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ABSTRACT

Band4.1 protein is one of peripheral membrane proteins of
erythrocyte membranes, which directly binds to glycophorin C,
an integral membrane protein, at its N-terminal half. Recently,
the amino acid sequence of the N-terminal half of this protein was
found to be conserved in the N-terminal end of several distinct
proteins, pointing to the existence of the band4.1 superfamily. In
addition to band4.1 protein, this band4.1 superfamily includes
ezrin, radixin, moesin, talin and protein-tyrosine-phosphatases
(PTPH1 and PTPMEG). Furthermore, the tumor suppressor
protein for neurofibromatosis 2 named 'merlin’ is also reportedly
included 1in this superfamily. For a better understanding of the
structure and functions of these superfamily members, [ first
tried to clarify the more detail picture of this superfamily using
polymerase chain reaction (PCR) methods (Chapter I), and next to
examine the physiological functions of ezrin/radixin/moesin by
the use of antisense oligonucleotides (Chapter II).

In the Chapter I , in order to examine the structural diversity of
this superfamily members, using the PCR method with
synthesized mixed primers, I have attempted to list up as many
members of the band4.1 superfamily as possible expressing in
mouse teratocarcinoma F9 cells and the mouse brain tissue. In
total, 14 distinct types of CDNA clones were obtained; 8 clones
were identical to the corresponding parts of ¢cDNAs for the so far
identified members, while 6 clones appeared to encode novel
members (NBL1-6 : Novel Band4.1—-like proteins). Sequence
analyses of these clones revealed that the band4.1 superfamily
can be subdivided into 6 gene families such as band4.1 protein,
ERM (ezrin/ radixin/ moesin), talin, PTPH1 (PTPH1/ PTPMEG/
NBL1-3), and NBL4 (NBL4/ NBLS5) and merlin (merlin/ NBL6)
families. The existence of the NBIL.4 family was first recognised
here. 1 screened F9 cell cDNA library and obtained a full length
(2.5-kb) cDNA encoding an NBL4. NBL4 cDNA contains an open



reading frame of 554 amino acids. Its N-terminal half segment is
more homologous to those of the PTPases and band4.1 protein
than the other superfamily members. Its band4.1 homology
domain bears a putative myristoylation site and phosphorylation
sites for A-kinase and protein-tyrosine kinases, suggesting its
possible involvement in the regulation of cellular events just
beneath the plasma membrane. In this study, I describe initial
characterization of these new members and discuss the evolution
of the band4.1 superfamily.

In the Chapter II, to examine the functions of ERM family
members, antisense oligonucleotides to the N-terminal sequences
of ERM family members were constructed and added to cultures of
mouse epithelial cells (MTD-1A cells) and thymoma cells (L5178Y),
which coexpress all the members. Immunoblotting revealed that
each antisense oligonucleotides selectively suppressed the
expression of the corresponding member to the undetectable
level. Immunofluorescence microscopy of these ezrin, radixin or
moesin "null" cells showed that all the ERM family members are
colocalized at cell-to-cell adherens junctions, microvilli and
cleavage furrows where actin filaments were densely associated
with plasma membranes. The ezrin/radixin/moesin antisense
oligonucleotides mixture induced the destruction of both cell-cell
and cell-substrate adhesion and the disappearance of microvilli.
Ezrin or radixin antisense oligonucleotides singly affected the initial
step of the formation of both cell-cell and cell-substrate adhesion,
but showed no effects on the microvilli structures. In sharp
contrast, moesin antisense oligonucleotide did not singly show any
effect on cell-cell and cell-substrate adhesion, whereas it partly
affected the microvilli structure. These data indicate that ezrin
and radixin can be functionally substituted for each other, that
moesin has some synergetic functional interaction with ezrin and
radixin, and that these ERM family members are directly involved
in cell-cell and cell-substrate adhesion as well as microvilli
formation.
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Introduction

The band 4.1 superfamily includes several distinct proteins which contain
the conserved domain homologous to the N-terminal half of band 4.1 protein
(see for a review, Tsukita et al., 1993). Band 4.1 protein is one of the
major constituents of the undercoat of erythrocyte membranes (Bennett,
1989). This wprotein forms a complex with spectrin molecules and short
actin filaments (Fowler and Taylor, 1980; Ohanian et al., 1984; Ungewickell
et al., 1979) and binds to an integral membrane protein called glycopho-
rin C {glycoconnectin) (Anderson and Lovrien, 1984; Anderson and Marchesi,
1985: Bennett, 1989; Leto et al., 1986; Mueleer and Morrison, 1981). The
N-terminal half of band 4.1 protein is responsible for this glycophorin C-
binding {(Leto et al., 1986).

The member which was first reported to belong to this superfamily is
ezrin. FEzrin (also called cytovillin or p81) was originally identified as
a protein localizing just beneath the plasma membrane of intestinal micro-
villi (Bretscher, 1983; Pakkanen et al., 1987), and was revealed to be a
good substrate in vivo for some tyrosine kinases {Bretscher, 1989; Gould et
al., 1986: Hunter and Cooper, 1981, 1983). Sequence analysis revealed that
the N-terminal half of ezrin shows homology to that of band 4.1 protein
(~30% identity)(Conboy et al., 1986; Gould et al., 1989; Turunen et al.,
1989). Recently, radixin was identified as a barbed-end capping actin-
modulating protein from isolated cell-to-cell adherens junctions from the
liver (Tsukita et al., 1989). Its cDNA sequencing'revealed that radixin is
highly homologous to ezrin (~75% identity for their full 1length; ~85%
identity for their N-terminal half)(Funayama et al., 1991). Furthermore,

moesin is also reportedly very similar to ezrin (~75% identity for their



full 1length; ~85% identity for their N-terminal half) (lLankcs and Furth-
mayr, 1991; Sato et al., 1992). Moesin was originally identified as an
extracellular heparin-binding protein {Lankes et al., 1988) and was later
found to be an intracellular protein (Lankes and Furthmayr, 1991). This
high homology between these proteins indicates a gene family (ERM family)
included in the band 4.1 superfamily (Sato et al., 1992). Recent detailed
immunolocalization analysis of these ERM family members revealed that they
are highly concentrated at the specialized domain of plasma membrancs where
actin filaments are densely associated with plasma membranes, i.e. micro-
villi, cell-to-cell and cell-to-substrate adherens junctions, ruffling
membranes, and cleavage furrows. This suggests that these ERM family mem-
bers are directly involved in the actin filament/plasma membrane associa-
tion (Sato et al., 1992; Tsukita et al., 1992).

In addition to band 4.1 protein and ERM family members, talin was found
to belong to the band 4.1 superfamlily (Rees et al., 1990). Talin is a
protein with a molecular mass of ~200kD, which is concentrated at the
undercoat of cell-to-substrate adherens junctions (focal contacts) (Bur-
ridge and Connell, 1983; Burridge and Mangeat, 1984). This protein is
thought to play an important role in linking integrins to actin-based
cytoskeletons. Recent cDNA cloning and sequence analysis revealed that the
domain homologous to the N-terminal half of band 4.1 protein exists in the
N-terminal end of talin molecules {(Rees et al., 1990). Furthermore, two
distinct protein tyrosine phosphatases called PTPH1 and PTPMEG are report-
edly members of band 4.1 superfamily, containing the band 4.1-1ike domain
and the phosphatase domain at their N- and C-terminal regions, respective-
1y (Gu et al., 1991; Yang et al., 1991).

