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Abstract. Interest in members of the protein 4.1 super-
family, which includes the ezrin-radixin-moesin (ERM)
group, has been stimulated recently by the discovery
that the human neurofibromatosis 2 (NF2) tumor sup-
pressor gene encodes an ERM-like protein, merlin. Al-
though many proteins in this family are thought to act
by linking the actin-based cytoskeleton to transmem-
brane proteins, the cellular functions of merlin have not
been defined. To investigate the cellular and develop-
mental functions of these proteins, we have identified
and characterized Drosophila homologues of moesin
(Dmoesin) and of the NF2 tumor suppressor merlin

(Dmerlin). Using specific antibodies, we show that al-
though these proteins are frequently coexpressed in de-
veloping tissues, they display distinct subcellular local-
izations, While Dmoesin is observed in continuous
association with the plasma membrane, as is typical for
an ERM family protein, Dmerlin is found in punctate
structures at the membrane and in the cytoplasm. In-
vestigation of Dmerlin in cultured cells demonstrates
that it is associated with endocytic compartments. As a
result of these studies, we propose that the merlin pro-
tein has unique functions in the cell which differ from
those of other ERM family members.

mic proteins that interact with and regulate the

functions of transmembrane proteins, including
transmembrane receptors. Examples include proteins that
function in signal transduction (Greenwald and Rubin,
1992), proteins that regulate membrane trafficking to and
from the cell surface (Mays et al., 1994), and those that
mediate interactions with underlying cytoskeletal compo-
nents (Bennett, 1990). In the latter category are members
of the protein 4.1 superfamily, which include protein 4.1,
its Drosophila homologue Coracle (Fehon et al., 1994),
talin (Rees et al., 1990), and members of the ezrin-radixin-
moesin (ERM)! family (Gould et al., 1989; Funayama et
al., 1991; Lankes and Furthmayr, 1991). Erythrocyte pro-
tein 4.1 is known to associate with the transmembrane pro-
tein glycophorin C as well as with the spectrin/actin cy-
toskeleton, thereby providing structural integrity to the
membrane cytoskeleton (Bennett, 1990). On the other hand,

RECENT studies have identified a number of cytoplas-
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a Drosophila protein 4.1 homologue, Coracle, has been
shown to lack the spectrin/actin interaction domain identi-
fied in its human and Xenopus counterparts, and shows a
strikingly different subcellular pattern from either cyto-
skeletal actin or spectrin (Fehon, et al., 1994). These re-
sults, together with the discovery of family members with
divergent structures, such as protein tyrosine phosphatases
(Gu et al., 1991; Yang and Tonks, 1991; Banville et al.,
1994), indicate that the members of the 4.1 superfamily
may perform a wide range of cellular functions.

Like protein 4.1, members of the ERM family are thought
to act primarily by linking transmembrane proteins to the
cortical actin cytoskeleton. Studies of ezrin have shown
that the NH,-terminal 300 amino acids associate with the
plasma membrane (Algrain et al., 1993), while the most
COOH-terminal 35 amino acids comprise a binding do-
main for F-actin (Turunen et al.,, 1994). This region is
highly conserved in radixin and moesin, although their
ability to bind F-actin has not yet been directly estab-
lished. Proteins in this family have been found to colocal-
ize in areas of rich actin content, such as microvilli and
membrane ruffles (Bretscher, 1989; Sato et al., 1992;
Franck et al., 1993). In addition, several of the ERM pro-
teins localize to the junctional regions of vertebrate cells
and tissues, although precise identification of the junction-
ally associated ERM proteins has been hampered by anti-
body cross-reactivity (Sato et al., 1992). Because of their
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similarity in structure and extensive colocalization, the spe-
cific function of each of these highly homologous proteins
has been difficult to distinguish. A recent study in cultured
cells indicates, however, that these proteins may have both
unique and redundant functions in the establishment and
maintenance of microvilli, cell-cell adhesion, and cell-sub-
strate adhesion (Takeuchi et al., 1994).

Interest in the ERM family has been stimulated by the
discovery that human neurofibromatosis 2 (NF2) is caused
by mutations in merlin (moesin-ezrin-radixin-like protein),
a novel member of the ERM family (Rouleau et al., 1993;
Trofatter et al., 1993). The hallmark of NF2 is the presence
of bilateral acoustic schwannomas (acoustic neuromas) af-
fecting the eighth cranial nerve, in addition to other neu-
rally associated tumors, such as meningiomas and ependy-
momas (Martuza and Eldridge, 1988). Because NF2 is
difficult to detect, the identification of this disease gene
has been crucial in developing an effective screen for pa-
tients at risk (MacCollin et al., 1993). Based on its struc-
tural similarity to the ERM family, previous studies have
proposed that merlin acts similarly to other ERM proteins
by linking the plasma membrane to the underlying cyto-
skeleton (Rouleau et al., 1993; Trofatter et al., 1993).
However, this observation alone has led to neither a spe-
cific hypothesis concerning its role in tumor suppression
nor to an understanding of merlin’s cellular functions.

To investigate the functions of ERM proteins in a devel-
opmental system that is amenable to experimental manip-
ulation, we have identified a merlin homologue (Dmerlin)
and a moesin homologue (Dmoesin) in Drosophila melan-
ogaster. A partial Dmoesin clone was previously identified
in a screen for Drosophila cDNAs, which alter cell shape
in yeast (Edwards et al., 1994). Using specific antibodies,
we describe and compare the tissue and subcellular local-
izations of these ERM family members during Drosophila
development and in Schneider 2 (S2) cultured cells. Our
results indicate that while Dmerlin and Dmoesin are fre-
quently coexpressed in developing tissues, they display
strikingly distinct subcellular localizations. In contrast to
Dmoesin, which shows the continuous plasma membrane-
associated localization typical of ERM family proteins,
Dmerlin is localized in punctate structures that are associ-
ated with both the plasma membrane and the cytoplasm.
We further demonstrate that Dmerlin is associated with
endocytic compartments in cultured cells. Together, these
results lead us to propose that merlin has unique functions,
possibly related to endocytic processes, that differ from
those of all other known ERM family members.

Materials and Methods

Cloning and Sequencing

Degenerate oligonucleotides were designed using an amino acid sequence
alignment between mouse radixin (GenBank/EMBL/DDBJ accession No.
X60672) and the Echinococcus multilocularis major tegument protein
(GenBank/EMBL/DDBJ accession No. M61186). Primers of the follow-
ing sequences were generated against regions indicated by the numbered
arrows above the sequence (Fig,. 1).

