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SUMMARY
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Cells must cooperate and communicate to form a multi­
cellular animal. Information about the molecules
required for these processes have come from a variety of
sources; the convergence between the studies of particu­
lar molecules by vertebrate cell biologists and the genes
identified by scientists investigating development in
Drosophila has been especially fruitful. We are interested
in the connection between cadherin proteins that
regulate cell·cell adhesion and the wingless/wnl-] cell-cell
signaling molecules controlling pattern formation during
development. The Drosophila segment polarity gene
armadillo, homolog of the vertebrate adherens junction

INTRODUCTION

Fifteen years have passed since Eric Wieschaus and Chris­
tiane Nilsslein-Volhard initiated their screen for zygotic
lethal mutations affecting the cuticular pattern of the
Drosophila embryo (NUsslein-Volhard and Wieschaus,
1980; Wieschaus et aI., 1984; Nilsslein-Volhard et al.. 1984;
JUrgens et aI., 1984). In the last 10 years many of the -120
genes they identified have been examined in detail, and the
results are both revealing and surprising. These genes
encode a wide variety of proteins involved in an impressive
array of cellular processes. Initial attention was focused on
those encoding transcription factors; many form the zygotic
cascade of gene products that set up the segmental pattern.
However, recently attention has turned to genes involved in
other cellular processes: cell cycle control (e.g., sIring
encodes the Drosophila homolog of fission yeast cdc25;
Edgar and O'Farrell, 1989), cell-cell signaling (e.g., faint
lillie ball encodes the Drosophila EGF receptor; Price et aI.,
1989; Schejter and Shilo, 1989), cytoskeletal function (e.g.,
zipper encodes cytoplasmic myosin heavy chain; Young et
aI., 1993), and establishment of apical-basal polarity
(crumbs is required to generate epithelial cell polarity;
Tepass et al., 1990). These genes provide an indication of
the potential of the Drosophila system for studying virtually
any cell biological question - one can combine molecular
tools, in vivo cell biology, and genetic analysis.

The connections between genes involved in Drosophila
pattern fonnation and proteins identified by vertebrate cell
biologists have been extremely fruitful for the advance of

protein ~-catenin, is required for both cell adhesion and
wg signaling. We review what is known about wingless
signaling in Drosophila, and discuss the role of cell-cell
junctions in both cell adhesion and cell communication.
We then describe the results of our preliminary
structure-function analysis of Armadillo protein in both
cell adhesion and wingless signaling. Finally, we discuss
evidence supporting a direct role for Armadillo and
adherens junction in transduction of wingless signal.

Key words: wingless, armadillo, pattern formation, cadherin, cell­
cell adhesion

knowledge in both fields. We will focus on the recently iden­
tified connection between the cadherin family of cell
adhesion molecules that form cell-cell adhesive junctions
and the wingless/wnt family of cell-cell signaling molecules
that control pattern formation in insects and vertebrates. A
variety of experiments underway simultaneously with those
of Wieschaus, Nilsslein-Volhard, and colleagues contributed
to this connection. In Japan, Masatoshi Takeichi and his col­
leagues characterized cadherins as the molecules responsi~

ble for Ca2+-dependent adhesion in mammalian cells
(Takeichi, 1977; Takeichi et aI., 1979; Urishihara et aI.,
1979); the same molecules were independently shown to be
required for mouse embryogenesis by Rolf Kemler and
others in the laboratory of Franc;ois Jacob in Paris (Kemler
et aI., 1977; Peyrieras et aI., 1985). In India and England.
labs were investigating the effeclS of the Drosophila
wingless mutation on cell communication and cooperation
during development of the adult body (Sharma and Chopra,
1976; Morata and Lawrence, 1977). wingless would prove
to be the Drosophila homolog of wnl- J, identified by Roel
Nusse as one of the genes activated by MMTV in murine
mammary tumors (Nusse and Varrnus, 1982). The connec­
tion between the regulation of cell-cell adhesion and the
function of the wiflgless/wnt-l cell-cell signaling system
was made by the recognition that one molecule was required
for both processes, the Drosophila Armadillo protein,
homolog of vertebrate ~-catenin. This connection provided
one of the links that established the key role of cell-cell and
cell-matrix junctions in mediating communication and coop­
eration among cells.



Fig. I. Sl:l;Il1Cnl polarily gene.. di .. rupl palll:fIl withilll:;lCh
"'l:gml:lli. The :Lnlaior-po:-.tcrior palll:n1 of thl: Clilick i:- mu",t
ca'iily ob:-.erved 011 lhe velltral ",ide (If tl1~ ctllbryo. Left p~ull:l. In a
wi Id.t)'pc embryo. alllerior cdls of ~aeh ",egrnelll secrele small
hairs kllllWll a." tkutick",. wllile po.. ll:riOl' ccll ... ",l:crctc n:lkl:d
cuticle tkvuid of (klltidc:-. The alllcriOl··po",tl:riur p:IIll:f1t i", ~VCIl

mure dd;lilcd than Ihi ... : for l:xal1lpk, cells sccr~ll: dilTcrellltypcs
:llld orientations or dCl1ticlcs. dcpending olllhl:ir p1'l..:cisc position.
Right pando In 111lllatiulls nr Ihe H·jllgll'n··class. such as llIi/lglt'.\'.I'
lIr (l1"II1(ltlillo. all ",urviving l:l:11:. <;l:crdl: dl:lll ick",. "'hilt.: 110 ccll:.
make llaknl cliticle.

lllorphogen. intcrmediate Icvcls of \1'.1.,' ought to lead 10 cell
rates distinct from those conferrL:d by high or low levels:
supporl lur;l graded role for Il'g in adult developmel1l has
been obtained by Strulll and l3a:-.ler (199~).