Most recently, the tumor suppressor gene of neurofibromatosis 2 was




identified (Trofatter et al., 1993; Rouleau ¢t al., 1993). Surprisingly,
its gene product was very similar in amino acid sequence to the ERM family
members (~49% identity for full length; ~62% for the N-terminal half).
This product was named merlin (moesin-ezrin-radixin-1ike protein). Con-
sidering that in the case of band 4.1 protein the N-terminal half domain is
responsible for its binding to glycophorin C and that this domain is homol-
ogous to the N-terminal regions of the band 4.1 superfamily members, all
members are expected to be located just beneath the membrane through the
gspecific binding of their N-terminal ends to integral membrane proteins.
Furthermore, the fact that this superfamily includes protein tyrosine
phosphatases and a tumor suppressor such as merlin as well as proteins
responsible for the cytoskeleton/membrane interaction leads us to speculate
that the band 4.1 superfamily members are directly involved in the regula-
tion of cell growth by affecting the cytoskeleton/menbrane interactions.
For a better understanding of the physiological functions of band 4.1
superfamily members, it is prerequisite to know how many proteins and what
types of proteins are included in this superfamily. Therefore, in order to
identify as many mouse band 4.1 superfamily members as possible, we used
here polymerase chain reaction (PCR) and found several new members. In
this study, we describe initial characterization of these new members and

discuss the evolution of the band 4.1 gene superfamily.



Materials and Methods

Polymerase Chain Reaction (PCR)

Oligonucleotide primers were synthesized based on 6 conserved amino acid
sequences described in detain In Fig.l. The degeneracy of primers
A.B,C,D.E and F were 27—, 28-, 29—, 210. and 29-fold, respectively.
Phage DNA of a mouse embryonic teratocarcinoma F9 cell c¢DNA library
(Nagafuchi et al., 1987), isolated by the plate lysate method (Sambrook et
al., 1989), was used as template. Alternatively, a mRNA was prepared from
F9 cells or mouse brain tissue by the use of a guanidium isothiocyanate
method, and it was applied to the reverse transcriptase-PCR (RT-PCR) . PCR
conditions were essentially the same as those described by Saiki (1989).
The PCR cycle, repeated at 30 times, consisted of denaturation at 94°C for
1 min, annealing at 47°C for 1 min, and extension at 72°C for 2 min. The
PCR products were analyzed on a Nusieve GTG agarose (FMC Bioproducts, CO.,
Rockland, ME) and DNA fragments with reasonable sizes were excised, eluted
from the gel, subcloned into the EcoRV site of pBluescript SK(-) plasmid

(Stratagene), and sequenced.

Screening of the F9 Cell cDNA Library and DNA Sequencing

Two different igtll libraries made of mouse F$ poly(A) RNAs were used: In
preparing these libraries, either a random mixture of hexanucleotides or
oligo (dT) was used as primer for the first-strand synthesis {Nagafuchi et
al., 1987). The PCR product of NBL4 was labeled with DIG according to the
procedure developed by Boehringer Mannheim Biochemicals ({(Indianapolis,iN).
Using this DIG-labeled fragment, -5x106 plaques from the cDNA library was

screened at high stringency, and one positive phage recombinant (al) was



cloned (see Fig.3). Using two distinct fragments (Probes I and II in
Fig.3) of al as probes, two more positive phage recombinants (85, +3)
were cloned. All clones were subcleoned into pBluescript SK(-} and se-
quenced with the 7-deaza Sequenase Version 2.0 kit (U.S.Riochemical Corp.,
Cleveland, OH), or with the Tag DycDeoxy Terminator Cycle Sequencing Kit on
an Applied Biosystems 373A Sequencer (Applied Biosystems, Inc. Foster City,

CA).

Northern Blot Analysis

Total RNA was extracted from mouse various tissues and poly(A)* RNA was
purified by oligo-dT-conjugated latex beads (Oligotex-dT30; Takara Shuzo
Co., Lid., Kyoto, Japan). 10uxg of pOly(A)+ RNAg from each tissue was ap-
plied onto ecach well of a formaldehyde/agarose gel, secparated electropho-
retically, and transferred to a nitroceliulose membrane. An  RNA ladder
(Bethesda research laboratories, Bethesda, MD) was used as a size marker.
Probes used were labeled with [a-—32P]dCTP using the Random Primer Labeling
Kit (Takara Shuzo Co., Ltd., Kyoto, Japan). Hybridization proceeded under
conditions of high stringency (50% formamide/5xDenhardt's solution without

BSA/5XSSC/0.5% SDS/100u g/m denatured salmon sperm DNA).
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Resulls

1solation of cDNAs encoding band 4.1 superfamily members

A PCR method was applied for the isolation of cDNAs that encode band 4.1
superfamily mecmbers. We carefully compared the amino acid sequences of
the conserved N-terminal domain between all the band 4.1 superfamily mem-
bers so far identified, chose six highly conserved amino acid sequences
consisting of 6-8 amino acids, and synthesized the corresponding degener-
ate oligonucleotides (Fig.1). PCR and reverse transcriptase-PCR (RT-PCR)
were performed with the mixed oligonucleotlides as primers in every pair of
the six conserved sequences. As templates, a mouse teratocarcinoma cell
line (F9 cells) cDNA and the mouse brain mRNA were used, since the abun-
dance of the band 4.1 superfamily members was expected In F9 cells and
brain tissues. The resultant products showing the size appropriate for
the combination of primers, were isolated and subcloned into the Bluescirpt
SK(-) vector. In total, 216 clones with reasonable sized inserts were
isolated (Table 1). Sequence analysis of these clones revealed that 104
clones corresponded to ezrin, radixin, moesin, band 4.1 protein, PTPHL,
PTPMEG, talin, or merlin, while the other 42 clones appeared to encode 6
new band 4.1 superfamily members. These new members are designated as
NBL1~6 (Novel Band 4.1-like Proteins). Judging from their deduced amino
acid sequences, these new members are subclassified into three types: Three
(NBL1~3) and one (NBL6) of them showed a strong similarity to the corre-
sponding sequence of PTPH1/ PTPMEG and merlin, respectively (Fig.2A,C).
The other two members (NBL4,5) appeared to show no strong homology to the
g0 far identified band 4.1 superfamily members (Fig.2B}. Then, we at-

tempted to isolated the full length cDNA encoding NBL4 from the Agtll
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library made of mouse F9 cells.

Isolation and sequencing of cDNA encoding NBL4

To 1isolate the rest of the NBL4 gene, we screened -5x106 plaques from a
i gt1ll cDNA library made from mousc ¥9 cells by DNA hybridization with the
DIG-1abeled PCR product at high stringency, and cloned one positive phage
recombinant (a1). Using two DIG-labeled fragments from al (ProbelXIT in
Fig.3) as preobes, two more positive phage recombinants (A5, 73) were
cloned. Fig.3 shows the overall relationship of the PCR product, al, B85,
and 73, and the restriction sites relevant for subcloning and sequencing.
The complete nucleotide sequence and deduced amino acid sequence of the
cloned molecule are shown in Fig.4. The composite cDNA is 2,503 nucleo-
tides long: 51 bp of the 5'-untranslated region, an ORF of 1,662 bp encod-
ing 554 amino acids, and 790 bp of the 3'-untranslated region with a
poly(A)* tail. A calculated molecular mass of the protein encoded by this
cloned cDNA is 61.0kD.

This cDNA has no long hydrophobic stretches which could encode a signal
peptide or a transmembrane domain, indicating that NBL4 is nelther a secre-
tory protein nor a transmembrane protein. At the amino acid residue 2-7,
there 1is a typical myristoylation consensus (Towler and Gordon, 1988).
Furthermore, inside this molecule, several consensus sequences for possible
A-kinase- and tyrosine kinase-phosphorylation sites are found (Fig.4).