Primer 1, 5'-AT(A/C/T) GCI CA(A/G) GA(C/T) (C/T)TI GA(A/G)
ATG TA(C/T) GG-3";

Primer 2, 5'-C(G/T)G AT(A/G) TAI A(A/G)(C/T) TC(A/G) TG(A/G)
TTICC-3;
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Primer 3, 5'-GC(C/T) TG(A/G/T) AT(C/T) TTC AT(C/T) TG(C/T) TGI
AC(C/T) TC-3".

PCR amplifications were performed using Drosophila genomic DNA as a
template and the following cycle conditions: 94°C, 15 s; 45°C, 15 s; 72°C,
45 s for 30 cycles. Amplification products were purified by electrophoresis
and subcloned for sequencing as described previously (Fehon et al., 1994).
Clones of Dmerlin and Dmoesin were obtained from a 0-4-h pNB40 plas-
mid embryonic library (Brown and Kafatos, 1988) and a 2-14-h lambda-
zap phage embryonic library (Stratagene, La Jolla, CA), respectively, us-
ing the subcloned degenerate PCR products as probes. The inserts were
subcloned into Bluescript for sequencing. Both strands of double-stranded
DNA from the subclones were sequenced as described previously (Fehon
et al., 1994} and analyzed using the Geneworks DNA analysis program
(IntelliGenetics, Inc., Mountain View, CA). The alignments obtained
from this analysis were modified based on alignments that were generated
by the BLAST server in the National Center for Biotechnology Informa-
tion GenBank database (Altschul et al., 1990).

Antibody Preparation and Immunolocalization

The Dmoesin fusion protein for raising antibodies was constructed by
cloning the Sall fragment, comprising amino acids 23-463 (bp 225-1555)
into pGEX-2 (Smith and Johnson, 1988). This fusion was purified as de-
scribed (Frorath et al., 1991), except that the sample was treated with 6 M
urea and dialyzed against PBS. For Dmerlin, a tandem repeat of the cod-
ing region for amino acids 445-561 (bp 1433-02201) was inserted into
pGEX-3. This fusion was expressed and purified as previously described
(Smith and Johnson, 1988), with the exception that cultures were grown at
25°C to improve solubility of the fusion protein. The boundaries of the fu-
sion proteins are indicated by arrows above the sequence (Fig. 1).

Polyclonal antisera were raised in mice and guinea pigs against the
Dmerlin and Dmoesin fusion proteins. In addition, one of these mice was
used to generate Dmoesin mAbs (Harlow and Lane, 1988). Affinity-purified
Dmerlin guinea pig polyclonal antisera were prepared using the Amino-
Link immobilization kit (Pierce Chemical Co., Rockford, IL) following
the instructions provided, except that the coupling reaction was per-
formed for 16 h at 4°C. In addition, the serum was applied to the column
beads by batch mixing for 1 h at room temperature. The eluted antibody
was further purified by absorption against glutathione S-transferase
bound to glutathione agarose beads. Immunostaining of embryos and
imaginal discs was performed as described previously (Fehon et al., 1994),
with the exception that embryos were hand devitellinized for phalloidin
staining.

Immunoblotting

Single embryos were stage selected and individually lysed in 20 pl of lysis
buffer, pH 7.6, containing 10 mM Tris, pH 7.5, 50 mM NaCl, 0.5% Triton
X-100, 0.5% deoxycholic acid, 30 mM sodium pyrophosphate, 50 mM so-
dium fluoride, 100 pM sodium orthovanadate, and 0.01% BSA. Samples
were subject to immunoblot analysis as previously described {Fehon et al,,
1994), probed with either the whole guinea pig a-Dmerlin polyclonal anti-
sera (1:5,000) or the mouse a-Dmoesin polyclonal antisera (1:10,000), and
incubated overnight at 4°C. The washed blots were incubated with an
HRP secondary antibody (1:10,000) at room temperature for 3 h and devel-
oped using the ECL kit (Amersham Life Science Inc., Arlington Heights, IL).

Transfection of Schneider 2 Cells and the
Labeling of Endocytic Compartments

For the expression of Dmerlin in cultured cells, a 2,198-bp Munl fragment
(bp 333-2531) that encodes the predicted full-length Dmerlin protein was
cloned into the EcoR1 site of either pPRmHa-3 {metallothionein promoter
vector; Bunch et al., 1988} or pCaSpeR-hs (heat shock protein-70 pro-
moter). For expression of Dmoesin, the entire cDNA was excised from
Bluescript as an EcoRI/Xhol (partial) fragment and cloned into the corre-
sponding sites of pHSX (Rebay, 1993). This fragment was then excised us-
ing flanking Notl sites and cloned into pCaSpeR-hs. The use of different
promoters allowed for either continuous or pulsed expression of induced
proteins.

The maintenance, transfection, induction, and immunofluorescent anal-
ysis of Schneider 2 (S2) cells was performed as previously described (Fe-
hon et al., 1990). In the dextran labeling experiment, S2 cells were trans-
fected with the Dmerlin pCaSpeR-hs construct and heat shocked at 38°C
for 1.5 h. After 1 h of recovery at 25°C, lysine-fixable Texas red dextran
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Figure 1. Deduced protein sequence alignment of Dmoesin, human moesin, Dmerlin, and human merlin. These four sequences are 38%
identical (shaded in green). Amino acid residues shaded red indicate identities between the moesin proteins, those shaded in blue are
identical between the merlin proteins, and yellow shading indicates amino acids shared by one moesin sequence and one merlin se-
quence. Sequences corresponding to the PCR primers used in the cloning of Dmerlin and Dmoesin are indicated by numbered arrows.
Arrows labeled Dmer and Dmoe define the boundaries of the Dmerlin and Dmoesin fusion proteins constructed for use in generating
antibodies. Sequences corresponding to the actin-binding domain in ezrin are underlined. These sequence data are available from Gen-
Bank/EMBL/DDBIJ under accession Nos. U49724 (Dmerlin) and L38909 (Dmoesin).

(mol wt = 10,000; Molecular Probes, Eugene, OR) was added to an ali-
quot of celis to a final concentration of 0.5 mg/ml. The cells were then in-
cubated for an additional 0.5 h before they were fixed and stained with the
Dmerlin mouse polyclonal antibody.