Some features of Ihis Illodel arc controversial. and it is
now clear that it is al very 1ca:-.t over:-.implificd. First. \I'.,!;'

plays dillercl1I rolc:-. at difrcrent :--t;lge:-. of embryogenesis.
acting lir:-.t to stabililc e//gmiled expre:-.sion in neighboring
cells (Bejsovec and ManineL-Aria,. 1991: Heemskerk el al..
1991). and later to promote cell fate diversity ;dong the
anterior-po:-'lcrior axi:. (Bej:-.ovec ;lIld M;u'rine/.-Arias. 199 I).
The graded nature or Ifg signal ha:-. beell disputed by
Lawrence and colleagues (Sampedro Cl al.. 1993). who havc
shown by a series of clever manipulations that cven al
uniform Icvels of \I'g there is :-.lill pallern inrorJl1;uion
r~l1laining within thc segmcnt. Thi", i:-. consistellt with the
null phenotypc of 11'.1.,' mutations: although all cells in a ll'g

mutant secrele row 5 dellticles. the oricntation and spacing
of the denticlcs still varics in;l :--egmentally repe;.lIed fashion
(Bejsovec and Marlinez-Aria:-.. IlJ91). This rcmaining
pattcrn inrorl11ation is likely to be convcyed by a subset of
thc other segmcllI polarity gcnes. which influcnce the pattcrn
in part via H'g-independent ml:.ch:tnisms. Analysis of double
and multiple mutant combinations or \I'g and othcr segmenl
polarity mutations delllonsirated lhat at least fJ(f{chl1d.
hedgehog. and Hoked operale in this way (Bejsovec and
Wieschaus, 1993). The simplest versioll ortlle modcl in Fig,
213 would suggesl that difTert..:llt threshold concentrations or
11',1,' signal would be IICCcSS;try and sufricicnt to confcr par­
ticular ccll rates. This is not the case. Cells can adopt a
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CELL SIGNALING AS A REGULATOR OF CELL
FATE

Rcgulalioll or the nurnb~r and idr.:l1lity of each cmbryonic
="cgmcnt in Drosophila i:-. under the control of lran~criplion

r~lclor~ that <lei in:1 hierarchical fashiolllO provide posilional
information 10 each or the cmbryo':-, celt:-.. Ilowe\l.;!". while
thl::-'c ccil-illlrin:-.ic:.: L:UC~ control segmcllt Ilumher and
i(knlity. further e1ahoration of the pattern within each
segment require:.. cell-cell iJlICratlion~ regulated by product:-.
of the scgllll:llt polarity genes (Nli:-.:-.lcin-Volh:lrd and
\Vic:-.ch:lU:-. I YXO). Thi:-. wa:-- lin,t rcvcah.:d hy the propcrtic:-.
or the willgle,\",\" (lI'g) gene: it 0PCf<llcS in a ccll·ccll CUllllllll­
nicatioll procc:-.~ required 10 :-'CI lip paltern within each
:-.cgmcnl (Morala and Lawrence. 1977). The armadillo gcnc
(((1'1" = gene: Armadillo = prolein: WiL::'c1wu:-. el al.. 19X..n
is another one of tht..: group or segmcnt polarity genc:-..

The inlrascglllental pattern is easiest 10 vi:-.ualile on the
vcntr;11 surface'of thl:. embry() (Fig. I). Withill each segment.
anterior cdb sccrele :-.111;111 hairs called <.k:nlich:::-.. while
po:-.lerior celb secrelC naked cUlich:: devoid or dL:lllicles. In
fae\. each of the approxillwtely twelve rows uf cdls preSI:.J1l
within each segment at the end or embryugenesis ha:-. a
unique fate. Within the denticle belt. del1licles differ in shape.
si/L: ;md oriL:lltatioJl from front to back: within tilL: n;lkcd
eUlicle regj(lll. cells in particul;lr alltt..:rior-postL:rior p\)siti(lll ....
produce spcci:d scnse organs. :l\lach In rnuscks underneath
Ihe epidermal layer. or have olher uniquc properties.

