane. Note
that each antisense but not sense PONs selectively suppressed the expression of each ERM family member. In this system, ERM “single-
suppressed” (lanes 3-5 in A and lanes 2-4 in B), “double-suppressed” (lane 6 in 4 and lane 5 in B), and “triple-suppressed” (lane 7 in
A and lane 6 in B) cells were produced. In this figure, the suppressed bands are undetectable, but when the samples were overloaded,
even at 96 h in culture, these suppressed bands are detectable by immunoblotting.
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Figure 3. Characterization of antibodies. (4) Specificity of mAb M11 (lane 1), pAb Il (lane 2), and mAb M22 (lane 3) revealed by immuno-
blotting of MTD-1A cells. Note that in immunoblotting pAb I1 recognized ezrin (E) and moesin (M), as well as radixin (R), but that in
immunofluorescence microscopy it appears to specifically react with radixin (see Fig. 4). This is probably caused by the difference in
the sample treatment between immunoblotting and immunofiuorescence microscopy; SDS treatment and formaldehyde-fixation, respec-
tively. (B) Immunofluorescence staining pattern of MTD-1A cells with pAb Il revealed by confocal microscopy. Confocal images of pAb
I1-stained specimens at three focal planes (a, substratum level; b, junctional complex level; and c, upper surface level) reveal the antigen
concentration in the cell-cell adhesion sites at the junctional complex level (b) and in the microvilli (arrowheads) at the upper surface
level. This concentration at both levels (arrows and arrowheads, respectively) is also shown by the vertical section images of the samples
(d). e, rhodamine-phalloidin staining; f, the merged image. Bars, 20 um in a-c and 20 um in d-f.
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Figure 4. Distribution of ERM family members in antisense-treated MTD-1A cells. MTD-IA cells were cultured for 96 h in the presence
of ezrin (4-C), radixin (D-F), or moesin (G-I) antisense PONS, or in the presence of the ezrin/radixin/moesin sense PONs mixture (J-L),
and then immunofiuorescently stained with antiezrin mAb Mi1 (4, D, G, and J), antiradixin pAb I (B, E, H, and K), or antimoesin
mAb M22 (C, F, I, and L). In sense-treated cells (J-L), all ERM family members are localized together at cell-cell adhesion sites (arrows)
and microvilli on apical surfaces (arrowheads). Ezrin/radixin and moesin have a tendency to be to some extent sorted into cell-cell adhesion
sites and microvilli, respectively. In ezrin/radixin (4, B, D, E, G, H, J, and K) and moesin (C, F, I, and L) staining, the focus plane is
fixed at the level of cell-cell adhesion sites and of the apical surface, respectively. Even in ezrin/radixin staining, when the apical surface
is focused, clear signals were detected from microvilli (e.g., arrowheads in D). Among antisense-treated cells, only in 4, E, and /, im-
munofluorescence signals are very weak, and in B-D and F-H, there are no significant changes in the distribution of ERM family members.
Staining of nuclei is nonspecific, since it was not affected by the antisense PONs. Bar, 20 pm.
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Figure 5. Effects of ERM family member antisense PONs on the cell-substrate adhesion of MTD-1A cells. When MTD-1A cells are cultured
for 96 h in the presence of ezrin (A), radixin (B), or moesin (C) antisense PONs, or in the presence of the ezrin/radixin/moesin sense
PONs mixture (D), no effects on the cell shape were detectable. In sharp contrast, the ezrin/radixin/moesin antisense PONs mixture induced
significant morphological changes: At 24 h in culture (£), there were no structural changes, whereas at 48 h (F), the cells rounded up
with very thin protrusions (arrows) followed by the complete detachment of cells from substratum at 60 h (G). Bar, 100 um.

sition was highly effective. Therefore, we synthesized antisense PONs com-
plementary to position 1-24 of the mouse ezrin, radixin, and moesin coding
regions (see Fig. 1). Sense PONs corresponding to position 1-24 were syn-
thesized as controls. All effects induced by antisense PONSs in this study
were totally canceled by the addition of 1.5 vol of sense PONs. The an-
tisense PONs sequences did not have significant homology with any other
sequences in the database. All experiments using antisense PONs were
repeated three times, and the results obtained were essentially reproducible.