Results

Identification of a Merlin and a Moesin Homologue
in Drosophila

Two predominant products (one of these sequences con-
tained two small introns, and thereby gave rise to a larger
PCR product) were isolated after PCR using degenerate
oligonucleotide primers and Drosophila genomic DNA as
a template (see Fig. 1 and Materials and Methods for de-
sign of primers). Sequence analysis of each subcloned
PCR product determined that while not identical, both se-
quences shared extensive similarity with the vertebrate
ERM genes. Analysis of more than 30 independent sub-
clones from these amplification products failed to reveal
any other ERM-related sequences in Drosophila. Using
the subcloned PCR products as probes, Drosophila cDNA
libraries were screened (see Materials and Methods), and
the complete sequences were then determined from these
cDNA clones (Fig. 1).

Based on sequence analysis, both of these genes are clearly
members of the ERM gene family. One sequence, denoted
Dmerlin, is 55% identical to human merlin, while only
45% identical to human ezrin and mouse radixin, and 39%

McCartney and Fehon Drosophila Homologues of Merlin and Moesin

identical to human moesin. The similarity between Dro-
sophila and human merlin extends over the entire length
of the two sequences, and is greatest in the NH, terminus,
where all ERM proteins share high identity. In this region,
however, areas can be identified where the.merlin se-
quences, while similar to each other, diverge from the
moesin sequences (Fig. 1, blue shading). The similarity be-
tween Dmerlin and human merlin is particularly notable
at the COOH terminus, where the merlin proteins diverge
from the other ERM family members. Comparisons of the
merlin sequences using the UPGMA method (unweighted
pair group method with arithmetic mean; Nei, 1987) place
Dmerlin and human merlin together in a distinct group
apart from the rest of the ERM family (data not shown).

Sequences from the second Drosophila ERM family mem-
ber were found to share 58% overall identity with both hu-
man moesin and human ezrin, 57% identity with mouse
radixin, and only 41% identity with human merlin. Desig-
nation of this gene as Dmoesin, rather than as ezrin or ra-
dixin, was based primarily on its lack of the polyproline
tract characteristic of the latter two proteins (Sato et al,,
1992). Furthermore, Dmoesin shares a greater degree of
identity in the COOH-terminal divergent region with hu-
man moesin (26%) than with human ezrin (25%) or mouse
radixin (22%). Finally, comparisons of these sequences us-
ing UPGMA place Dmoesin closer to human moesin than
to either ezrin or radixin in the ERM subfamily (data not
shown).
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Figure 2. Specificity of the
a-Dmerlin and a-Dmoesin anti-
bodies. Protein samples derived
from single Canton-S Drosoph-
ila embryos were separated by
SDS-PAGE, transferred to ni-
trocellulose, and probed with ei-
ther the guinea pig a-Dmerlin
polyclonal antibody (lane I) or
the mouse a-Dmoesin poly-
clonal antibody (lane 2). Posi-
tions of the protein standards
(kD) are shown at left.
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The Expression of Dmerlin and Dmoesin

To investigate the functions of Dmoesin and Dmerlin dur-
ing Drosophila development, we examined in detail their
cellular and subcellular localizations in developing tissues.
Before examining their expression, immunoblot analysis
was used to test the specificity of the antibodies that were
generated against the two proteins (Fig. 2). The Dmerlin
antibody recognized a doublet of ~81 and 85 kD, and the
Dmoesin antibody recognized a single band of ~72 kD.
Even when lane 1 in Fig. 2 was reprobed with the Dmoesin
antibody, and the blot was overexposed, the Dmerlin pro-
tein was not recognized (data not shown). Thus, the anti-
sera do not cross-react on immunoblots, and subsequent
immunostaining of tissues confirmed this (see Figs. 3-6).
Specificity of the Dmerlin antiserum was ensured by se-
lecting the unique COOH-terminal half of the protein to
use as an immunogen, and is supported by immunoblot
analysis of nontransfected versus transfected S2 cells (data
not shown).

Using these specific antisera, we then performed immu-
nolocalization experiments on stages that represented
ovarian, embryonic, and imaginal development. During
Drosophila oogenesis, Dmerlin and Dmoesin displayed
strikingly different tissue distributions; this distinction was
clearly observed as early as the germarium, the location of
the germline stem cells (Fig. 3, A and B insets). Dmerlin was
expressed predominantly in the germline, while Dmoesin
was expressed at greater levels in the follicle cells (Fig. 3,
A and B). In addition, Dmerlin expression became en-
hanced in the developing oocyte at approximately stage 6
of development and persisted until the end of oogenesis.
Lower levels of Dmerlin expression were also detected at
the apical ends of the follicle cells at stage 10 late in cogen-
esis (data not shown). In contrast, Dmoesin expression
was found at the apical and basolateral ends of the follicu-
lar epithelium, although some expression was detected in
the germline of early egg chambers (Fig. 3 B, $2-4) and in
the nurse cells at stage 10 (data not shown). Fully devel-
oped oocytes (stage 14) clearly displayed membrane asso-
ciated Dmerlin, while no Dmoesin expression was de-
tected at this stage (data not shown).

In contrast to the largely complementary pattern ob-
served during oogenesis, Dmerlin and Dmoesin appeared
to be coexpressed in most cells during embryogenesis.
Dmerlin and Dmoesin were present from cellularization
(Fig. 5, A and B) throughout embryonic development (Fig.
3, C-F). Dmerlin expression was found to be enhanced in
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the early mesoderm of the germband extended embryo
(Fig. 3 C), whereas Dmoesin was expressed uniformly
throughout the embryo at this stage (Fig. 3 D). Late in em-
bryogenesis, both proteins were expressed ubiquitiously
throughout the tissues of the embryo, including the epider-
mis, salivary glands, foregut, midgut, hindgut, and the em-
bryonic nervous system (Fig. 3, E and F). At this stage,
Dmerlin expression was enhanced in the midgut (Fig. 3 E).

The Developing Nervous System

Given that loss of merlin function in humans is correlated
with neuronally associated tumors, we examined the local-
ization patterns of Dmerlin and Dmoesin in tissues of the
developing central and peripheral nervous systems (Fig.
4). In the embryonic central nervous system (stage 15),
Dmerlin and Dmoesin staining was detected in the neuro-
pil, a structure composed of the developing axonal bundles
of the ventral nerve cord (Fig. 4, A and B), and in the de-
veloping brain (Fig. 3, E and F). Dmerlin and Dmoesin lo-
calization was also observed in the neuronal cell bodies of
the central nervous system (Fig. 4 B), with Dmoesin ex-
pression enhanced in these cells.