'rilL: seglllt..:llt polarit)' gellt..:s arL: respollsiblL: for e1.dmra­
tiOIl or thi:-. compkx pattern. MallY st..:gl11t..:J1I polarity
mutations yield it similar plh.:notype. exel1lplilied by thaI of
Il'g or (//'111. 111 ;1 Il'g or (lJ'JJI Illutant. all surviving cells lllakl:.
dentick:-. and no cdb make naked cuticle (Fig, I). All I:. Xpla­
nation ror this was provided by molecular analysi:-. of ll'g.
which encndes ;'1 :\ccreled molecule that i:-. the homolog or
Ihc vcrtebratc ollcog~ne \1'111-1 (Bak~r. 19M7: Rij:-.cwijk et al..
IYX7: van dCll Hellvel et al.. 1989), II"~/H"fll- 1 serve as ccll­
l:ell :-.igl1:lling molecule:.. \I'g RNA i:. expre:.:.ed in :1 :-.uh:.el
of the cell:-- within e;ll:h ~egll1ellt (Fig, 2A). but \.vinglc:-.s
protein i~ secrl:.t~d and. at lea:\t early in cmbryogenesis.
aSSllllle~ a gr;'lded distribution acros:\ the entire ~egmenL The
highe:-'l Ieveb of \Vinglc........ are pre:-.enl :-.urrounding eell:-. lhal
:-.e(;rcle it. and :\lIcccs:\ivcly lowcr Ieveb arc found in ccJl:-.
distant from this po:\itioll (Gonzalez et al.. 1<)91: Fig, 2B.C:
rcviewed by Pl:ifer and Bcjsovec. 1<)92). Wingle:-.:-. servcs a~

an inter(;cllular :-.ignal. a, demonstrated by thc ;Ihility of \I'g
to alleel Ihe behavior of cells at ;l dblance (Morata and
Lawrcnce. IY77).

It ha:-. bcen suggested that 11",1: servc~ nOI only as a ccll­
cell signal. hut also as a llradcd morphogen. 11 ha:-. becn
propo:-'L:d Ihat cdls arc :.en:-.itive 10 the levels or \1'.1.,' :-.ignallO
which they arc exposed. and thercby dctcrmine their
position wilhin the scgment and thus Iheir cdl fate, This is
cOllsi:-.tcl1t with certain experimcntal results. Forex:ll1lplc. in
a \I'g mul;llll ;111 surviving cells adopt a spccilic :lIlterior rale
and secrete a single type of delllick. as would spedlic
:Interior ceJI:-. of t..:ach segmcnt. while in anilllals in which 11'.1.,'

has heen I:.ctopieally cxpressed at a very high level in :dl
cdls. all cells adopl II posterior 1';1Ie :I11d secrelt..: naked
l,;utick:. as would wild-type cells cxposed to 11le lllaXillllllll
levds of Il'g (Nonrdcrrnct..:r ct at.. I (92). Ir Il'.l.,' is :t gr:ldcd

Wild-type wg or arm
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Fig. 2. lI'il/gln' '.gllal rcgulall.::, cell fate. (A) lI"mglt'.\\ RNA i" c~prc.. ,cd h) a \Uh'CI of cdl ... in cadl 'q;mclll- thaI..' i, lllU' one ..tripe of
lI'illgfe\",\ c~prc...... iol1 per \cgmclli (I\'il/gll'.\!) RNA cxprc.... iull i... indicated in rcd), AI the on ..c[ of ga'lrlll~lIion. there tIrc four 1"0\\" of cell ..
along the :lnlcrior.po'lcrior axi .. in each \Cglllclll. The third fO\\ of cell .. in each ,cgmcnt cxpn.~.... ll'illgleu, By the end of cmhryogcllc:-i ...
there will he ,tOotl\ 1\\1.:1\1.: 1"0\..... of cdl .. per "'Cgllll.:111. The dc...ccmlallh of the \l·;lIg!£'H·cxpn.; ing (,;ell w;11 prodlle~ pan or tile n:lked
cut ide. (B) The 1\·illg!l'IH.:xpn;...... ing cell ...eercte ... Willglc ...~ prot~in. which /"ofln ... ;1 graded di tribtllioll aen>...... the ~o;gt1lelll. Cd)'" m:IY
rnea~urc thi~ graded lI'il/,I:/('I.\ ~igl1al ;l" one of the input ... they u...e to do;tennim: Ih~ir po~itiol1 within the ,cgmel1l and tllll'" their ultirnatt.:
ccll fate. (C) Othcr \cgmcllt polarit} gcne ... arc thought to encodc compont.:llh of the machinery for producing. rect.:iving. and interpreting
lI·il/g/e.\, ... ignal. GCIlt.:tic :lllal) ... i" ...uggC ...h that the /w,.('l/pim' (pore) gene prodlll.:t i... rcquircd for product ion of Iring/e." (lI'g) \\ hile
di,lu'\'dl'l1 (t"II). :t'\lC'-II//1ll' 3 (:I\'.f}, and armadillo (arll/) arc n:qulfo.:d for "'.gllal lr:llhduclion ("'CC lext for detail,).

\ariely of diffcrcllI antcrior falc", (i.c.. "ccrCIC a \ arict) of
denticle t) pc"'l at ~I "inglc \I'g conccllIration. d~pcndent on
the action oflhc olher ...egmclll polarit) gcnc... (Bcj:-.o\'l~C and
Wic~c.:hall~. 1993). The role of \I'g ...eem... to be to creale a
divCf!-.ilv of c.:clI fatc .. along thc anlcrior-po\tcrior axi\
(Bcj~O\cc and \Vic\chau\. 1993). Thi!-. i......till con~i~tcnl with
II'g ~crving a~ a graded \ignal. but Ihc clTec.:t of thi:o, :-iglwl
on ultimate cell fate.:: i... modulated. pt.:rhap", in a combinalO­
ri ..ll ra~hion. by product:, of the othcr ~cgmcnt polarity gcne~.