The N-terminal half of this molecule (amino acid residue 1-327) shows a
similarity to the N-terminal region of band 4.1 protein (39.9% identity),
ERM family members (29.2% identity), merlin (29.7% identity), PTPH1 (36.9%
identity), and talin (26.6% identity) (Fig.5). Considering that another

PCR product, NBL5, shows 95% identity to NBL4, this molecule together with
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NBL4 appear to form a new family in the band 4.1 superfamily. A search of
the data bases identified no proteins with significant homology to the C-
terminal half of NBL4.

To detect mRNA encoding NFL4, Northern blot analysis with poly(A)* RNA
obtained from various types of mouse tissues was performed. As shown in
Fig.6, the band at 2.5 kb was detected in brain, heart, lung, liver,

spleen, and spleen, but undetactable in thywus and kidney.

Mouse merlin homelogue and its gene family

¥We have noticed that the deduced amino acid sequence of one of our PCR
products is almost identical to that of the corresponding region of human
merlin (96% identity), suggesting that this PCR product is a part of the
mouse homologue of merlin. Interestingly, we picked up another PCR product
{NBL6) which showed a strong similarity to mouse merlin (89% identity),
suggesting that this protein together with merlin forms a gene family in
the band 4.1 superfamily (see Fig.2C).

The expression pattern of these merlin family members in various types
of tissues was examined by Northern blot analysis. As shown 1in Fig.7,
mouse merlin was mainly expressed in brain and thymus, while the expression

of NBL6 was restricted to brain. Both Northern blot analyses revealed

three hybridizing species of 2.5kb, 4.0kb and 5.5kb.
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Discussion

Using the PCR method with mixed primers, we have attempted to clarify more
detailed picture of the band 4.1 superfamily. So far, as band 4.1 super-
family members, 8 proteins have been identified; band 4.1 protein, ezrin,
radixin, moesin, merlin, talin, PTPH1, and PTPMEG (Tsukita et al., 1992).
in this study, cDNA fragments have been obtained for all of these so far
identified members, indicating that our screening system with the PCR
method is very powerful to search for novel band 4.1 superfamily members.

Under such a screening system, in addition to cDNA clones for the so far
identified members, we have picked up 6 cDNA clones which appear to encode
novel band 4.1 superfamily members (NBL1~6). Sequence analyses of these
clones revealed that three (NBL1~3) and one (NBLE) of them show a strong
similarity to the corresponding sequence of PTPH1/PTPMEG and merltin, re-
spectively, and that the other two members {(NBL4,5) have no strong homology
to the so far identified band 4.1 superfamily members. These data led us
to conclude that the band 4.1 superfamily can be subclassified into at
least 6 gene families; band 4.1 family (band 4.1 protein), ERM family
(ezrin, radixin, moesin}, talin family (talin), PTPH1 family (PTPHL,
PTPMEG, NBL1, NBLZ2, NBL3), NBL4 family (NBLA4, NBL5), and merlin family
(merlin, NBLE). Among them, as to the band 4.1 and talin families, only
one member was so far identified. Therefore, in a strict sense, they
should not be called "family"™ at present. Of course, since the screening
was performed using only mouse F9 cells and the brain in this study, it 1is
possible that other families will be identified in different types of cells
in future.

As shown in Fig.2A, PCR products of NBL1~3 show strong similarity to
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the N-terminal half of PTPH1 and PTPMEG, pointing to the existence of a
gene family, which is tentatively called PTPH1 family here. Recently,
various types of protein-tyrosine-phosphatases were identified, and among
them these PTPH1 and PTPMEG were characterized by the existence of the
band 4.1 homology domain in their N-terminal half (Gu et al., 1991; Yang ct
al., 1991). These proteins contain the protein-iyrosine-phosphatase domain
in their C-terminal half. Al present, it is not clear whether or not
NBL1~3 also have the protein-tyrosine-phosphatase domain. However, it s
tempting to speculate that these novel members are also involved in  the
signal transduction just beneath the plasma membranc through some enzymatic
activities such as phosphatase or Kinasc activities.

There remains to be no information about the functions of NBL4 family
members, which were first identified in this study. The amino acid se-
quence of NBL4 deduced from its full-length c¢DNA has revealed that its N-
terminal half has a similarity to band 4.1 superfamily members, but that
its C-terminal half shows no homology with sequences in proteins so far
identified. The clue to speculate the function of NBl4 was given only
from the occurrence of consensus sequences for myristoylation, A-kinase-
phosphorylation, and tyrosine kinase-phosphorylation. Further analysis
with this NBL4 cDNA will lead us to a better understanding of functions of
this novel protein.

The existence of the merlin family has not been so far recognized. One
of our PCR products was almost identical (96% identity) to the correspond-
ing part of human merlin, which is reportedly a candidate for the {fumor
suppressor of neurofibromatosis 2. This indicates that this cDNA fragment
encodes a mouse homologue of merlin. Interestingly, another PCR product

(NBLL6) showed a strong similarity to this mouse merlin (89% identity),
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pointing to the existence of the merlin family. Northern blot analysis
revealed that both merlin and NBLE6 are expressed preferably in brain.
Considering that merlin plays a crucial role in the regulation of cell
growth in the nervous tissue, it is likely that NBL6 is also involved in
the cell growlh regulation mainly in the nervous tissue. Further analyses
on the interaction and relationship between merlin and NBL6 will be re-
quired to understand how merlin works as a tumor suppressor in necurofibro-
matosis 2.

In order to deduce the possible evolutionary relationship among the
band 4.1 superfamily members, the amino acid sequences of the N-terminal
homology of members were quantitatively compared, and the genetic distance
for each pair of members was estimated according to the method described by
Doolitle {1984). Based on these distances, a possible phylogenetic tree of
the band 4.1 superfamily members was drawn in Fig.9 using the unweighed
pair-group method (Fitch and Margoliash, 1967; Nei, 1987). The simplest
interpretation of this treec is that talin and the primordial form of the
other wembers were first generated and that the primordial form of the
FRM/merlin families were differentiated from that of band 4.1/ NBL4/ PTPH1
families.

This study has clarified that various types of families are included in
the band 4.1 superfamily, suggesting that the superfamily members are
involved 1in various types of cellular events. However, it is likely that
the band 4.1 homology domain localizing at the N-terminal domain of the
members is responsible for their direct association with membrane pro-
teins, suggesting that all the members work just beneath the plasma mem-
brane. For a better understanding of the band 4.1 superfamily, wc should

next answer the question in what types of cellular events just bencath the



- 16 -

plasma membrane each family (in the band 4.1 superfamily) is involved.
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Band 4.1 homology domain ( 370 a.a.)
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A:EK(E/D/U)YFGL 38-44aa D: (K/N)ISF{K/H)R 232-237aa
B:LRS(Y/F)AUQ 119-125aa E:RK(K/Q/S)F(F/U)I 237-242aa

C:AR(T/D)L(D/FI{F/L/M)YG 181-188aa F:CUEHHTFF or CHGNHELY 271-277aa

Figure 1. Highly-conserved amino acid sequences among so far identified
band 4.1 superfamily members. For the PCR analysis, 6 sequences (A-F) were
chosen in the conserved domain {~370 a.a.} among band 4.1 superfamily

members. Corresponding degenerate oligonucleotides were synthesized in one

direction.
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PCR was carried out using primers shown in the left diagram of the band 4.1 homolog
domain (open box) with mouse F3 cells and brain cDNA templates. The products were
size-fractionated by agarose gel electrophoresis, eluted, subcloned, and sequenced.
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(A)
Band4.1
PTPH1
PTPHMEG
HBL1
HBL2
NBL3
(B}
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NBL 4 UDLHPUYGENKSEYFLGLTPSGUUUYKNKKQUGKYFUPAI TKUKFKETQFELRULGKDCHRETSFFFEAASKTACKHLUKC
NBLS UDLHPUYGENKSEYFLGUTPSGUUUYKRKKQUEKYFUPA I TK IHFKETQFELRULGKDCNETSFFFEARSKTACKHLUKC
€}
R ROR RN RO R R HORROR R T RNK ' TR ER RN R R
Herlin UNYFRIRNKKGTELWLGUDALGLHIYDPENRLTPKISFPUSE IR
NBL& UNYFRIRNKKGTELWLGUDALGLN I YOQKDRLTPK I SFPUNE R