The antisense and sense PONs were synthesized on a synthesizer (model
392; Applied Biosystems, Inc., Foster City, CA) in our laboratory or in that
of Takara Shuzo Co. (Kyoto, Japan), purified over Aquapore (RP-300; Ap-
plied Biosystems, Inc., Foster City, CA), ethanol precipitated, and taken
up in media. In general, to effectively suppress the expression of structural
proteins such as ERM family members, the concentration of antisense
PONSs in the medium must be maintained at a relatively high level for sev-
eral days, probably because of their low turnover rate. In this study, we de-
termined that antisense PONs should be added into the culture medium ev-
ery 3-4 h at the concentration of 20 uM. In more detail, initially, antisense
or sense PONs were added to the culture medium at the concentration of
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20 uM, and at every 3—4 h, the same amount of PONs were added. After
every four additions, the culture medium was exchanged with new medium
containing 20 uM PONs. In this protocol, when the ezrin/radixin/moesin
antisense PONs mixture was added, the combined concentration of PONs
was 60 uM (3X20 pM). Therefore, to evaluate the possibility that the
marked effects of the antisense PONs mixture are simply caused by differ-
ences in the total amount of PONs, in some experiments corresponding to
Figs. 5 and 10, 60 uM ezrin, radixin, or moesin antisense PONs were
added. The results obtained with such a high concentration of antisense
PONSs were the same as those obtained with 20 uM antisense PONs. There-
fore, the data with 20 uM single antisense PONs were presented here.

Gel Electrophoresis and Immunoblotting

One-dimensional SDS-PAGE (10%) was based on the method of Laemmli
(1970), and the gels were stained with Coomassie brilliant blue R-250 or
silver staining kit (Wako Pure Chemical Industries, Osaka, Japan).
After electrophoresis, proteins were electrophoretically transferred from
gels to nitrocellulose sheets, which were then incubated with the first anti-
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Figure 6. Effects of ERM family member antisense PONs on adhesion and spreading on the substratum after replating MTD-1A cells.
MTD-1A cells were cultured for 48 h in the presence of the ezrin/radixin/moesin sense PONs mixture (4) or in the presence of ezrin (B),
radixin (C), or moesin (D) antisense PONs, detached from the substratum by the use of EDTA and trypsin, then replated and cultured
in plastic dishes for 15 h in the presence of the same PONs. Moesin antisense-treated cells (D) normally adhered to and spread over the
dishes like sense-treated cells (4), while the ability for adhesion and spreading was suppressed partly in ezrin antisense-treated cells (B)

and completely in radixin antisense-treated cells (C). Bar, 100 ym.

body. Antibodies were detected by means of a blotting detection kit (Amer-
sham Corp., Arlington Heights, IL).

Immunofiluorescence Microscopy

For indirect immunofluorescence microscopy, cells cultured on cover-
glasses or in glass-bottomed Chamber Slides (Nunc, Inc.) were fixed with
1% formaldehyde in PBS for 15 min at room temperature, then treated with
0.2% Triton X-100 in PBS for 10 min. After samples were treated with PBS
containing 1% BSA for 10 min, they were incubated with the first antibody,
washed with PBS, and then incubated with the second antibody. FITC-
conjugated goat anti-rat IgG, FITC-conjugated goat anti-rabbit IgG (Tago,
Inc., Burlingame, CA), and/or rhodamine-conjugated goat anti-mouse IgG
(Chemicon International, Inc., Temecula, CA) were the second antibodies.
Samples were then washed with PBS and then examined using a fluores-
cence microscope (Axiophoto photomicroscope; Carl Zeiss, Oberkochen,
Germany) or a confocal laser scanning microscope (Laser Scan Microscope
LSM 310; Carl Zeiss).

Scanning Electron Microscopy

Thymoma cells were placed on the poly-L-lysine-coated coverslips in RPMI
medium for 5 min, then fixed with 0.2 M cacodylate buffer (pH 7.2) contain-
ing 2.5% glutaraldehyde and 2% formaldehyde at 4°C overnight followed
by postfixation with the same buffer containing 1% OsQs at 4°C for 1 h.
Samples were then washed with distilled water, dehydrated in a graded se-
ries of ethanol, transferred into isoamyl acetate, and dried in a critical point
drier (Eiko Engineering, Ibaraki, Japan) after substitution with liquid
CO,. Dried samples were coated with gold by means of a goid sputter
coater (Eiko Engineering), and were examined under a scanning electron
microscope (model S-800; Hitachi Co., Ibaraki, Japan).
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Results