Much work rcmain~ to ~ort out thc interaction:- rcquired to
~et up thc dctails or the ~egl1lclltal pattern.

It i" c1car. ho\\e\cr. that 'rg ~ignaling pia)", a "C) role in
pallan formation. and tllll" much effon ha ... been cxpended
trying 10 determine the path\\a) h) which thi ...... ignal i:o,
rccei\ cd and tn.uhduced. From the initial ...crccll for Iygolic
Icthal!-. affecting th~ embryonic pattcrn and from a ~ub~c­

qucm ~crccn for matcrnal affect 1l111u.llion~ affecting thi\
procc~:-. (Perrimon ct al .. 1989). a number of genc ... ha\ c becn
idclllificd with :I phenotype ... imilar 10 th~lt of 11",1:. [n partic­
ular. arm. disl/{J\'e1ed. and porcupine arc phenotypically
idclllical to II'g. both in dTccts 011 the final cuticular pattern
and 011 morc proxinwte evcJ1l:- such a", regulatiun of
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engrailed expression (Klingensmith et aI., 1989, 1994;
Peifer et aI., 1991; Theisen et aI., 1994). Our working
hypothesis is that these genes, and perhaps others sharing
phenotypic similarity to wg, may encode components of the
cellular machinery required to receive and transduce wg
signal (Fig. 2C). Two different genetic approaches have
been used to assess the potential role of various genes in this
pathway. First, mutations have been examined to determine
whether or not they are cell-autonomous. Cells mutant for
genes required for production of functional signal can be
rescued by wild-type neighbors, while cells mutant for genes
required for reception, transduction, or implementation of
signal cannot be rescued. wg is non-autonomous - mutant
cells are rescued by wild-type neighbors (Morata and
Lawrence, 1977). porcupine, which has been proposed to be
required for production or secretion of wg signal, is also
non-autonomous (1. Klingensmith, N. Perrimon, and R.
Nusse, personal communication; van den Heuvel et aI.,
1994). In contrast, arm (Wieschaus and Riggleman, 1987;
Peifer et aI., 1991) and disheveled (Theisen et aI., 1994; J.
Klingensmith el aI., 1994) are cell autonomous - i.e., mutant
cells are not rescued by wild-type neighbors - and thus arm
and disheveled are required on the receiving end of the
signal.

To position genes more precisely within the wg signaling
pathway, Siegfried et al. made use of the mutation zesfe
white 3 Izw3). zw3 mutants have a phenotype opposite to
that of wg, such that all cells in zw3 mutant embryos adopt
a posterior fate and secrete naked cuticle. This allows one
to use double mutant analysis to order genes in the wg
signaling pathway. In a zw3; wg double mutant, all cells
make naked cuticle, similar to a zw3 single mutant (Siegfried
et aI., 1992). This suggests that, at least in a formal genetic
sense, zw3 operates downstream of wg in the signaling
pathway. By similar criteria, Siegfried et al. (1994) have
positioned disheveled and porcupine upstream of zw3 , and
arm downstream of it (Fig. 2C). We have obtained similar
results with zw3 and arm (Peifer et aI., 1994). Noordemeer
et al. (1994) have used a different strategy utilizing a wg
gene under inducible control to obtain results entirely con­
sistent with these epistasis tests. Together, these results
suggest a tentative pathway for transmission of information
between cells. It must be remembered, however, that these
results cannot be translated directly into a biochemical
pathway. To position these genes in a biochemical pathway
and to uncover the molecular mechanisms of wg signal
transduction, information is required as to the nature of the
molecules encoded by these genes. As one part of this effort,
arm was cloned and its product analyzed (Riggleman et aI.,
1989; Riggleman et aI., 1990). This effort, however, lead to
a surprising conclusion, providing a cell biological role for
Armadillo in cell adhesion and suggesting that cell-cell
adhesive junctions playa role in transduction of particular
cell-cell signals. To understand this connection, we must
first review the current state of knowledge about cell-cell
junctions in both insects and vertebrates.

THE ROLES OF CELL·CELL JUNCTIONS IN CELL
COOPERATION AND COMMUNICATION

To assemble a multicellular animal, individual cells com-

prising it must both communicate and cooperate to form
well organized tissues. One of the most common solutions
to the problem of cellular organization is the epithelial sheet
- a sheet of cells one cell thick, with a well-defined apical
and basal surface. In a simplified view, cells have to accom­
plish three things to form an epithelium. They must: (I)
adhere to each other, (2) recognize that they have adhered
to each other and thus polarize their membrane and assemble
other types of junctions, and (3) coordinate their actions, by
coordinating their individual cytoskeletons. A single
membrane-associated structure, the adherens junction
(zonula adherens or belt desmosome; Fig. 3) is thought to
initiate all three aspects of this process. The adherens
junction was originally identified by morphological criteria
as a distinctive region of the membrane near the lateral­
apical interface of epithelial cells; recently its molecular
components have begun to be identified (Fig. 4A; reviewed
by Magee and Buxton, 1991).