Figure 2. Alignment of PTPH1 family member sequences (A), NBL4 family
member sequences (B), and merlin family member sequences (C). (A) Compari-
son of deduced amino acid sequences of the PCR product of band 4.1 protein
with those of the .PTPH1 family members, Conserved amino acids shared by
more than 5 proteins are shadowed. The positions where all sequences share
an 1dentical amino acid are indicated by asterisks. Gaps, introduced to
maximize alignment, are indicated by dashes. (B,C) Amino acid sequences of
PCR products of NBL4 family members (B) and merlin family members (C).
Identities are indicated by asterisks. These are not artifacts derived
from the PCR method, since at the nucleotide sequence level the identity

for NBL4/NBLS and merlin/NBL6 are 72% and 68%, respectively.
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Figure 3. Restriction map and cDNA fragments of NBL4. The box indicates
the coding region, and the band 4.1 homology region is shadowed. ¢l was
first obtained from cDNA library made from mouse F9 cells using the PCR

product (NBL4 PCR fragment) as a probe. g5 and 43 were obtained using

Probe I and Probe II as a probe, respectively. A,Aval; B,BamHI; H,HindIII;

S,8acl; X,Xbal.
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Figure 4. Nucleotide and deduced amino acid sequences of NBL4. The ORF

encodes a 554 amino acid polypeptide with a predicted molecular mass of

61.0kDp. The band 4.1 homology domain is shadowed. The consensus sequences

for myristoylation (

——1), A-kinase phosphorylation (-----), and tyrosine-

kinase phosphorylation (=) are underlined.
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Figure 5. Alignment of the deduced amino acid sequences of five band 4.1
superfamily members whose full length cDNAs were obtained. Conserved
amino acids are indicated in "consensug™. The positions where all se-

quences share an identical amino acid are boxed. Gaps, introduced to maxi-

mize alignment, are indicated by dashes. Note that the amino acid sequences

are highly conserved at their N-terminal half domains.
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Figure 6. Detectfon of NBL4 mRNA in various types of tissues by Northern
blot hybridization. The poly(A)* RNA samples were electrophoresed in
agarose gel and transferred to a nitrocellulose filter. The HindIII-Aval
fragment of NBL4 (see Fig.3) cDNA was used to probe the RNA blot. Mobility
of RNA standards (kb) is shown at right. Lane 1, brain; lane 2, heart;
lane 3, lung; lane 4, thymus; lane 5, liver; lane 6, spleen; lane 7, Kkid-
ney. Note that the expression level of NBL4 is rather high at brain, heart

and lung.
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Figure 7. Detection of NBL6 (A) and merlin (B) in various types of tis-
sues by Northern blot hybridization. The poly(A)* RNA samples were elec-
trophoresed in agarose and transferred to a nitrocellulose filter. The
PCR products of NBL6 and merlin were used to probe the RNA blot. Mobility
of RNA standards (kb) 1Is shown at right. Lane 1, brain; 1lane 2, heart;
lane 3, lung; 1lane 4, Iliver ; lane 5, thymus; lane 6, spleen; 1lane 7,
kidney. Note that NBL6 is mainly expressed in brain, while merlin express-
es preferably both in brain and thymus. Both Northern blot analyses re-

vealed three hybridizing specles of 2.5kb, 4.0kb and 5.5kb.
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Figure 8. A possible phylogenetic tree of the band 4.1 superfamily. The
tree was constructed by the unweighed pair group method (Fitch and Margo-

liash, 1967; Nei, 1987), using the calculated genetic distances (presented

in a numeral) between pairs of members.
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Introduction

ERM family consists of three highly-related proteins: ezrin, radixin, and
moesin (Sato et al., 1992; Tsukita et al., 1992). FEzrin (also called cyto-
villin or p81) was first 1dentified as a constituent of microvilli in
intestinal epithelial cells (Bretscher, 1983:; Pakkanen et al., 1987), and
recently revealed to be a good substrate in vivo for tyrosine kinases such
as EGF receptors (Bretscher, 1989; Gould et al., 1986: Hunter and Cooper,
1981, 1983). Radixin i1s a barbed-end capping actin modulating protein
which was first purified and characterized from the isolated cell-to-cell
adherens junction fraction (Tsukita et al., 1989). Moesin was originally
identified as an extracellular heparin-binding protein (Lankes et al.,
1988) and was later found to be an intracellular protein (Lankes and Furth-
mayr, 1991). Since these proteins were very similar to each other, the
identity of each protein 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 homolo-
gous; in mouse 75, 72, and 80% identity for ezrin/radixin, ezrin/moesin,
and radixin/moesin, respectively (Funayama et al., 1991:Sato et al., 1992).
Especially, the sequence of their N-terminal half region is highly con-
served (~85% identity for any pair). Thls conserved sequence was also
found in the N-terminal region of the band 4.1 superfamily members such as
band 4.1 protein, taliq,‘protein~tyrosine—phosphatases (PTPHl and PTPMEG),
indicating that the ERﬁ family is included in the band 4.1 superfamily
(Conboy et al., 1986; Rees et al., 1990: Gu et al., 1991; Yang et al.,

1991). Detailed analysis with in vitro translation using each cDNA re-

vealed that mouse ezrin, radixin, and moesin exhibit 85, 82, 75kD in SDS-
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PAGE, making it possible to compare the expression pattern of these FERM
family members 1In various types of cells and tissues by immunoblotting
(Sato et al., 1992)}. 1In all types of mouse cultured cells ever examined,
ezrin, radixin, and moesin were all coexpressed, while in tissues their
expression pattern was distinct from tissue to tissue.

The distribution of ERM family members inside cells has been so far in-
tensively analyzed In various combinations of antibodies and cells
(Bretscher, 1983; Pakkanen et al., 1987; Tsukita et al., 1989; Sato et al.,
1991, 1992; Lankes et al., 1988). However, the results obtained did not
appear to be consistent with each other. This Is probably because in many
cases: (a) the ldentity for each member was confused, (b)the antibodies
used were not specific for each member, and (c) the masking problem for
immunofluorescence microscopy was severe in the case of ERM family members.
Taking all localization works on ERM family members into consideration,
what we can conclude at present is that at least one ERM family member is
concentrated in the plasmalemmal undercoat at cell-to-cell adherens junc-
tions, cell-to-substrate adherens junctions, microvilli, ruffiing mem-
branes, and cleavage furrows (Sato et al., 1992). These are specialized
sites where actin filaments are densely associated with plasma membranes,
leading wus to the idea that ERM family members play a crucial role in the
association between actin fllaments and plasma membranes in general. This
idea seems to be consistent with biochemical data. The N-terminal half of
band 4.1 protein, which shows a similarity to the N-terminal half of ERM
family members, is known to be responsible for its direct binding to an
integral membrane protein called glycophorin C in erythrocytes (Anderson

and Lovrien, 1984; Aderson and Marchesi, 1985; Leto et al., 1988), suggest-

ing that ERM family members are directly associated with a putative inte-




gral membrane protein. On the other hand, radixin was shown to directly
interact with actin filaments at least in vitro (Tsukita et al., 1989),
and the C-terminal half of ezrin was reportedly associated with actin fila-
ments in vivo (Algrain et al., 1993).