Effects of Antisense Phosphorothioate
Oligonucleotides on the Expression of ERM
Family Members

By preliminary immunohistochemical analyses with cul-
tured MTD-1A cells, we checked whether or not antisense
PONs complementary to two distinct positions, 1-24 and
301-324 (relative to the translation initiation site), of the
mouse radixin coding region suppress radixin expression.
We found that when 20 zM antisense PONs complementary
to position 1-24 of radixin sequence were added to the cul-
ture medium every 3-4 h, radixin expression appeared to be
most effectively and continuously suppressed. Therefore, we
synthesized antisense PONs complementary to position 1-24
of the mouse ezrin, radixin, and moesin coding regions (Fig.
1), and examined the effects of these antisense PONs on the
expression of ERM family members in MTD-1A cells and
thymoma cells by immunoblotting with pAb I1 (Fig. 2).
The pAb I1 recognizes all the ERM family members in im-
munoblotting (Sato et al., 1992). When MTD-1A cells were
cultured in the presence of ezrin, radixin, or moesin an-
tisense PONs, the expression of each ERM family member
was selectively suppressed (Fig. 2 A, lanes 3-5). Further-
more, the addition of the ezrin/moesin antisense PONs mix-
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Figure 7. Effects of the ezrin/radixin/moesin antisense PONs mixture on the cell-cell adhesion in MTD-1A cells. As shown in Fig. 5 E-G,
the ezrin/radixin/moesin antisense PONs mixture appears to affect not only cell-substrate adhesion, but also the cell-cell adhesion. At
30 h in culture in the presence of the ezrin/radixin/moesin sense PONs mixture (4 and B) or the ezrin/radixin/moesin antisense PONs
mixture (C and D), cells were doubly stained with antiradixin pAb I1 (4 and C) and anti-ZO-1 mAb (B and D). Suppression of radixin
expression (and also ezrin and moesin) (C)) was accompanied by the destruction of cell-cell adhesion (D). The ZO-1 staining became discon-

tinuous and occasionally split (arrows). Bar, 20 um.

ture to the culture medium suppressed both ezrin and moesin
expression, but did not affect that of radixin (Fig. 2 A, lane
6). The expression of ERM family members was totally sup-
pressed in the presence of the ezrin/radixin/moesin antisense
PONS s mixture (Fig. 2 A4, lane 7). The same results were ob-
tained with thymoma cells (Fig. 2 B). In the presence of an-
tisense PONS, the expression level of corresponding ERM
family members appeared to decrease with time in a linear
fashion, and as shown in Fig. 2, at 96 h in culture, their ex-
pression was almost undetectable by immunoblotting. How-
ever, even at 96 h, when the samples were overloaded on
SDS-PAGE, the suppressed bands were detectable, and the
degree of suppression gradually proceeded with culture time
even after 96 h. In these types of experiments with antisense
PONs, we should always keep it in mind that the antisense
PONSs can effectively suppress the expression of a protein but
cannot completely suppress it. None of the sense PONs
affected the expression of ERM family members either in
MTD-1A or in thymoma cells. We could not find any clear
cellular compensation for suppression of one ERM family
member by increased synthesis or decreased turnover of an-
other member, although some slight compensation appeared
to be detected in some cases (for example, see in Fig. 2 A4,
lane 5).