The central organizer of the adherens junction is a trans­
membrane protein of the cadherin family (Fig. 4A).
Members of the large and still-increasing cadherin family
are present in different tissues and at different developmen­
tal stages (reviewed by Takeichi, 1991). The extracellular
domains of these molecules interact homotypically to
generate cell~cell adhesion. However, cadherins are not
simply molecular glue that sticks cells together. The
cadherin intracellular domain organizes a multi-protein
complex within the cell (Ozawa et aI., 1989; Nagafuchi and
Takeichi, 1989). This complex is required for adhesion, and
also is thought both to mediate interactions with the actin
cytoskeleton, and to transmit a signal into the cell upon
adhesion. The signal resulting from cadherin interaction is
thought to regulate subsequent events such as cell polariza­
tion and formation of tight and gap junctions (Gumbiner et
aI., 1988; Wollner et aI., 1992).

The cytoplasmic proteins forming a complex with the
cadherin intracellular domain have also been identified (Fig.
4A). Three proteins form the core of this complex, and can
be co-purified with cadherins. These proteins, originally
identified as proteins that co-immunoprecipitate with E­
cadherin, were given the names U-, ~-, and y-catenin (Ozawa
et aI., 1989). The genes encoding u- and ~-catenin have been
identified (Nagafuchi et aI., 1991; Herrenknecht et aI., 1991;
McCrea et aI., 1991). The protein band identified by one­
dimensional SDS-PAGE as y-catenin appears to actually be
composed of two different protein species (Piepenhagen and
Nelson, 1993); one of these is plakoglobin (Peifer et aI.,
1992; Knudsen and Wheelock, 1992), a protein previously
identified as a component of both adherens junctions and
desmosomes (Cowin et aI., 1986). Other proteins are less
tightly associated with the adherens junction (Tsukita and
Tsukita, 1989); less is known about these proteins though
individual components have begun to be characterized
(Tsukita et aI., 1989a,b; Nelson et aI., 1990; Nagafuchi et
aI., 1991; !toh et aI., 1993).

The molecular components of the other major type of cell­
cell adhesive junction, the desmosome, have also begun to
be identified (reviewed by Magee and Buxton, 1991).
Desmosomes are found in a more restricted set of cell types,
and are dispersed along the lateral boundaries of cells. These
junctions anchor the intermediate filament cytoskeleton.



Cell adhesion and signalling in Drosophila 167

adherens junction
~,.,...~ tight junction

septate junction
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Fil.:. 3. Cdl-cdl ami ccll-matrix jUIl(,tion... in \crlchratc ami in ...ct.:t cdl:-.. VCl1ehraic (left) ami ill"'Ct.:1 (right) epithelial cdl ... arc diagr:llllmcd.
The apical cell ...urfacc i... at the tnl) and the ha:-.al :-'lIrface at the 1)0110111. Cell-cdl and cdl-malrix junction... arc prc:.ellted. Both in ...ect and
\ crh.:hratc cell:-. have :-.imilar adheren:. jUl1ctiun:-. al lhe apical-lalCral interface. Vel1ehrah.: (·cll ... ~lI o h:l\ e dc:-.mo:-.ome:-.. localed along Ihe
l:lleral :-.url'acc. There i:-: 110 cvidcncc for the cxi,tcnce or dC:-.lllo:-.ollle:-. in in:-.cch. Vertehrate cdl have lighl jUllclioll\ jU"'1 :,picalI0 lhc
adheren:-.jllllcliuJI..... The :-.epialejunuiolllllay ptay an an:t1ogou:- role in itl:-.ecl celk Ihough il i:-. round ha:-alltllhc adllcrcn:-. jUl1l.:1 ion. Both
inseci :md verlehr:llc cell:-. :-11:11'1': :-.imit:lr inh..:grill-ullilainingjunciioll:- thai mediale eOlllae! hcl\\'cCll lhe cell and lhe e,xlr:leel1ul:Il' t1l:llri".

DeSlllosolllCS an.: orgulliled around trallslllcmbrane glyco­
protcins of the desl110glein and dcslllocullin familic:.. Thesc
prutl:ins :lrc related to the Iraditional cadhcrin:.. rorming
another branch of till.: cadherin superfamily. Like traditional
cadherins. dc~moglcin~ and desmocollins also organize a
complex or protein~ around th~ir cytoplasmic domains. Thi:-­
complex of cyloplasmil: protl:ins illl:ludes plakllglobin. the
only known l:Olllll'lon cOll1pon~nl or bOlh dcsmosolllcs and
adhcr~lls jUllctions. and c!l:sllloplakin. which appears to bc
inv()lvcd in ~Inchorillg interml:diatc lil:lment:..
Th~ cdl biolog.y of adhc... ivc juncliulls and \I'g :-.ignaling

ar~ conneclcd via the Armadillo protein. which i:... relate.:d in
scquenee to both ~-calcnin (McCr~a et al.. 1991) and plako­
globin (Peifer alld Wic:...ch;[l.I~. 1990). The ~imilarity

hdwCl:nlh~:--c Illoll:cule:... i:-. quite slriking: Armadillo is 717"
idclIlil:al 10 p-l:alcnin :lIld 6Y7(l idelllkal to plakoglobin al
thc amino acid level. \Vhile this degree or idenlity suggests
:I similar biochemical role for all three protein:-.. it doc:... nol
de.:mollstratc thai Armadillo play:-. a :...il11ilar cdlular role a:.
either of it:... vcrtebrate homolog:-.. For e.x<lmplc. dc:...pitc thcir
,",ef..lucllce ~ill1il~lrity. p-catenin i:... a component ~olcly of
•Idherells jUllctiun:-. while plakoglobin is abo found in
dc:.mosomcs - this undcrscores the dangcr or aS~lImillg 100
much from scquCIll:C .... illlibrily. Wl: Ihu:-. Sl:1 OUI In detennilll:
whl:lher ArIll:1dillo play:... a rok ill :111 adherell:'" jUIlCliOll
complex ill Drosophila.