The significance of the coexpression of more than two ERM family members
in single cells is not clear at present. It could be that the FRM family
members are sorted out into specific regions. Another possibility is that
this coexpression is a redundancy for the sake of safety. In this study,
to answer this question, and to directly analyze the physiological func-
tions of each member, we constructed antisense phosphorothioate oligonu-
cleotides (PONs) complementary to the sequence of each ERM family member
and applied it to cultured epithelial cells (MTD-1A cells) and thymoma
cells (Lb178Y). Antisense PONs are now known to be so stable that they
can effectively suppress the expression of corresponding proteins (Matsuku-
ra et al., 1987; Paria et al., 1992; Ratajczak et al., 1992: Yokozaki et
al., 1993; Osen-Sand et al., 1993). When these cells were cultured in the
presence of antisense PONs complementary to the ezrin, radixin, or moesin
sequence, the expression of the corresponding ERM family member was selec-
tively suppressed. Immunofluorescence microscopy of these antisense-
treated cells enabled us to conclude that all the members are colocalized
at cell-to-cetl adherens junctions, microvilli, and cleavage furrows. We
found that these antisense PONs perturbed cell-substrate adhesion, ceill-
cell adhesion, and microvilli formation. This perturbation was observed
most clearly when the ezrin/radixin/moesin antisense PONs mixture was added
into culture medium. We believe this study will give us a clue to a
better understanding of the significance of the coexpression of more than

two ERM family members in single cells and of the physiological functions
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of ERM family members.
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Materials and Methods

Antibodies

Three distinct antibodies against ERM family members were used: mAb M11
which was raised in rat against recombinant mouse ezrin produced in E.coli
(Kasahara et al., manuscript in preparation), pAb I1 which was raised in
rabbit against purified rat radixin (Tsukita et al., 1989), and mAb M22
which was raised in rat against recombinant mouse moesin produced In E.coli
{(Kasahara et al., manuscript in preparation). The mouse anti-Z0O-1 mAb
{T8-754) was previously reported (Itoh et al., 1991). Anti-mouse E-cadher-

in pAb was a generous gift from Dr.M.Takeichi (Kyoto University).

Cell Culture
Mouse mammary tumor MTD-1A cell line is a subclone isolated from the origi-
nal MTD-1 line (Enami et al., 1984; Hirano et al., 1987). Mouse thymoma
cell line (L5178Y), mouse myeloma cell line {P3}, and mouse leukemia cell
line (WEHI231) were generous gifts from Dr.I.Yahara (Tokyo Metropolitan
Institute for Medical Sciences), Dr.T.Obinata (Chiba tniversity), and
Dr.T.Yamamoto (Tokyo University), respectively. MTD-1A cells were cul-
tured in DMEM supplemented with 10% FCS, and for the other cells RPMI-1840
with 10% FCS were used. To minimize the amount of antisense PONs, the 24
well or 96 well plastic dishes, or 16 well Chamber Slide dishes whose
bottom was made of glass (Nunc, Inc. Naperville, IL) were used.

For replating experiments of MTD-1A cells, cells cultured on dishes were
treated with 5 mM EDTA in PBS for 10 min followed by incubation with PBS

containing 0.25% trypsin for 5 min. After floated cells were washed with

culture medium, they were plated on culture dishes or glass cover slips in
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culture medium.

For Ca'’-switch experiments, MTD-1A cells were cultured in Eagle's
minimal essential medium containing 0.05mM Ca** and 10% FCS (low-Ca medium)
for 48hr. In the case of the low-Ca medium, FCS was pretreated with chelex

++

to remove Ca’ " before use. They were then transferred to DMEM supplemented

with 10% FCS (normal-Ca medium).

Antisense Phosphorothioate Oligonucleotides (PONs)

First, two distinct positions 1-24 and 301-324 (relative to the translation
initiation site) of radixin sequence were chosen for the synthesis of
antisense PONs, and we found that antisense PONs complementary to the
former position was highly effective. Therefore, we synthesized antisense
PONs complementary to position 1-24 of mouse ezrin, radixin, and moesin
coding region (sece Fig.1). For control experiments, sense PONs corre-
sponding to position 1-24 were synthesized. All effects induced by
antisense PONs in this study were totally canceled by the addition of 1.5
vol. of sense PONs. The antisense PONs sequences did not have significant
homology with any other sequence in the database.

The antisense and sense PONs were synthesized on an Applied Biosystems
392 synthesizer (Applied Biosystems, Inc. Foster City, CA) in our laborato-
ry or in the laboratory of Takara Shuzo Co. (Kyoto, Japan), purified over
Aquapore RP-300 (Applied Biosystems, Inc. Foster City, CA), ethanol precip-
itated, and taken up in media. At the beginning of the treatment, anti-
sense or sense PONs were added to the culture medium at the concentration
of 20 uM, and at every 3-4hr the same amount of PONs were added. At every

4 times of PONs addition, the culture medium was exchanged with the new

medium contalning 20 M PONs.




- 38 -

Gel Electrophoresis and Immunoblotting

One-dimensional SDS-PAGE (10 %) was based on the method of Laemmli (1970)
and the gels were stained with Coomasie Brilliant Blue R-250 or silver
staining kit (Wako Pure Chemical Industries, Osaka, Japan).

For immunoblotting, after electrophoresis, proteins were electrophoreti-
cally transferred from gels to nitrocellulose sheets, which were then
incubated with the first antibody. For antibody detection, a blotting

detection kit (Amersham, Corp., Arlington Heights, IL) was used.

Immunofluorescence Microscopy

For indirect immunofluorescence microscopy of cultured cells, cells were
cultured on cover glasses or in Chamber Slide dishes whose bottom was made
of glass (Nunc, Inc., Naperville, IL}, 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 then incubated with first antibodies and washed with PBRS
followed by incubation with second antibodies. As second antibodies, FITC-
conjugated goat anti-rat IgG, FITC-conjugated goat anti-rabbit IeG  (TAGO,
Inc., Burmingame, CA), and/or rhodamine-conjugated goat anti-mouse TeG
(CHEMICON INTERNATIONAL, Inc., Temecula, CA) were used. Samples were then
washed with PBS and then examined using a fluorescence microscope, a Zeiss

Axiophoto photomicroscope {(Carl Zeiss, Oberkochen, Germany).

Scanning Electron Microscopy

Thymoma cells were put on the poly-L-lysine coated-cover slips in the RPMI

medium for 5 min, and then fixed with 0.2 M cacodylate buffer solution

(pH 7.2} containing 2.5% glutaraldehyde and 2% formaldehyde at 4°C over-
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night followed by postfixation with the same buffer solution containing 1%
0504 at 4°C for 1hr. Samples were then washed with distilled water,
dehydrated in a graded series of ethanol, transferred into isoamyl acetate,
and dried in an Eiko critical point drier (Eiko Engineering, Ibaraki,
Japan) after substitution with liquid COZ. Dried samples were coated with
gold by means of an Eiko gold sputter coater (Eiko Engineering, Ibaraki,
Japan), and examined in a Hitachi S-800 scanning electron mlIcroscope

(Hitachl Co., Ibaraki, Japan).




- 40 -

Results

Effects of Antisense Phosphorothiocate Oligonucleotides on the Expression of

ERM Family Members

By preliminary immunohistochemical analyses with cultured MTD-1A cells, we
have checked whether or not antisense phosphorothioate oligonuclieotides
(PONs) complementary to two distinct positions 1-24 and 301-324 (relative
to the translation initiation site) of mouse radixin coding region suppress
the expression of radixin. We found that, when the antisense PONs comple-
mentary to position 1-24 of radixin sequence was added 1in the culture
medium at every 3-4 hours at the concentration of 20 uM, the expression of
radixin appeared to be most effectively and continuously suppressed.
Therefore, we synthesized antisense PONs complementary to position 1-24 of
mouse czrin, radixin and moesin coding regions (Fig.1}), and checked the
effects of these antisense PONs on the expression of ERM family members in
MTD~1A cells and thymoma cells by immunocblotting (Fig.2).