The neurons of the embryonic peripheral nervous sys-
tem develop from specialized regions within the epider-
mis, the proneural clusters, during stage 11 of embryogen-
esis. The cell bodies of the differentiated bipolar sensory
neurons can be observed in a regular pattern within the
epidermis of a stage 17 embryo (Fig. 4, C and D). Dmoesin
was enriched at the membranes of these cells at this stage
(Fig. 4 D), whereas Dmerlin was found to localize to an in-
tensely staining spot within the cell body (Fig. 4 C).

Differentiation of the photoreceptor neurons in the de-
veloping eye takes place within the eye imaginal disc of
the third instar larva. In this tissue, Dmerlin staining was
enhanced at the region of the morphogenetic furrow, the
location within the eye disc where differention of the pho-
toreceptors is initiated (Fig. 4 E), and was uniform through-
out the rest of the eye epithelium. In contrast, Dmoesin
was found to be primarily associated with the membranes
of the developing photoreceptors posterior to the furrow
(data not shown).

By 24 h after pupariation, the photoreceptors of the de-
veloping eye have differentiated and are covered apically
by four cone cells and two primary pigment cells (Fig. 4, G
and H). These structures are surrounded by secondary and
tertiary pigment cells and together compose one ommatid-
ium, the Drosophila unit eye (Wolff and Ready, 1993). In-
terspersed at regular intervals between the outer pigment
cells are the bristle precursor cells, which will give rise to
the mechanosensory bristles of the adult eye. Apically in
this tissue, Dmoesin was localized at the membranes of the
cone cells, secondary and tertiary pigment cells, and in the
bristle precursor cells (Fig. 4 H). In contrast, Dmerlin was
localized primarily in the cytoplasm of the secondary and
tertiary pigment cells, and was greatly enhanced in the
bristle precursor cells (Fig. 4 G). Little staining was de-
tected in the cone cells. At a more basal focal plane within
the disc, both Dmerlin and Dmoesin were more intensely
expressed in the center of each ommatidium. This corre-
sponds to the region of the rhabdomeres, the photosensi-
tive microvilli of the photoreceptors, which project into

846



the center of each ommatidium (Fig. 4, / and J). At this fo-
cal plane, the contrast between the punctate Dmerlin stain-
ing and the membrane-associated staining of Dmoesin in
the pigment cells was also apparent.

The Subcellular Localization of Dmerlin and Dmoesin

Although the tissues that expressed these ERM proteins
were largely overlapping, the subcellular localizations of
Dmerlin and Dmoesin within embryonic and imaginal tis-
sues were distinct (Figs. 4, G-J, and 5). Generally, Dmoesin
appeared to be associated with the plasma membranes in a
continuous pattern (Fig. 5, B, D, and F). In contrast,
Dmerlin was localized in punctate structures associated
with the plasma membrane and within the cytoplasm (Fig.
5, A, C, and E). As a control for fixation artifact, embryos
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Figure 3. Expression of Dmer-
lin and Dmoesin during oogen-
esis and embryogenesis. De-
veloping ovarioles and embryos
were costained with the fol-
lowing antibodies: A, C, and E,
guinea pig a-Dmerlin pAb; B,
mouse a-Dmoesin mAb; D
and F, mouse a-Dmoesin pAb.
In A and B, anterior is at the
top, and in C-F, anterior is to
the left. During Drosophila
oogenesis, egg chambers (ec),
consisting of 15 germline-
derived nurse cells (nc) and
one presumptive oocyte (o),
surrounded by the somatic fol-
licular epithelium (fc), are
pinched off from the germar-
ium (gm) and move posteriorly
as they develop. Therefore, as
shown in A and B, the devel-
opmental stages of the oocyte
can be simultaneously observed
in a single ovariole. Dmerlin is
localized primarily in the germ
line of each ovariole as observed
in the germarium, and in the
nurse cells and the developing
oocyte of later egg chambers
(A). In contrast, Dmoesin is
expressed primarily in the so-
matically derived follicle cells
surrounding each egg cham-
ber (B). Both proteins are ex-
pressed ubiquitously during
embryogenesis (C-F), although
Dmertlin expression is enhanced
in the mesoderm (m) of the
germband-extended embryo
(C) and in the midgut epithe-
livm (mg) of the stage 15 em-
bryo (E). Dmerlin and Dmoesin
are localized in late embryonic
tissues such as the brain (br),
epidermis (ep), hindgut (hg),
and salivary glands (sg). Bar,
40 pm (A and B), 70 um (C-F).

were fixed using the heat/methanol method (Miller et al.,
1989) before immunolocalization. These embryos displayed
the same pattern of Dmerlin and Dmoesin subcellular lo-
calization as did embryos that were fixed with paraformal-
dehyde (data not shown).

In polarized epithelia, such as the embryonic hindgut,
salivary gland, or the imaginal disc, both Dmoesin and
Dmerlin were found in the highest concentration in the
most apical part of the cell. Colocalization experiments in
wing imaginal discs with Drosophila Armadillo (Peifer,
1993), a B-catenin homologue, demonstrated that at least
part of the detected Dmerlin and Dmoesin protein was as-
sociated with the adherens junction (data not shown). In
addition, Dmoesin was localized to an apical cap in imagi-
nal disc cells (Fig. 5 F), a region known to contain abun-
dant microvilli (Poodry and Schneiderman, 1970). Exami-
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nation of the microvilli present during cellularization in
the preblastoderm embryo (Foe et al., 1993) revealed that
both Dmoesin and filamentous actin were localized in
these structures (Fig. 5, G and H). Their patterns of local-
ization were overlapping but not entirely identical; Dmoesin
staining represented a subset of actin-staining structures.
In contrast, Dmerlin did not colocalize with actin or Dmoesin
in the apical buds (Fig. 5 I).