Elcclroll microscopy had revcalcd Ihat epithdii.ll cell~ in
the Drosophila emhryo and imaginal disc:. have structure:-.
II1()rphologic~llly ,imilar to venehr~lle ~ldherel1:-' junclion:-.
IX)~itiolled at thc lalcral-apical cdl interfaccs (Poodry and
Schneiderman. 1970: Eichcnbcrgcr-GlinL. 1979). Armadillo
i ... enriched in the vicinity or thc pl:.I.... l11a mcmbrane. and in
:...omc cclls ilS localization is polaril.l:d. Wilh ;11\ l:nr;chmcllt
ncar the api'al :-;urracc (Riggll:m:m. 19X9: Pcikr and
Wic:...chaus. IlJlJO). We eXIl.:nded thi:... 'll1alysis by examining
two simple epithelia of Dr(}.\()fJhiltf. thc developing
embryonic gut (Peilcr. 1993). and Ihe :",oll1alic follicle cell:.
of the.: ovary (Peifer et al.. 19l)~). 10 delerminc whether
Armadillo co-Iocalil.e:. with ::tdhaen:...-like.: junclion~. To do
:--0. wc made usc of a IIxalion proccdure devcloped for exalll­
ination of Ihl: cytoskclelOll. which washes away 11lllch or

what wc assume i~ thc morc looscly bound Armadillo.
allowing visualil.:ation of Ihe mo:.1 lightly bound protein.
When thi:. i:- done. Armadillo i:-. dr:llnatic::llly t.:nrichcl.1 ill Ihc
samc region of thc cdl in which wc found adhen:.:n:.-typc
junction:. (Fig. 48).

This data i:... COI1:-.istcnl willi ;I role for Armadillu in
adhercn .... juncliolls. To learn rllllrl: a!JoullhejunctitHJal com­
poncnts. we exalllincd whether Armadillo exbtcd as part or
a multi-protein complex (Peil"er. 1993). Most 01" the
Annadillo inlhc cell i:. pari of a largcrcomplex that includes
the f)ro.WJI,hilu hOll1olog or Ct-calt..:nin. Arllladillo (lhe r~­

calcnin homolog). and a ISOx I03 M r glycoprotcin that wc
suspectcd would he a cadherin humolog. by al1alogy to the
vertebrate adhcrcn:-. junction (Pcifcr. 1993: Fig. 4A). The
Takeichi lah has cloned the gcne encoding tht:: 150xl03 /\Ill"
glYl:Oprnleill :lIId (;olllinll~d lhal it i:-; rel:tl~d In vt..:rll:!xale
cadherin:... (M. T:lkeichi. personal COlllllllllliGllion). All
idcntical complex or protcins was detected by Oda et al.
( 1993) wh~n examining prolei llS assor.;iated with DrtJ.wphila
a-c:llcnin. Togcther. Ihe:--e cxpt::ril1lt::l1I:-' dt::l1Iolbtrall: thai
IJro.wl,lJi/a and vt::rlcbrate:... havc :ldhcrcns junctions
composed or c~scnti:.llly identical proteins.

In the vertehratc syslem. clegallt ~xperiJ11cnts in tissue
culture llaVl: dl:lll(llistratt::d Ihal adhcren:-; jUIIl.:lioll l:OI11P{)­
nCllIS Iwve at It.:a:-.l SOllie of the prtlpl.:rlk:-. consistent with llie
model prc~ented abovc. Making usc or cell lines lacking
cadherins. Ihese worker:... demollstr;llcd lilal cadherin­
IIcg::ltive cdb do nol exhihit Ca~+.dcpell(.Icnl adhcsioll. hut
that thi:. property l:all he cOllvt..:yt..:d hy lrall:-.kcliOll or lhe
cells with a cadherin gene (Nagaful:hi et al.. 19X7). Tran~­

fected celb will abo a~:-.emhk multi-protein junctional
compkxc:.... which will then conllect to the cyltlskelclOll
(Oz:l\va el al.. IlJXlJ: Nag:lfuchi and Takeichi. I <JXlJ). CI.­

catenill-lleg:llive.: cells also l'le,," tht.: ahilily 10 :,dhere In t:::!ch
other: this ability. a:-. well a:-. the ability 10 form epithclia. Can
be confcrred onlhc:--e celb hy trall:...fcctioll with an CJ.-calenin
gene (Hirano el al.. 1992). The.::...e cxpcrilllenis :...ugge:.t th;lt
adhaen:-. jUllction a:""c1l1hly :ll1d it:-. ,uh:-.t..:qUt::1I1 (;011:'1.:­