For immunoblotting, pAb Il was used, which recognizes all the ERM family
members in  immunoblotting (Sato et al., 1992). When MTD-1A cells were
cultured in the presence of ezrin, radixin, or moesin antisense PONs, the
expression of corresponding ERM family member was selectively suppressed to
the level undetectable with immunoblotting (Fig.2A, lanes 3-5}. Further-
more, for example, the addition of the ezrin/moesin antisense PONs mixture
in culture medium resulted in the suppression of both ezrin and moesin
expression, but in no effects on the radixin expression (Fig.2A, 1lane 6).
The expression of ERM family members was totally suppressed in the prescnce

of the ezrin/radixin/moesin antisense PONs mixture (Fig.2A, lane 7). The

same results were obtained with thymoma cells (Fig.2B)}, and as far as we
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examined any sense PONs did not affect the expression of ERM family members

both in MTD-1A cells and thymoma cells.

Distribution of ERM Family Members in Antisense-treated Epithelial Cells

As shown in Fig.2, when cultured MTD-1A cells were treated with ezrin,
radixin, or moesin antisense PONs for 96hr, the expression of corresponding
ERM family member was completely suppressed. As will be shown later (sece
Fig.4), the morphology of these antisense-treated cells was not signifi-
cantly affected. We immunofluorescently stained these ezrin, radixin, or
moesin  "single-null" MTD-1A cells with three distinet antibodies; mAb M1t
which was raised in rat against recombinant mouse ezrin, pAb I1 which was
raised in rabbit against purified rat radixin, and mAb M22 which was raised
in rat against recombinant mouse moesin. In control sense-treated MTD-1A
cells, all these antibodies clearly stained cell-to-cell adherens Jjunctions
(AJ) at cell-cell borders and microvilli at the apical surface (Fig.3J-1).
Anti-ezrin mAb M11 and anti-radixin pAb I1 stained cell-to-cell AJ stronger
than microvilli, whereas anti-moesin mAb M22 showed a stronger staining in
microvilli than in cell-to-cell AJ., In dividing cells, the cleavage fur-
rows were intensely stained by all these antibodies (data not shown). As
shown in Fig.3A-C, in ezrin "single-null" cells, anti-ezrin mAb M11 gave no
signals, while anti-radixin pAb I[1 and anti-moesin mAb M22 intensely
stained cell-to-cell AJ and microvilli. In contrast, in the case of
radixin “single-null" cells, the staining pattern with anti-ezrin mAb M11
and anti-moesin mAb M22 was not affected, while anti-radixin pAb I1 stained
no structure (Fig.3D-F). Furthermore, in moesin "single-null” cells no
signals were detected with anti-moesin mAb M22, while strong signals at

cell-to-cell AJ and microvilli with anti-ezrin mAb M!1 and anti-radixin
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pAb I1.

In summary, aiso at the immunofluorescence level, antisense PONs selec-
tively suppressed the expression of corresponding ERM family member to the
undetectable level without affecting the distribution of the other members,
Conversely speaking, this indicates that three antibodies used here,
mAb M11, pAb I1, and mAb M22, are specific for ezrin, radixin, moesin,
respectively, at the immunofluorescence microscopic level: Also in immuno-
blotting, mAb M11 and mAb M22 specifically recognize ezrin and moesin,
respectively (data not shown), although, as shown in Fig.2, pAb I1 Is not
specific for radixin in immunoblotting. This strict specificity of anti-
bodies at the immunofluorescence level leads us to conclude that ezrin,
radixin and moesin are all colocalized at cell-to-cell AJ, microvilli, angd
cleavage furrows 1in MTD-1A cells, although there is some bias in their
localization: Ezrin/radixin and moesin appeared to be sorted out to some

extent to cell-to-cell AJ and microvilli, respectively.

Perturbation of Cell-Substrate Adhesion by Antisense PONs

As shown in Fig.4A-C, neither ezrin, radixin, nor moesin antisense PONs
singly ipduced any morphological changes of MTD-1A cells. Any pair of
these antisense PONs also showed no effects on their morphology (data not
shown) . However, when MTD-1A cells were cultured in the presence of the
ezrin/radixin/moesin antisense PONs mixture, the significant change of
cell shape was gradually induced (Fig.4E-G): Cells roundéd up with very
thin protrusions at ~48hr incubation, and began to float off fronm the
substratum at ~60hr incubation. These floated cells were viable Judging
from the trypane blue staining, and in these cells actin and vinculin were

diffusely stained by Immunofluorescence microscopy {data not shown). The



- 43 -~

ezrin/radixin/moesin sense PONs mixture digd by no means induce the morpho-
logical changes of MID-1A cells (Fig.4D).

Next, we examined the effect of antisense PONs on the attachment and
spreading after replating cells. For this purpose, MTD-1A cells were
cultured for 48hr in the presence of ezrin, radixin or moesin antisense
PONs, floated off from the substratum by the use of EDTA and trypsin, then
replated on the substratum in the presence of antisense PONs (Fig.5).
Cells treated singly with radixin antisense PONs completely lost the abili-
ty for the attachment and spreading (Fig.5C), and ezrin antisense-treated
cells seemed to partly loose the attachment ability (Fig.5B). In sharp
contrast, moesin antisense-treated cells normally attached and spread on
the substratum (Fig.5D). The ezrin/radixin/moesin sense PONs mixture did

not affect this ability (Fig.5A).

Perturbation of Cell-Cell Adhesion by Antisense PONs

As shown in Fig.4E-G, the ezrin/radixin/moesin antisense PONs mixture
appears to affect not only the cell-substrate adhesion but also cell-cell
adhesion. Then these antisense-treated cells were doubly stained with
anti-radixin pAb I1 and anti-Z0-1 mAb just before the beginning of the cell
shape change (Fig.6). It was clearly revealed that the destruction of cell-
cell adhesion proceeds or simultanecously associated with that of cell-
substrate adhesion. Any one or any pair of three antisense PONs did not
affect the cell-cell adhesion {data not shown).

Next, we examined whether or not these antisense PONs singly affect the
formation of cell-cell adhesion when cells were transferred from low-Ca to
normal-Ca medium. MTD-1A cells were cultured for 2 days in the low-Ca

wedium containing 0.05 mM Ca'* in the presence of the ezrin, radixin, or
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moesin antisense PONs, and transferred to the normal-Ca medium contalning
2mM Ca** in the presence of antisense PONs. In the presence of ezrin or
radixin antisense PONs, the concentration of E-cadherin and Z0-1 at cell-
cell contact sites was significantly inhibited (Fig.7A-D), whereas moesin
antisense PONs did not affect their concentration (Fig.7E,F). The
ezrin/radixin/moesin sense PONs mixture did not affect the formation of

celi-cell adhesion (Fig.7G,H).

Effects of Antisense PONs on Microvilli in Thymwoma Cells

By preliminary immunofluorescence microscopic analyses, 3-days culture of
MTD-1A celis 1in the presence of the ezrin/radixin/moesin antisense PONs
mixture did not appear to induce significant structural changes of micro-
villi, where ezrin, radixin and moesin are co-concentrated. Since further
culture under this condition resulted in the detachment of MTD-1A cells
followed by cell death probably due to their anchorage dependency, it was
difficult to pursue the prolonged (>3days) effects of this antisense PONs
mixture on the microvilli formation as far as MTD-1A cells were used.
Therefore, we used mouse thymoma cells (L5178Y), which bear a large number
of microviili and show no anchorage dependency (Fig.8).