Takeuchi et al. Antisense Oligonucleotides to ERM Family Members

Next, the effects of antisense PONs on the expression of
ERM family members in MTD-1A cells were examined by
immunofluorescence microscopy. As will be shown later
(see Fig. 5), the morphology of the “single-suppressed” cells
was not significantly affected. We then immunofluorescently
stained these ezrin, radixin, or moesin “single-suppressed”
MTD-1A cells with three distinct antibodies: mAb MI1 that
was raised in rat against recombinant mouse ezrin, pAb 11
that was raised in rabbit against purified rat radixin, and
mAb M22 that was raised in rat against recombinant mouse
moesin (Fig. 3 A). In control MTD-1A cells, the confocal mi-
croscopy revealed that all these antibodies stained cell-cell
adhesion sites at the the most apical level and microvilli at
the apical surface (Fig. 3 B). Antiezrin mAb MI11 and an-
tiradixin pAb I1 stained cell-cell adhesion sites stronger than
microvilli, whereas antimoesin mAb M22 showed a stronger
staining in microvilli than in cell-cell adhesion sites. In
dividing cells, the cleavage furrows were intensely stained by
all these antibodies (data not shown). As shown in Fig. 4
A-C, in ezrin single-suppressed cells, antiezrin mAb Mi1
gave very weak signals, while antiradixin pAb I1 and an-
timoesin mAb M22 intensely stained cell-cell adhesion sites
and microvilli. In contrast, in the radixin single-suppressed
cells, the staining profile with antiezrin mAb Ml11 and an-
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Figure 8. Effects of ERM family member antisense PONs on the formation of cell-cell adhesion in MTD-1A cells. In the low-Ca medium
(0.05 mM Ca?*), MTD-1A cells were cultured for 48 h in the presence of ezrin (4 and B), radixin (C and D), or moesin (E and F) an-
tisense PONs, or in the presence of the ezrin/radixin/moesin sense PONs mixture (G and H), then transferred to normal Ca medium (2
mM Ca?*) in the presence of the same PONs. Twelve hours after the Ca switch, the cells were doubly stained with anti-E-cadherin pAb
(A4, C, E, and G) and anti-ZO-1 mAb (B, D, F, and H). E-cadherin and ZO-1 are concentrated at cell-cell adhesion sites in moesin an-
tisense-treated (E and F), and in sense-treated cells (G and H), but it was hardly detectable in ezrin (A and B) and radixin (C and D)

antisense-treated cells. Bar, 20 um.
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timoesin mAb M22 was not affected, while the staining with
antiradixin pAb I1 became very weak (Fig. 4 D-F). Further-
more, in moesin single-suppressed cells, only faint signals
were detected with antimoesin mAb M22, while strong sig-
nals were evident at cell-cell adhesion sites and microvilli
with antiezrin mAb M11 and antiradixin pAb I1 (Fig. 4 G-I).

In summary, also at the immunofluorescence level, an-
tisense PONs selectively suppressed the expression of each
ERM family member without affecting the distribution of the
other members. Conversely speaking, this indicates that the
three antibodies used here, mAb M1l1, pAb Il, and mAb
M22, are specific for ezrin, radixin, and moesin, respec-
tively, at the immunofluorescence microscopic level. Also in
immunoblotting, mAb M11 and mAb M22 specifically rec-
ognize ezrin and moesin, respectively, although pAb I1 is not
specific for radixin in immunoblotting (see Fig. 3 A). This
strict specificity of antibodies at the “immunofluorescence
level” led to the conclusion that at least in MTD-1A cells, ez-
rin, radixin, and moesin are colocalized at cell-cell adhesion
sites, microvilli, and cleavage furrows, although ezrin/
radixin and moesin appeared to be sorted, to some extent,
to cell-cell adhesion sites and microvilli, respectively.

Perturbation of Cell-Substrate Adhesion by
Antisense PONs

None of ezrin, radixin, moesin (Fig. 5, A-C), or any pair
of the antisense PONs (data not shown) induced any mor-
phological changes of MTD-1A cells. However, when MTD-
1A cells were cultured in the presence of a mixture of ez-
rin/radixin/moesin antisense PONSs, a significant change of
cell shape was gradually induced (Fig. 5, E-G). Cells
rounded up with very thin protrusions at ~48 h incubation,
and began to float off from the substratum at ~60 h. These
floating cells were viable judging from the trypan blue stain-
ing, and actin and vinculin were diffusely stained and ob-
served by immunofluorescence microscopy (data not shown).
The ezrin/radixin/moesin sense PONs mixture did not in-
duce morphological changes of MTD-1A cells (Fig. 5 D). At
48 h, the morphological changes observed were completely
reversible. Removal of the antisense PONs mixture at this
timing resulted in the formation of normal cell-cell and
cell-substrate adhesion (data not shown).

Next, we examined the effect of antisense PONs after
replating on the attachment and spreading. MTD-1A cells
were cultured for 48 h in the presence of ezrin, radixin, or
moesin antisense PONs, floated off from the substratum
using EDTA and trypsin, and then replated on the substratum
in the presence of antisense PONs (Fig. 6). Cells treated sin-
gly with radixin antisense PONs completely lost the ability
to attach and spread (Fig. 6 C), and ezrin antisense-treated
cells seemed to partly lose the attachment ability (Fig. 6 B).
In sharp contrast, moesin antisense-treated cells attached
normally and spread on the substratum (Fig. 6 D). The ez-
rin/radixin/moesin sense PONs mixture did not affect these
properties (Fig. 6 A). All effects of antisense PONS in replat-
ing experiments were reversible.