qucllce:-. n.:quirc al kast l:adheril1:-' and a-Gltcnin.
We extended Ihe:-.e experimcnts 10 Armadillo. Ihe p­

catt.:llin IHHllOlog. alld Ilil\'C dcmonslrated Ihe requirellll.:.:l1t
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Fig. -t Vcncbralc and Ill ..ccl ~ldhcrcn .. junction... h;.l\ ~ "'llnilar '-!ructurc, and flillclion~. (A) i\ lob:lIlar ,Inlclun:: of the adhcrcn... Junction in
\Cr!chraIC' and Drmophila. In hOlh thCjUllClioll i .. organi.fcd around 'lIl1Clllhcrof,hc c:.ttlilcrin 10111111) of cd I adhc.. iolll1lolccuk.... The
cadhcrin c\lracdlular (lom,ull mediale .. hOlllO!) pit· adhc.. ion \\ illl cadhcrin .. Oil neighboring l.:c1k \\ hilc the intracelllliar l!Olll:1I1l urg;mi.fc<;;;
Ih~ formation ofa 1lI11IlI-protcin compk'" Inl)(l\h \CI1chr:lIe, :lnd f)1"(J\oplll'llllhi, compk~ lIu,:ludc" /\nnadillolJ}-c:lh:nin alit! (l-l·atC:1I111.
(13) ('unfol:al lI1i<.:ro..cope: pl<.:lllr<.: of lhe: IJrtHophi/a l,;l1lhryonir.: cchxkrm ..talllcd \\ ith alllH\nnadlilo alllilxKJ). Armaddlo an.:llllllllale: .. all
along the lateral f,ICc of the celb but i .. cnrll:hed ;lIthc apical-lateral intcrface (am}\\). \\ herc atlhcrell" junction.. \\ ill form. Wild-I) pc (C)

and Annadil1o-gerllllillc·mutant (D) egg (:hamber.....t:lined with both propidium iodide to \ i"lIali/e nudei and \\ ilh t111ore..cein·labelcd
phalloidin 10 \ i..l1:di/c lhe actin cyto..kclctOll. Po..terior i .. 10 the rig.ht. In a \\ ild·type: egg. chambe:r (el. lhe: germ cell .. arc ..urroullde:d by a
l'otlidlO celllOpilheliull1. The: oocyte (oc) i .. alway":ll thl,; po.. tlOrior cild. and lhe: llur:-e cdl .. ;11 the anlcrior. Nur..c cell .. arlO re:g.ular in ..hapc.
1ll01l011Ucleale. ami have well-ddine:d corlir.::tl aClin cy1O:-kclclOl1:-. Nor1l1all:ell inll..:r:ll.:lioll .. alld thc al:tin cyto..kektull al"l..: gro:- .. ly
di ... rl1ptcd when germ celJ., arc Illutalll for Armadillo (0). The oocytc (oc) can be in lhe l1liddk or alth(: a11l(:rior (:ll(l. and nm..(: c(:lb
b(:(:olllc irn.:gular in ..hapc. Attirne... the cortical actin c;:yto:-kclelOn be(\\ccn 1ll11·..e cell .. break .. down. leading to the fUrination of
Illultinuclcate genu cell... and Ie:aving hehind inclu.. ion.. of aClin (arrow).

for the adheren ... junction complex during dc\ dopmcnt
(Peirer ct:.ll.. 1993). \Ve lI'.,ed:.l~:.Ill experimental ~)~tem the
Drosophila mat'). a relatively ... imple comple\ or three cell
tYPG". follicle <.:el". nur...e cell... and i.1Il oot:) te. that exhibit a
highly ~Iereot)ped arrangement \\ ith re...peci 10 each otha.
pre~lIl11abl) regulated b) cell-cell imcraclioll"> (Mahowald
and Kmnby'elli,. t980: Fig. ~C). An epilhelial ,heel of
...om:llic follick cell ... ~urround:.. a "et or germ-line cell:..
including a ~it1gle OOC) te and fifteen nur:-c cell:... Within the
follicle cell epithelium. the germ cclb arc mr:lJlged with the
oocyte at the pO~lerior end and nur:..e celb at the anterior
end. an arrangemenl pre~lIl11ably maintained by intl.:raction:­
he[ween follicle celb and germ cell:... The germ cells have

n.:gular ...hape... and ... i/e.......lIpported b) their conical actin
C) lO..kelclon~.

\Vc compared wild-lype O\arie" to (}\'<lrie .. ill \\hich the
germ celb complete I) lad. Arn1<ldillo (Peifer el al.. 1993).
Adhcren~ junction... arc predicted to regulate cell adhe... ion
and the anchoring of the actin C) to">kcleton. Both properties
appc:lr to be di .. rupted h) Illutatioth in Armadillo (Fig. 40).
The nurmal orgalli/<ltioll or germ cell .. \\ ithin (he egg
chamber i:-. di~rupted. "'lIch tl1<l1 the oocyte call be found in
the middle of the egg chamber (Fig. 4D) or even at the
anterior end. Germ celb become extremely irregular in
...hape. and at ti1l1e~ the cortical actin cYIO~kclclOll l-oee1l1S to
break down elltirely. re~Ullillg ill fusion or ac.ljacclH nurse



cells and leaving behind cytoplasmic inclusions of actin.
The normal migration of a subset of the follicle cells
between the nurse cells is often disrupted, as is appropriate
packaging of sixteen-cell cysts into egg chambers. Thus,
Armadillo appears to be required for cell adhesion and
cytoskeletal integrity during normal development, as
predicted from theories of adherens junction function.