Dmerlin Is Associated with Endocytic Compartments
in 82 Cells

The distinct subcellular distributions of Dmerlin and
Dmoesin in embryonic and imaginal tissues prompted us
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Figure 4. Dmerlin  and
Dmoesin are expressed in
the developing central and
peripheral nervous systems.
Embryonic and imaginal tis-
sues were double labeled us-
ing the guinea pig a-Dmerlin
pAb (4, C, E, G, and [) and
mouse a-Dmoesin pAb (B,
D, F, H,and J). In A and B,
both Dmerlin and Dmoesin
antibodies stain the neuropil
(np), the developing axonal
bundles of the ventral nerve
cord, in stage 16 embryos.
Dmoesin expression is en-
hanced in the cell bodies (¢b)
of the developing central
nervous system. In the em-
bryonic peripheral nervous
system of the stage 17 em-
bryo, Dmerlin and Dmoesin
are found associated with the
bipolar sensory neurons (sn)
(C and D). In the third instar
eye imaginal disc (E and F),
Dmerlin localization is en-
hanced in the morphogenetic
furrow (mf). A tangential
section of the apical-most
plane of the pupal eye imagi-
nal disc, ~24 h after puparia-
tion, demonstrates that
Dmerlin is localized in the
secondary and tertiary pig-
ment cells (p) and the bristle
precursor cells (bpc) (G). At
this focal plane, Dmoesin is
found in the secondary and
tertiary pigment cells and the
cone cells (c) (H). At a focal
plane deeper within the imag-
inal disc, both the a-Dmerlin
and the a-Dmoesin antibod-
ies (1 and J) stain the center
of each ommatidium, in the
region of the photoreceptor
rhabdomeres (rb). Bar, 70
pwm (A and B), 10 pm (C and
D), 50 pm (E and F), or 6 pm
(G-)).

to examine their distributions in S2 cultured cells, an ex-
perimentally manipulable system. In these experiments,
cells were transfected with inducible cDNA constructs
bearing the full-length coding regions of either Dmerlin or
Dmoesin.

1 h after continuous Dmerlin expression was induced
under the metallothionein promoter, we observed that the
protein was diffusely distributed throughout the cytoplasm
and localized to the plasma membrane (Fig. 6 A). After 3 h
of expression, however, Dmerlin was found to be associ-
ated with intracellular punctate structures in addition to its
plasma membrane localization (Fig. 6 B). Subsequently,
within the cell, we observed association with large, cyto-
plasmic structures that had a distinctly vesicular appear-
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Figure 5. Dmerlin and Dmoesin display distinct subcellular distributions in embryonic and imaginal cells. In A—F, embryos were double
labeled with guinea pig a-Dmerlin pAb (A4, C, and E) and either mouse a-Dmoesin mAb (B and F) or pAb (D). In G-I, cellularizing
embryos were triple labeled with rhodamine phalloidin (G) to label F-actin, the mouse a-Dmoesin mAb (H), and the guinea pig
a-Dmerlin pAb (I). In all tissues, Dmoesin is uniformly distributed along the plasma membrane, while Dmerlin shows a much more
punctate appearance. Confocal optical sections are presented through an embryo undergoing cellularization (A and B) and along the
ventral midline of a germband-extended embryo (C and D). Oblique sections through the wing imaginal epithelium are shown in E and
F. The arrows in F mark the apical membranes of these cells, which are apposed in this highly folded epithelial tissue. In G-I, a tangen-
tial section through the surface of a cellularizing embryo displays the microvilli in the apical buds. Bar, 12 pm (A and B), 16 pm (C and

D), 10 pm (E and F), and 15 pm (G-I).

ance (Fig. 6, C and D). Cells induced to express lower lev-
els of Dmerlin protein displayed punctate cytoplasmic
staining over a similar time course (data not shown), indi-
cating that the observed changes in Dmerlin localization
were not a consequence of exceeding a threshold concen-
tration of protein. If that were the case, then we would ex-
pect that cells expressing lower levels of Dmerlin protein
would display changes in its localization over a delayed
time course.

Dmoesin is endogenously expressed at high levels at the
plasma membrane of S2 cells (Fig. 6 E). When cells were
induced to overexpress Dmoesin (Fig. 6 F), the protein
was found to localize primarily to the membrane and was
also observed in the cytoplasm. Expression of Dmoesin at
high levels, however, never produced the punctate cyto-
plasmic localization or the association with large vesicular
structures, which are characteristic of Dmerlin’s distribu-
tion. The cytoplasmic staining we observed for Dmoesin
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can likely be attributed to a combination of synthesis, and
a saturation of the plasma membrane for this protein.

The punctate, vesicular appearance of Dmerlin in tis-
sues and cells (Figs. 5 and 6), together with its apparent
progression from the cell membrane into the cytoplasm in
S2 cells (Fig. 6, A-D), suggest that Dmerlin may be associ-
ated with membrane internalized from the cell surface. To
test this hypothesis, we asked if Dmerlin expressed in S2
cells is associated with endocytic structures labeled by flu-
orescent dextran uptake (Swanson, 1989). We observed a
striking similarity in the patterns of fluorescent dextran—
filled endocytic compartments and Dmerlin punctate struc-
tures (Fig. 6, G~L). Most often, Dmerlin protein appeared
to partially surround dextran-labeled structures (Fig. 6, [
and L). Such a localization would be expected for a cyto-
plasmic protein that is closely associated with a mem-
brane-bound endocytic compartment. Similar results were
obtained with cells that were transfected with a metal-

849



.

Figure 6. Expressed Dmerlin is associated with endocytic struc-
tures in cultured cells. S2 cells were stained with either the mouse
a-Dmerlin pAb (A-D and G-L) or the mouse a-Dmoesin pAb
(E and F). Cells were fixed and stained 1 h (A), 3 h (B), 5 h (C),
or 7.5 h (D) after induction of expression of the Dmerlin cDNA
under the control of the metallothionein promoter with 0.7 mM
copper sulfate. The endogenous distribution of Dmoesin in S2
cells is displayed in E, and the pattern of localization after expres-
sion of the hs-Dmoesin cDNA construct in F. In G-/, the local-
ization of Dmerlin was examined in S2 cells after the induction of
the hs-Dmerlin cDNA construct and labeling with a dextran
marker for fluid phase endocytosis. Dmerlin protein is displayed
in G and J, while the endocytic compartments labeled with dex-
tran are shown in H and K. These images are merged together to
examine the relative localization of Dmerlin to endocytic struc-
tures in / and L. Bar, 5 pm.

lothionein promoter construct, indicating that the ob-
served colocalization was not a result of heat shock (data
not shown).

Discussion

To understand more about the functions of ERM family
members, particularly in developing tissues, we have made
use of specific antibodies together with the confocal mi-
croscope to study cellular and subcellular expression pat-
terns of two Drosophila members of this complex gene
family, Dmerlin and Dmoesin. In particular, we wanted to
determine the extent to which the NF2 tumor suppressor
merlin functions analogously to the other family members,
ezrin, radixin, and moesin. If they do function analogously,
then we would expect them to display similar tissue and
subcellular localizations in expressing cells. Instead, in
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cells that express both proteins, we find that Dmoesin and
Dmerlin display strikingly different subcellular localiza-
tions (Fig. 5). In particular, while both proteins are found
in the apical domain of polarized epithelial cells, Dmoesin
displays a uniform, membrane-associated distribution, while
Dmerlin is localized in a punctate pattern. Similarly dis-
tinct subcellular patterns are observed in the cellular blas-
toderm, the embryonic epidermis, and the pupal eye. Fur-
thermore, Dmoesin, but not Dmerlin, colocalizes with
actin in microvilli in the cellularizing embryo (Fig. 5, G-I).
While most tissues express both proteins, in some cases,
such as the ovary and in some tissues of the nervous sys-
tem, we find a complementary pattern of expression (Figs.
3 and 4). Taken together, these observations of distinct ex-
pression patterns support the notion that Dmerlin and
Dmoesin serve distinct cellular functions.