Perturbation of Cell-Cell Adhesion by
Antisense PONs

As shown in Fig. 5 E-G, the ezrin/radixin/moesin antisense
PONs mixture appears to affect not only the cell-substrate
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Figure 9. Scanning electron microscopy of thymoma cells incubated
with the ezrin/radixin/moesin sense mixture for 6 d. Cells are
characterized by a large number of microvilli on their cell surface
(arrows). Bar, 1 um.

adhesion, but also cell-cell adhesion. These antisense-
treated cells were doubly stained with antiradixin pAb Il and
anti-ZO-1 mAb just before the cell changed shape (Fig. 7).
The destruction of cell-cell adhesion proceeds or is simul-
taneously associated with that of cell-substrate adhesion.
Any one or pair of the three antisense PONs failed to affect
the cell-cell adhesion (data not shown).

We then examined whether or not these antisense PONs
individually affect the formation of cell-cell adhesion when
cells are transferred from low to normal Ca medium. MTD-
1A cells were cultured for 2 d in the low Ca medium contain-
ing 005 mM Ca** in the presence of ezrin, radixin, or
moesin antisense PONs, then transferred to the normal Ca
medium containing 2 mM Ca** in the presence of antisense
PONSs. In the presence of ezrin or radixin antisense PONs,
the concentration of E-cadherin and ZO-1 at cell-cell contact
sites was significantly inhibited (Fig. 8, 4-D), whereas moe-
sin anti-sense PONs did not affect these proteins (Fig. 8, £
and F). The ezrin/radixin/moesin sense PONs mixture did
not affect the formation of cell-cell adhesion (Fig. 8, G
and H).

Effects of Antisense PONs on Microvilli in
Thymoma Celis

The length and number of microvilli of MTD-1A cells varied
depending on their cell cycle. Therefore, to examine the
effects of antisense PONs on microvillus structures, we used
mouse thymoma cells (L5178Y), which bear a large number
of microvilli and do not show significant cell cycle-
dependent changes of microvillus appearance (Fig. 9).

As shown in Fig. 10, A and B by scanning electron micros-
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Figure 10. Effects of ERM family member antisense PONs on the microvilli structure of thymoma cells. Thymoma cells were cultured
for 6 d in the presence of ezrin (4), radixin (B), or moesin (C) antisense PONs, or in the presence of the ezrin/radixin/moesin antisense
PONs mixture (D). Microvilli were not affected by ezrin (4) and radixin (B) antisense PONs, whereas moesin antisense PONs partly
affected them (C). In the presence of the mixture of antisense PONs, microvilli completely disappeared, leaving a smooth cell surface

(D). Bar, 1 pm.

copy, when thymoma cells were cultured in the presence of
ezrin or radixin antisense PONs, no change was detected in
the length and number of microvilli even 6 d after the begin-
ning of antisense exposure. Moesin antisense PONs individ-
ually appeared to decrease the number and length of
microvilli of 6-d cultures, but the extent of this effect varied
from cell to cell (Fig. 10 C). In sharp contrast, the addition
of the ezrin/radixin/moesin antisense PONs mixture clearly
affected the microvilli structures (Fig. 10 D). 4 d after ex-
posure, microvilli began to decrease in number and length
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(Fig. 11, A and B). At 6 d, all cells were completely devoid
of microvilli (Figs. 10 D and 11 C). This time course of the
microvilli disappearance appeared to be similar to that of the
suppression of the ERM expression detected by immunofluo-
rescence microscopy (Fig. 12). Trypan blue staining re-
vealed that these cells were viable. With the ezrin/radixin/
moesin sense PONs mixture, all cells bore a large number
of microvilli (Fig. 9). The same results were obtained using
mouse myeloma P3 and mouse leukemia WEHI231 cells
(data not shown). At 4 d, removal of the antisense PONs
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Figure 11. Scanning electron microscopy showing time course of the disappearance of microvilli of thymoma cells induced by the ez-
rin/radixin/moesin antisense PONs mixture. Although at the beginning of the treatment no structural changes were seen in microvilli (4),
they began to decrease in number and length after 4 d in culture (B). After 6 d, all cells were completely devoid of microvilli (C). Bar, 2 um.
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mixture resulted in the reappearance of microvilli, while at
6 d in most cells, the morphological changes (i.e., the disap-
pearance of microvilli) appeared to be irreversible.