As shown in Fig.9A,B by scanning electron microscopy, when thymoma
cells were cultured in the presence of ezrin or radixin antisense PONs, no
change was detected in length and number of microvilli even 6 days after
the beginning of antisense treatment. Moesin antisense PONs singly ap-
peared to decrease the number and length of microvilli at 6-day culture,
but the extent of this effect varied from cell to cell (Fig.9C). 1In sharp
contrast, the addition of the ezrin/radixin/moesin antisense PONs mixture

clearly affected the microvilli structures (Fig.9D). At 4 days after the
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beginning of the treatment, microvilli began to decrease in number and
length (Fig.10A,B}. At 6 days, all cells were completely devoid of
microvilli (Fig.9D,10C). The trypane blue staining revealed that these
cells were viable. With the ezrin/radixin/moesin sense PONs mixture, all
cells bore a large number of microvilli (Fig.8). ¥hen mouse myeloma cells

P3 and mouse leukemia cells WEHI231 were used, the same results were ob-

tained (data not shown).
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Discussion

¥e have examined effects of ezrin, radixin, and moesin antisense PONs on
the morphology of cultured cells such as MTD-1A cells and thymoma cells
(L5178Y). Ezrin, radixin and moesin (ERM family members) are highly homolo-
gous to each other in their amino acid sequences (more than 70% identity}.
Nevertheless, each antisense PONs selectively suppressed the expression of
the corresponding ERM member to the undetectable level. Therefore, this
system enabled us to analyze in detail the function of each ERM  family
member .

Using this system, we produced ezrin, radixin, or moesin "single-null”
MTD-1A cells. In these "single-null"” cells, the antisense-suppression of
one member did not affect the localization of the other two members; they
were concentrated at cell-to-cell AJ, microvilli, and cleavage furrows.
Interestingly, there appeared to be some bias in the localization between
ezrin/radixin and moesin: Ezrin/radixin and moesin showed a tendency to be
sorted out to some extent to cell-to-cell AJ and microvilli, respectively.
As discussed previously, the detection of ERM family members at cell-to-
substrate AJ was difficult probably due to the masking problem (Sato et
al., 1992). These findings exclude the possibility that ERM family mem-
bers are completely sorted out into their specific sites inside cells.
Furthermore, the "double-null" cells, ex. ezrin(-)/radixin(-)/moesin(+)
cells, were also produced. Even in these cells, the expressing ERM
family member is singly concentrated at cell-to-cell AJ, microvilli and
cleavage furrows (data not shown). 1In another word, each member by itself
has an ability to concentrate in specific sites. The N-terminal half of

ERM family members was highly conserved (~85% identity) and this domain
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was thought to be responsible for the specific binding of ERM family mem-
bers to a putative integral membrane protein (Gould et al., 1989: Turunen
et al., 1989; Funayama et al., 1991; Lankes and Furthmyr 1991). If all the
ERM family members share the same membrane protein, the redundant colocali-
zation of ERM family members observed here would be easily explained.
However, this interpretation may be oversimplified, because, as discussed
above, ezrin/radixin and moesin are sorted out to some extent.

The localization of ERM family members suggested that they play cruciat
roles 1in the formation and maintenance of cell-cell/cell-substrate adhe-
sion, microvilli, and cleavage furrows by regulating the actin filament-
plasma membrane interactions (Sato et al., 1992). This study revealed
that the antisense-treatment was very powerful to experimentally evaluate
this speculation on the physiological functions of ERM family members. In
general, to completely and continuously suppress the expression of struc-
tural proteins such as ERM family members, the concentration of antisense
PONs in the medium must be maintained at a relatively high level for sever-
al days, probably due to their low turnover rate. In this study, we found
that antisense PONs should be added into the culture medium at every 3-4hr
at the concentration of 20 gM. Under this condition, antisense PONs
effectively suppressed the expression of ERM family members and perturbed
cell adhesion and microvilli formation.

As to the perturbation of cell adhesion, two points should be discussed.
The first point is that ERM famil& members appear to be Involved preferably
in the initial step of the formation of cell-substrate/cell-cell adhesion
rather than in the maintenance of the preformed adhesion. Any one or any

pair of antisense PONs did not destroy the preformed cell-substrate and

cell-cell adhesion of MTD-1A cells, whereas the ezrin or radixin "single-
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null™ 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-Ca to normal-Ca medium, This appears to be consistent with the
previous observation that ERM family members are highly concentrated at the
so called microspikes of spreading cells which were considered as the
primordial cell-to-substrate AJ (Bretscher, 1983; Rinnerthaler et al.,
1988; Sato et al., 1992). Of course, the occurrence of at least one FRM
family member is required for the maintenance of preformed cell adhesion,
because the addition of ezrin/radixin/moesin antisense PONs mixture com-
pletely destroyed both preformed cell-substrate and cell-cell adhesion (see
Fig.4,6).

The second point 1s that the physiological role of moesin appears to be
slightly different from that of ezrin and radixin. Actually, wunlike the
ezrin and radixin "single-null” cells, the moesin "single-null™ cells nor-
maily attached and spread on the substratum when replated, and formed cell-
cell adhesion when transferred from low-Ca to normal-Ca medium. However,
moesin is somehow Involved 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 interaction in the regulation of cell adhesion. In this connec-
tion, it should be mentioned that among ERM family members, only moesin
lacks the polyproline stretch at their C-terminal region (Lankes and Furth-
myr 1991; Sato et al., 1992), and that, as mentioned above, the 1localiza-
tion of moesin is slightly different from that of ezrin/radixin.

As compared to the cell adhesion, the microvillus appears to be more

resistant to the antisense-treatment. At 3-4day-culture in the presence
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of the ezrin/radixin/moesin antisense PONs mixture microvilli gradualtly
decreased in number and length, and only at 6day-culture they completely
disappeared. As compare to the perturbation of cell-cell and cell-sub-
strate adhesion, the complete suppression of the expression level of ERM
family members appears to be required for the disappearance of microvilli.
This microvilli disappearance was most clearly observed In thymoma cells,
but similar results were obtained by the use of WEHI231 leukemia cells and
P3 myeloma cells (data not shown).

Considering that ERM family members are concentrated at cleavage fur-
rows, the question has naturally arisen whether or not antisense PONg to
ERM family members affect the cytokinesis. If they affect the cytokine-
sis, it «can be easily expected that the cells with more than two nuclei
increase in number. However, as far as we examined under any conditions
with antisense PONs, the two-nuclei cells have not been increased in num-
ber. This may be explained in two ways: The first explanation is that ERM
family members are not Involved in cytokinesis. The second one 1is that
antisense PONs affect not only M-phase but also other phases of the cell
cycle under the condition such as the 6day-culture in the presence of the
ezrin/radixin/moesin antisense PONs mixture. Actually, the 6day-cultured
thymoma cells lacking microvilli appeared to loose the ability to increase
in number. Therefore, the latter explanation may be the case, indicating
that using antisense PONs we appeared to be unable to experimentally answer
the above question. However, taking all findings in this study together
with the recent observation that the microvilli rich in ERM family members
are highly concentrated at cleavage furrows in dividing cells {(Yonemura et

al., 1993), it appears to be reasonable to speculate that ERM  family

members are directly involved in the Fformation of cleavage furrows.
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Another approach will be required to prove this speculation.

Finally, we should discuss the relationship between ERM family members
and the regulation of cell growth. Recently, a tumor suppressor responsi-
ble for neurofibromatosis 2 was identified and this protein named merlin
was found to be similar to ERM famlly members (~49% identity for full
length; ~62% identity for N-terminal half)(Trofatter et al., 1993; Rouleau
et al., 1993). Therefore, it is likely that the function of merlin Is
somehow related to that of ERM family members. Further studies on the
function of merlin will lead us to a better understanding of how ERM family
members are involved in the regulation of cell growth.