The cellular functions of the ERM family in vertebrates
are thought to be performed in two specific cellular do-
mains: the microvilli, where ezrin is a component (Bretscher,
1983), and the adherens junction, from which radixin was
first isolated (Tsukita et al., 1989). Vertebrate moesin has
been observed in both the microvilli and the adherens
junction (Sato et al., 1992; Takeuchi et al., 1994), although
its presence in the adherens junction has been questioned
(Berryman et al., 1993; Franck et al., 1993). In subsequent
studies, it has been shown that ezrin and radixin, with
moesin, are necessary for the formation and/or mainte-
nance of microvilli in cultured cells (Takeuchi et al., 1994).
Similarly, all three seem to play largely redundant roles in
cell—cell and cell-substrate adhesion (Takeuchi et al.,
1994). The expression pattern that we observe for Dmoesin
in microvilli and in the region of the adherens junction
suggests that it may function in both of these cellular do-
mains. Interestingly, so far, we have detected only a single
ERM family member (excluding Dmerlin) in Drosophila,
despite sequencing multiple independent subclones of the
degenerate PCR product, suggesting that Dmoesin is the
only ERM family member in Drosophila. Dmoesin may
therefore serve all of the functions that are provided by
the combination of ezrin, radixin, and moesin in verte-
brate tissues. Thus, it may be possible to study ERM func-
tion in Drosophila in the absence of the functional redun-
dancy and antibody cross-reactivity that have plagued
previous studies.

Several observations regarding the Dmoesin sequence
and localization suggest that, like other ERM proteins, it
may bind to filamentous actin. Of particular note is a re-
gion of ~35 amino acids at the very COOH terminus of
Dmoesin (Fig. 1, underlined sequence), a sequence that is
highly conserved in vertebrate moesin, radixin, and ezrin.
In ezrin, this region has been shown to bind filamentous
actin (Turunen et al.,, 1994), suggesting that the COOH
terminus of Dmoesin may serve a similar function. In addi-
tion, we find that there is a striking colocalization of F-actin
and Dmoesin in the apical buds of the precellularized em-
bryo (Fig. 5, G and H). Interestingly, the other localiza-
tions that we have noted for Dmoesin are also similar to
those of filamentous actin, namely in the region of the ad-
herens junctions, the apical membrane, and associated
with the basolateral membrane (Fehon et al., 1994). Fi-
nally, a previous study provides evidence that the COOH-
terminal half of Dmoesin interacts with cytoskeletal actin
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when expressed in yeast (Edwards et al., 1994). Taken to-
gether, these results suggest that Dmoesin binds cytoskele-
tal actin and functions similarly to the vertebrate ERM
proteins.

The question of functional redundancy between mem-
bers of the ERM family has been further complicated by
the discovery of merlin, the NF2 tumor suppressor, as a
fourth member of this group. While its tumor suppressor
phenotype clearly suggests that it performs functions dis-
tinct from the other family members, its functional similar-
ities with and differences from the other ERM proteins re-
main unclear. The identification of two ERM family
members, Dmoesin and Dmerlin in Drosophila, together
with the production of specific antibody reagents for each,
has allowed us to compare the cellular and subcellular dis-
tributions of Dmerlin to those of Dmoesin in some detail.
Unlike Dmoesin or any other ERM family member, we
find that Dmerlin localizes to punctate structures that are
found adjacent to the apical membrane and within the cy-
toplasm. The punctate pattern of Dmerlin staining we
have observed has not been noted for filamentous actin,
nor have double labeling experiments revealed any strong
correlation between these proteins (Fig. 5 I). In addition,
the COOH termini of both human and Drosophila merlin
are divergent from the other ERM proteins in the region
of the putative actin-binding domain (Fig. 1, blue shading
in the COOH-terminal region). This suggests that merlin
does not interact with cytoskeletal actin in the same way
that has been proposed for other members of the ERM
family.

We have shown that when Dmeriin is expressed in cul-
tured cells, it appears to traffic from the plasma membrane
to the cytoplasm, and is associated with endocytic com-
partments marked by fluorescent dextran taken up from
the surrounding medium (Fig. 6). In addition, the develop-
ing oocyte, which is more actively involved in endocytosis
(DiMario and Mahowald, 1987), expresses increased levels
of Dmerlin relative to the adjacent nurse cells (Fig. 3 A).
However, this accumulation (stage 6) occurs before the in-
crease in endocytosis corresponding with yolk protein up-
take in the oocyte (stage 8; DiMario and Mahowald, 1986).
While additional experiments, including a genetic analysis
of Dmerlin function, will be required to rigorously define
the cellular functions of Dmerlin, these results, taken to-
gether with the unique punctate cytoplasmic localization
that we have observed in a variety of tissues, suggest a role
for Dmerlin in endocytosis. Unfortunately, similar studies
have not yet been performed for human merlin, so it is not
known whether its behavior is similar to that of Dmerlin.
However, a role in endocytosis may be consistent with the
role in signal transduction processes suggested by human
merlin’s tumor suppressor function (Rouleau et al., 1993;
Trofatter et al., 1993). For example, crippled EGF recep-
tors, incapable of internalization via endocytosis, have
been shown to produce a transtormed phenotype because
activated receptor-ligand complexes cannot be cleared
from the cell surface (Wells et al., 1990). In addition, Dro-
sophila shibire, a homologue of vertebrate dynamin that is
required for normal endocytosis (van der Bliek and Mey-
erowitz, 1991), displays phenotypes that are similar to
those of mutations in the Notch-receptor signaling path-
way (Poodry, 1990). Given this connection, it is intriguing
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to note that many of the transmembrane receptors in-
volved in cellcell interactions are localized to the same
apical membrane domain where we find Dmerlin (Baner-
jee et al., 1987; Fehon et al., 1991; Zak and Shilo, 1992).
While the exact cellular functions of Dmerlin and Dmoesin
remain to be elucidated, our results to date strongly sug-
gest that Dmoesin is functionally analogous to vertebrate
ERM proteins, while Dmerlin is a functionally distinct
ERM family member. In particular, taking together all the
available evidence, we propose that merlin plays a unique
role in the regulation of cellular growth and signaling, pos-
sibly by functioning in endocytic processes. The molecular
genetic tools available in Drosophila, such as mutational
analysis, should allow us to define more precisely the dif-
ferent functions of these ERM family members. In addi-
tion, such studies may also allow for the development of a
Drosophila model for the NF2 disease. By examining pri-
mary phenotypes and genetic interactions between Dmer-
lin mutations and mutations in members of a variety of sig-
naling pathways also present in vertebrates, we hope to
identify the cellular pathways in which merlin functions.