Discussion

We examined effects of ezrin, radixin, and moesin antisense
PONSs on the morphology of cultured cells such as MTD-1A
and thymoma cells (L5178Y). The ERM family members are
highly homologous in their amino acid sequences (>70%
identity). Nevertheless, the antisense PONs selectively sup-
pressed the expression of each member of the ERM family.
Therefore, this system enabled us to analyze in detail the
function of each.

Using this system, we produced ezrin, radixin, or moesin
single-suppressed MTD-1A cells. In these cells, the suppres-
sion of one member did not affect the localization of the other
two; they were concentrated at cell-cell adhesion sites,
microvilli, and cleavage furrows. Furthermore, “double-
suppressed” cells, for example ezrin(—)/radixin(—)/moesin(+)
cells, were also produced. Even in these cells, the expressed
ERM family member showed the same subcellular distribu-
tion, indicating that each member by itself can concentrate
at these sites. ERM family members are thought to be
directly associated with integral membrane proteins (Gould
et al., 1989; Turunen et al., 1989; Funayama et al., 1991;
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Figure 12. Immunofluorescence mi-
croscopy showing time course of the
suppression of ERM expression in
thymoma cells induced by the ez-
rin/radixin/moesin antisense PONs
mixture. Phase contrast images (4,
D, and G), and immunofluorescence
images with the mixture of mAb
Mi1, pAb 11, and mAb M22, focused
at the surface (B, E, and H) and the
center (C, F, and I) of cells. At the
beginning of antisense exposure,
microvilli-like structures on the cell
surface were intensely stained
(A-C), while at 4 d in culture, the
staining signals became weak but
clear (D-F). After 6 d, the cells were
hardly stained (G-I). Bar, 5 um.

Lankes and Furthmayr, 1991). If all the members share the
same membrane protein, their redundant colocalization ob-
served here would be easily explained. However, this inter-
pretation may be oversimplified, because as shown in this
study, ezrin/radixin and moesin are sorted to some extent in
MTD-1A celis.

The present study revealed the functional involvement of
ERM family members both in cell-cell and cell-substrate
adhesion. The effects of their reduced expression on cell
adhesion may be mediated by the changes in the actin fila-
ment/plasma membrane interaction (Sato et al., 1991), and
not by the changes in the expression of adhesion molecules
and their directly associated proteins. For example, we
confirmed that the expression of cadherin, « catenin, and
ZO-1 was not influenced by the treatment with antisense
PONs (data not shown). Two points should be highlighted
concerning perturbed cell adhesion. The first is that ERM
family members appear to be involved preferably in the ini-
tial step of the formation of cell-substrate/cell-cell adhesion
rather than in the maintenance of preformed adhesion. No
single or pair of antisense PONs destroyed the preformed
cell-substrate and cell-cell adhesion, whereas the ezrin or
radixin single-suppressed cells showed a decreased ability
not only to attach and spread on the substratum when
replated but also to adhere to each other when transferred
from low to normal Ca medium. Of course, the occurrence

1382



of at least one member is required for the maintenance of
preformed cell adhesion, because the addition of ezrin/
radixin/moesin antisense PONs mixture completely de-
stroyed both the preformed cell-substrate and cell-cell adhe-
sion (see Figs. 5 and 7).

The second point to be highlighted is that the physiological
role of moesin appears to be slightly different from that of
ezrin and radixin. Actually, unlike the ezrin and radixin
single-suppressed cells, the moesin single-suppressed cells
normally attached and spread on the substratum when
replated, and adhered to each other when transferred from
low to normal Ca medium. However, moesin is somehow in-
volved in cell adhesion because the ezrin/radixin antisense
PONs mixture did not affect the preformed cell adhesion,
whereas the ezrin/radixin/moesin antisense PONs mixture
destroyed it completely. Therefore, it is likely that between
ezrin/radixin and moesin, there is some synergetic interac-
tion in the regulation of cell adhesion. In this context, it
should be mentioned that among the ERM family members
only moesin lacks the polyproline stretch at the COOH-
terminal region (Lankes and Furthmayr, 1991; Sato et al.,
1992), and that at least in MTD-1A cells, the localization of
moesin is slightly different from that of ezrin/radixin.