Our present results favored the idea that the coexpression of ERM family
members, especlally of ezrin and radixin, in single cells Is a redundancy
for the sake of safety. This type of redundancy generally interferes with
the analysis of protein functions in vivo, but as shown in this study the
antisense PONs are very convenient tools to escape the interference by
redundancy. By this method, in spite of redundanéy, we can conclude that
ERM family members are directly involved in the cell adhesion and microvil-
1i formation. Further detailed analyses of the structure and functions of
the ERM family members "single-null”, "double-null® and "triple-null” cells
will lead us to a better understanding of how the ERM family members-medi-

ated actin filament/plasma wembrane interactions are involved in cell

adhesion, cell proliferation, and signal transduction.
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Figure 1. Nucleotide sequences {(-10~39) of mouse ezrin, radixin, and
moesin (Funayama et al., 1991; Sato et al., 1992). Antisense phosphoro-
thioate oligonucleotides (PONs) complementary to position 1-24 (relative to
the translation initiation sites) of ezrin, radixin and moesin were synthe-

gsized (shadowed). For control experiments, sense PONs of this region were

also synthesized.
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Figure 2. Effects of antisense PONs on the expression of ERM family
members in MTD-1A cells (A) and thymoma cells (B). MTD-1A cells and
thymoma cells were cultured for 96hr in the presence of various combina-
tions of ezrin, radixin, and moesin antisense/sense PONs in a 24 well dish,
separated by SDS—PA@E, and_immunoblotteq with pAb 11 which can recognize
all members of ERM family by Immunoblot (E, ezrin of B5kD; gf radixin of
82kD; M, moesin of T75kD). The combination of antisense (A) or sense (S)
PONs is shown above each lane. Note that each antisense but not sense PONs
selectively suppress the expression of the corresponding ERM family member
to the undetectable level. In this system, ERM family member “single-
null™ (lanes 3-5 in A; lanes 2-4 in B), "double-null" (lane 6 in A; lane 5

in B} and “triple-null" (lane 7 in A; lane 6 in B) cells can be produced.
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Flgure 3. Distribution of ERM family members In antisense-treated MTD-1A
cells. MTD-1A cells were cultured for 96hr in the presence of ezrin (A-
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 immunofluorescently
stalned with anti-ezrin mAb M11 (A,D,G,J), anti-radixin pAb I1 (B,E.H,K),
or anti-moesin mAb M22 (C,F.I,L). In sense-treated cells {(J-L), all ERM
family wmembers are locallized together at cell-to-cell AJ (arrows) and
microvilli on apical surfaces (arrowheads). Ezrin/radixin and moesin have
a tendency to be to some extent sorted out into cell-to-cell AJ and micro-
villi, respectively. In ezrin/radixin (A,B,D,E.G,H,J,K) and mwoesin

(C,F,1,L) staining, the focus plane is fixed at the level of cell-to-cell
AJ and of the apical surface, respectively. Even in ezrin/radixin stain-
ing, when the apical surface is focused, clear signals are detected from
microvilll (ex. arrowheads in D). Note that among antisense-treated
cells, only in A,E, and 1 immunofluorescence signals are undetectable, and
that in B-D and F-H no significant changes in the distribution of ERM

family members are observed. Staining of nuclei is non-specific, since

this staining is not affected by any antisense treatment. Bar, 20gzn.
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Figure 4. Effects of ERM family member antisense PONs on the cell-
substrate adhesion of MTD-1A cells. When MTD-1A cells are  cultured for
g6hr in the presence of ezrin (A), radixin (B), or moesin {(C) antisense
PONs, or 1in the presence of the ezrin/radixin/moesin sense PONs mixture
(D), no effects on the cell shape are detectable. In sharp contrast, the
ezrin/radixin/moesin antisense PONs mixture induces significant morphologl-
cal changes: At 24hr-culture (E) no structural changes are observed, where-
as at 48hr-culture (F} cells round up with very thin protrusions (arrows)
followed by the complete detachment of cells from substratum at 6&Chr-cul-

ture (G). Bar, 100zm.
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Figure 5. ©Effects of ERM family member antisense PONs on the adhesion and
spreading on substratum after replating MTD-1A cells. MTD-1A <cells were
cultured for 48hr in the presence of the ezrin/radixin/moes}n sense PONs
mixture (A) or in the presence of ezrin (B), radixin (C) or moesin (D)
antisense PONs, detached from the substratum by the use of EDTA and tryp-
sin, and then replated and cultured on plastic dishes for 15 hr in the
presence of same PONs. Moesin antisense-treated cells (D) can normally
adhere to and spread on the dish just like sense-treated cells (A), while
the ability for adhesion and spreading is suppressed partly in ezrin anti-
sense-treated cells (B) and completely in radixin antisense-treated cells

(C). Bar, 100xm.
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Figure 6. Effects of the ezrin/radixin/moesin antisense PONs mixture on
the cell-cell adhesion in MTD-1A ce}ls. As shown 1In Fig.4E-G, the
ezrin/radixin/moesin antisense PONs mixture appears to affec; not only the
cell-substrate but also the cell-cell adhesion. At 30hr-culture in the
presence of the ezrin/radixin/moesin sense PONs mixture (A,B) or the
ezrin/radixin/moesin antisense PONs mixture (C,D), cells were doubly
stained with anti-radixin pAb I1 (A,C) and anti-Z0-1 mAb (B,D). Note that
the suppression of the expression of radixin (and also ezrin and moesin)
(C) is accompanied by the destruction of cell-cell adhesion (D). The Z0-1
staining becomes discontinuous followed by its splitting (arrows). Bar,

20 m.
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Figure 7. Effects of ERM family member antisense PONs on the formation of
cell-cell adhesion in MTD-1A cells. In the 1low-Ca medium containing
0.05 mM Ca2+, MID-1A cells were cultured for 48hr in the presence of ezrin
(A,B), radixin (C,D), or moesin (E,F) antisense PONs, or in the presence of
the ezrin/radixin/moesin sense PONs mixture (G,H), and then transferred to
the normal-Ca medium containing 2mM Ca2+ in the presence of samc PONs. At
12 hr after the Ca-switch, cells were stained doubly with anti-E-cadherin
pAb (A,C,E,G) and anti-Z0-1 mAb (B,D,F,H). The concentration of E-cadherin
and 70-1 at cell-cell adhesion sites are clearly observed in moesin anti-
sense-treated (E,F) and in sense-treated cells (G,H), whereas hardly de-
tected in ezrin (A,B) and radixin (C,D) antisense-treated cells. Bar,

20 m.
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Figure 8. Scanning electron microscopy of thymoma cells treated with the
ezrin/radixin/moesin sense mixture for 6 days. Cells are characterized by

a large number of microvilli on their cell surface (arrows). Bar, lum.



Figure 9. Effects of ERM family member antisense PONs on the microvillil

structure of thymoma cells. Thymoma cells were cultured for 6 days in the
presence of ezrin (A), radixin (B), or moesin (C) antisense PONs, or im the
presence of the ezrin/radixin/moesin antisense PONs mixture (D). Micro-
villi are not affected by ezrin (A) and radixin (B) antisense PONs, whereas
moesin antisense PONs partly affects them (C}. In the presence of the
mixture of antisense PONs, microvilli completely disappeared, leaving the

smooth cell surface (D). Bar, 1 gm.



Figure 10. Time course of the disappearance of microvilli of thymoma
cells induced by the ezrin/radixin/moesin antisense PONs mixture. Although
at the beginning of the treatment no structural changes are detected in
microvilli (A), microvilli begins to decrease in number and length at 4-day
culture (B). At 6-day culture, all cells are completely devoid of micro-

villi {€). Bar, 2gm.
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