We would like to thank Drs. V. Bennett, M. Fortini, J. Horowitz, D. Kie-
hart, T. O’'Halloran, 1. Rebay, members of the Fehon lab for helpful com-
ments and discussion, N. Brown for the embryonic library, and M. Peifer
for the anti-Armadillo antibodies.

This work was supported by grants from the National Science Founda-
tion (IBN-92066555), the National Neurofibromatosis Foundation, the
National Institutes of Health (NS34783), and an institutional award from
the American Cancer Society through the Duke Comprehensive Cancer
Center. R.G. Fehon is supported by an American Cancer Society Junior
Faculty Research Award, and B.M. McCartney is a National Science
Foundation Predoctoral Fellow.

Received for publication 11 December 1995 and in revised form 22 Febru-
ary 1996.

References

Algrain, M., O. Turunen, A. Vaheri, D. Louvard, and M. Arpin. 1993. Ezrin
contains cytoskeletal and membrane binding domains accounting for its pro-
posed role as a membrane-cytoskeletal linker. J. Cell Biol. 120:129-139.

Altschul, S.F., W. Gish, W. Miller, E.-W. Myers, and D.J. Lipman. 1990. Basic
local alignment search tool. J. Mol. Biol. 215:403-410.

Banerjee, U., P.J. Renfranz, D.R. Hinton, B.A. Rabin, and S. Benzer. 1987. The
sevenless* protein is expressed apically in cell membranes of developing
Drosophila retina,; it is not restricted to cell R7. Cell. 51:151-158.

Banville, D., S. Ahmad, R, Stocco, and S.H. Shen. 1994. A novel protein-
tyrosine phosphatase with homology to both the cytoskeletal proteins of the
band 4.1 family and junction-associated guanylate kinases. J. Biol. Chem.
269:22320-22327.

Bennett, V. 1990. Spectrin-based membrane skeleton: a multipotential adaptor
between plasma membrane and cytoplasm. Physiol. Rev. 70:1029-1065.

Berryman, M., Z. Franck, and A. Bretscher. 1993. Ezrin is concentrated in the
apical microvilli of a wide variety of epithelial cells whereas moesin is found
primarily in endothelial cells. J. Cell Sci. 105:1025-1043.

Bretscher, A. 1983. Purification of an 80,000-dalton protein that is a component
of the isolated microvillus cytoskeleton, and its localization in nonmuscle
cells. J. Cell Biol. 97:425-432.

Bretscher, A. 1989. Rapid phosphorylation and reorganization of ezrin and
spectrin accompany morphological changes induced in A-431 cells by EGF.
J. Cell Biol. 108:921-930.

Brown, N.H., and F.C. Kafatos. 1988. Functional cDNA libraries from Dro-
sophila embryos. J. Mol. Biol. 203:425-437.

Bunch, T.A., Y. Grinblat, and L.S.B. Goldstein. 1988. Characterization and use
of the Drosophila metallothionein promoter in cultured Drosophila melano-
gaster cells. Nucleic Acids Res. 16:1043-1061.

DiMario, P.J., and A P. Mahowald. 1986. The effects of pH and weak bases on
the in vitro endocytosis of vitellogenin by oocytes of Drosophila melano-
gaster. Cell Tissue Res. 246:103-108.

DiMario, P.J., and A.P. Mahowald. 1987. Female sterile (1) yolkless: a recessive
female sterile mutation in Drosophila melanogaster with depressed numbers
of coated pits and coated vesicles within the developing oocytes. J. Cell Biol.
105:199-206.

851



Edwards, K.A., R.A. Montague, S. Shepard, B.A. Edgar, R.L. Erikson, and
D.P. Kiehart. 1994. Identification of Drosophila cytoskeletal proteins by in-
duction of abnormal cell shape in fission yeast. Proc. Natl. Acad. Sci. USA.
91:4589-4593.

Fehon, R.G., P.J. Kooh, 1. Rebay, C.L. Regan, T. Xu, M.A.T. Muskavitch, and
S. Artavanis-Tsakonas. 1990. Molecular interactions between the protein
products of the neurogenic loci Notch and Delta, two EGF-homologous
genes in Drosophila. Cell. 61:523-534.

Fehon, R.G., K. Johansen, I. Rebay, and S. Artavanis-Tsakonas. 1991. Complex
cellular and subcellular regulation of notch expression during embryonic and
imaginal development of Drosophila: implications for notch function. J. Cell
Biol. 113:657-669.

Fehon, R.G., L.A. Dawson, and S. Artavanis-Tsakonas. 1994. A Drosophila ho-
mologue of membrane-skeleton protein 4.1 is associated with septate junc-
tions and is encoded by the coracle gene. Development (Camb.). 120:545~
557.

Foe, V.E., GM. Odell, and B.A. Edgar. 1993. Mitosis and morphogenesis in the
Drosophila embryo: point and counterpoint. fn The Development of Dro-
sophila melanogaster. Vol. 1. M, Bate and A. Martinez Arias, editors. Cold
Spring Harbor Laboratory Press, New York. 149-300.

Franck, Z., R. Gary, and A. Bretscher. 1993. Moesin, like ezrin, colocalizes with
actin in the cortical cytoskeleton in cultured cells, but its expression is more
variable. J. Cell Sci. 105:219-231.

Frorath, B., M. Scanarini, H.J. Netter, C.C. Abney, B. Liedvogel, H.J. Lako-
mek, and W. Northemann. 1991. Cloning and expression of antigenic
epitopes of the human 68-kDa (U1) ribonucleoprotein antigen in Escheri-
chia coli. Biotechniques. 11:364-371.

Funayama, N., A. Nagafuchi, N. Sato, S. Tsukita, and S. Tsukita. 1991. Radixin
is a novel member of the band 4.1 family. J. Cell Biol. 115:1039-1048.