As compared with cell adhesion, the microvillus appeared
to be more resistant to the antisense PONs. After 3-4 d of
culture in the presence of the ezrin/radixin/moesin antisense
PONs mixture, microvilli gradually decreased in number
and length, and only at 6 d did they completely disappear.
As compared with the perturbation of cell adhesion, the
complete suppression of ERM family members appears
necessary for the disappearance of microvilli. This was most
clearly observed in thymoma cells, but similar results were
obtained using WEHI231 leukemia and P3 myeloma cells
(data not shown).

Considering that ERM family members are concentrated
at cleavage furrows (Sato et al., 1991; Yonemura et al.,
1993), antisense PONs to ERM family members were ex-
pected to affect cytokinesis, resulting in the increase in num-
ber of cells with more than two nuclei. However, as far as
we examined, the cells with two nuclei were hardly ob-
served. As shown in Fig. 11 B, even 4 d after exposure to
the ezrin/radixin/moesin antisense PONs mixture, dividing
thymoma cells were observed, although the number was very
small. When these cells were stained with anti-ERM anti-
bodies, a weak but clear signal was detected from the surface
of all cells (Fig. 12, D-F). However, at 6 d, all cells were
completely devoid of microvilli and the ERM staining signal
(Figs. 11 Cand 12, G-1), and the dividing cells were hardly
observed. These may indicate that the complete suppression
of the ERM family members is required to affect cytokinesis,
and that under such a complete suppression, not only the
cytokinesis, but also the other stages of the cell cycle appears
to be stopped, resulting in no dividing cells and no cells with
two nuclei. A different approach will be required to ex-
perimentally clarify the functions of ERM family members
in cytokinesis.

Finally, we should compare the present findings with those
reported recently by Bretscher’s group. They reported that in
tissues ezrin and moesin exhibited very different cellular dis-
tributions (Berryman et al., 1993). Also using our antibod-
ies, we confirmed this conclusion (Kasahara et al., unpub-
lished data). On the other hand, in cultured cells, here we
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concluded that all the members of the ERM family are coex-
pressed and colocalized. Bretscher’s group also reported the
colocalization of ezrin and moesin in cultured cells (Franck
et al., 1993). The apparent difference between their conclu-
sions and ours is on the occurrence of ERM family members
at cell-cell adherens junctions (AJ). As Figs. 3 B and 4 show,
in MTD-1A cells, the specific ERM staining at the intercellu-
lar junctional area was clear. By contrast, Franck et al.
(1993) concluded that ezrin and moesin are not concentrated
at the cell-cell adhesion sites, although their confocal images
appear to reveal the ezrin concentration at cell-cell adhesion
sites of cultured A431 cells (see Fig. 8 in Frank et al., 1993).
It is more difficult to determine whether ERM family mem-
bers are present at the cell-substrate AJ, focal contacts (FC).
We detected the staining with pAb I1 at FC after the treat-
ment of cells to unmask antigenic sites (Sato et al., 1991),
whereas Franck et al. (1993) found no ezrin or moesin there
under the same condition. This discrepancy can be ex-
plained, given that only radixin is localized at FC, but it is
also possible that during unmasking, some soluble members
are artifactually bound to FC. To explain these discrepan-
cies, further detailed localization work with specific mAbs
is required, but this will not be easy because of the masking
problem (Sato et al., 1991). Analysis of the cells microin-
jected with fluorescein-labeled recombinant ERM family
members should help solve this problem. The present
findings indicate the functional involvement of ERM family
members in the AJ formation and support the view that ERM
family members occur at Al.

Our present results favored the notion that the coexpres-
sion of ERM family members, especially of ezrin and
radixin, in single cells is a safety measure. This type of
redundancy generally interferes with the analysis of protein
functions, but as shown here, antisense PONs are very con-
venient tools with which to circumvent this. Therefore we
conclude that ERM family members are involved at least in
cell adhesion and microvilli formation. Further detailed
analyses of the structures and functions of the ERM family
members using single-suppressed, double-suppressed, and
triple-suppressed cells will lead to a better understanding of
how ERM family mediated actin filament/plasma membrane
interactions are involved in cell adhesion, cell proliferation,
and signal transduction.
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