Gould, K.L., A. Bretscher, F.S. Esch, and T. Hunter. 1989. cDNA cloning and
sequencing of the protein-tyrosine kinase substrate, ezrin, reveals homology
to band 4.1. EMBO (Eur. Mol. Biol. Organ.) J. 8:4133-4142.

Greenwald, L., and G.M. Rubin. 1992. Making a difference: the role of cell-cell
interactions in establishing separate identities for equivalent cells. Cell. 68:
271-281.

Gu, M.X,, J.D. York, I. Warshawsky, and P.W. Majerus. 1991. Identification,
cloning, and expression of a cytosolic megakaryocyte protein-tyrosine-phos-
phatase with sequence homology to cytoskeletal protein 4.1. Proc. Natl.
Acad. Sci. USA. 88:5867-5871.

Harlow, E., and D. Lane. 1988. Antibodies: A Laboratory Manual. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY. 726 pp.

Lankes, W.T., and H. Furthmayr. 1991. Moesin: a member of the protein 4.1-
talin-ezrin family of proteins. Cell Biology. 88:8297-8301.

MacCollin, M., T. Mohney, J. Trofatter, W. Wertelecki, V. Ramesh, and J.
Gusella. 1993. DNA diagnosis of neurofibromatosis 2: altered coding se-
quence of the meriin tumor suppressor in an extended pedigree. J. Am. Med.
Assoc. 270:2316-2320.

Martuza, R.L., and R. Eldridge. 1988. Neurofibromatosis 2 (bilateral acoustic
neurofibromatosis). V. Eng. J. Med. 318:684—688.

Mays, RW., K.A. Beck, and W.J. Nelson. 1994. Organization and function of
the cytoskeleton in polarized epithelial cells: a component of the protein
sorting machinery. Curr. Opin. Cell Biol. 6:16-24.

Miller, K.G., CM. Field, and B.M. Alberts. 1989. Actin-binding proteins from
Drosophila embryos: a complex network of interacting proteins detected by
F-actin affinity chromatography. J. Cell Biol. 109:2963-2975.

The Journal of Cell Biology, Volume 133, 1996

Nei, M. 1987. Molecular Evolutionary Genetics. Columbia University Press,
New York. 293-298. 512 pp.

Peifer, M. 1993. The product of the Drosophila segment polarity gene armadillo
is part of a multi-protein complex resembling the vertebrate adherens junc-
tion. J. Cell Sci. 105:993-1000.

Poodry, C.A. 1990. shibire, a neurogenic mutant of Drosophila. Dev. Biol. 138:
464-472.

Poodry, C.A., and H.A. Schneiderman. 1970. The ultrastructure of the develop-
ing leg of Drosophila melanogaster. W. Roux’s Arch. 166:1-44.

Rebay, 1. 1993. A Structural and Functional Analysis of the Notch Protein of
Drosophila. Ph.D. Thesis. Yale University.

Rees, D.J.G., S.E. Ades, S.J. Singer, and R.O. Hynes. 1990. Sequence and do-
main structure of talin. Nature (Lond.). 347:685-689.

Rouleau, G.A., P. Merel, M. Lutchman, M. Sanson, J. Zucman, C. Marineau, K.
Hoang-Suan, S. Demczuk, C. Desmaze, B. Plougastel, et al. 1993. Alteration
in a new gene encoding a putative membrane-organizing protein causes neu-
rofibromatosis type 2. Nature (Lond.). 363:515-521.

Sato, N., N. Funayama, A. Nagafuchi, S. Yonemura, S. Tsukita, and S. Tsukita.
1992. A gene family consisting of ezrin, radixin and moesin. Its specific local-
ization at actin filament/plasma membrane association sites, J. Cell Sci. 103:
131-143.

Smith, D.B., and K.S. Johnson. 1988. Single-step purification of polypeptides
expressed in Escherichia coli as fusions with glutathione S-transferase. Gene
(Amst.). 67:3140.

Swanson, J. 1989. Fluorescent labeling of endocytic compartments. In Methods
in Cell Biology. Vol. 29. Academic Press, Inc., San Diego, CA. 137-151.

Takeuchi, K., N. Sato, H. Kasahara, N. Funayama, A. Nagafuchi, S. Yonemura,
S. Tsukita, and S. Tsukita. 1994, Perturbation of cell adhesion and microvilli
formation by antisense oligonucleotides to ERM family members. J. Cell
Biol. 125:1371-1384.

Trofatter, J.A., M.M. MacCollin, I.L.. Rutter, R. Eldridge, N. Kley, A.G. Me-
non, K. Pulaski, H. Haase, C. M. Ambrose, D. Munroe, et al. 1993. A novel
moesin-, ezrin-, radixin-like gene is a candidate for the neurofibromatosis 2
tumor suppressor. Cell. 72:791-800.

Tsukita, S., Y. Hieda, and S. Tsukita. 1989. A new 82-kD barbed end-capping
protein (radixin} localized in the cell-to-cell adherens junction: purification
and characterization. J. Cell Biol. 108:2369--2382.

Turunen, O., T. Wahlstrom, and A. Vaheri. 1994. Ezrin has a COOH-terminal
actin-binding site that is conserved in the ezrin protein family. J. Cell Biol.
126:1445-1453.

van der Bliek, AM., and E.M. Meyerowitz. 1991. Dynamin-like protein en-
coded by the Drosophila shibire gene associated with vesicular traffic. Na-
ture (Lond.). 351:411-414,

Wells, A., J.B. Welsh, C.S. Lazar, H.S. Wiley, G.N. Gill, and M.G. Rosenfeld.
1990. Ligand-induced transformation by a noninternalizing epidermal
growth factor receptor. Science (Wash. DC). 247:962-964.

Wolff, T., and D.F. Ready. 1993. Pattern formation in the Drosophila retina. In
The Development of Drosophila melanogaster. Vol. 2. M. Bate and A. Mar-
tinez Arias, editors. Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, NY. 1277-1325.

Yang, Q., and N. Tonks. 1991. Isolation of a cDNA clone encoding a human
protein-tyrosine phosphatase with homology to the cytoskeletal-associated
proteins band 4.1, ezrin, and talin. Proc. Natl. Acad. Sci. USA. 88:5949-5953.

Zak, N.B., and B.-Z. Shilo. 1992. Localization of DER and the pattern of cell
divisions in wild-type and Ellipse eye imaginal discs. Dev. Biol. 149:448-456.

852