In addition to mediating cell adhesion and cytoskeletal
anchoring, adherens junctions are also thought to regulate
transmission of a signal that adhesion has occurred, leading
to cell polarization and assembly of gap and tight junctions.
The nature of this signal remains mysterious, though in axon
outgrowth some downstream events in signal transduction
in response to N-cadherin-mediated adhesion have been
identified (Schuch et aI., 1989; Doherty et aI., 1991).
Progress has been made in beginning to uncover events that
may regulate junctional assembly and disassembly. During
development cells both form and leave epithelia. Regulation
of this epithelial.mesenchymal transition is important nor
only for normal development, but also plays a role in cancer
metastasis (reviewed in Behrens et al., 1992). One aspect of
this transirion is the assembly or disassembly of adherens
junctions. Using tissue culture models, progress has been
made in understanding this event. For example, when one
adds to adherent cells the activated tyrosine kinase v-sre,
cells rapidly lose both adherens junctions and cell-cell
adhesion (Warren and Nelson, 1987). Several adherens
junction proteins are phosphorylated on serine and threonine
in normal cells; v-sre transfection leads to tyrosine-phos­
phorylation of a subset of these proteins (Matsuyoshi et aI.,
1992; Behrens et al. 1993; Hamaguchi et aI., 1993). There
is a strong correlation between loss of adhesion and the state
of tyrosine phosphorylation of adherens junction proteins,
especially ~-catenin (Volberg et aI., 1992). This has led to
the proposal that p-catenin may serve as the regulatory
component ofjuncrional assembly. The abiliry to be ryrosine
phosphorylated has been conserved during evolution, as it
is also shared by Armadillo (unpublished data).

Given the similarity between vertebrate and Drosophila
adherens junctions, it is of inrerest to know whelher olher
cell-cell junctions are equally conserved. As mentioned
above, vertebrates have a parallel set of cell-cell adhesive
junctions known as desmosomes, which are for the most part
restricted to epithelial cells and which serve to organize
intermediate filaments (reviewed in Magee and Buxton,
1991). Desmosomes differ in both morphology and position
from adherens junctions; desmosomes have a distinctive
multi-layered appearance in the EM and are distributed
along the lateral interface. While Drosophila cells do have
cell-cell junctions along the lateral interface of certain cell
types (e.g., germ cells of the ovary; Peifer et aI., 1993), these
junctions lack the distinctive morphology of desmosomes
and are more correctly called spot adherens junctions
(Tepass and Hartensrein, 1993; these authors have done an
extensive analysis of cell-cell and cell-matrix junctions
during Drosophila embryogenesis). The existence of cyto­
plasmic intermediate filaments in Drosophila is a matter of
disagreement; immunological evidence produced conflict­
ing results, and no one has yet isolated a gene encoding a
cytoplasmic intermediate filament. In looking for the
housefly Armadillo homolog (Peifer and Wieschaus, 1993),
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we did not find other relaled genes that might represent the
homolog of vertebrate plakoglobin. Further experimentation
will be required to determine whether plakoglobin or desmo­
somes exist in Drosophila.

Another prominent cell-cell junction of vertebrates is the
tight junction, which serves to seal epithelial sheets (Fig. 3).
This junction is found apical to the adherens junction in ver­
tebrate epithelial cells. Most invertebrate cells lack struc­
tures resembling tight junctions; instead they possess an
alternate structure known as the septate juncrion (Fig. 3).
Septate junctions are found just basal to adherens junctions
in a variety of invertebrate epithelia (Lane, 1991). Some
workers have speculated that tight junctions and septate
junctions may serve analogous functions in different phyla
(Noirot-Timothee and Noirot, 1980), but this question has
been difficult to answer in the absence of knowledge of the
molecular components of either type of junction. Recently,
certain tight junction and septate junction components have
been identified (Anderson et aI., 1989; Citi et aI., 1991;
Gumbiner et aI., 1991; Zhong et aI., 1993; Woods and
Bryant, 1991), and the genes enCOding some of these
producrs cloned.

Several surprises have emerged from this information.
When the Tsukita lab recently cloned a 220x I03 M, protein
they had originally identified as a component of the cell-cell
adherens junction of rat liver (Itoh et aI., 1991). they found
that it was idenrical [Q the vertebrate tight juncrion protein
ZO-I (ltoh et aI., 1993). This has led some to speculate that
the distinction between adherens junctions and tight
junctions may not be as clear cut as was thought. Certain
junctions, such as the cardiac intercalated disc or the
adherens junctions that define the bile canaliculi, may have
hybrid character as they appear to contain proteins that have
been defined as components of both adherens junctions
(cadherins. a-catenin) and of tightjunclions (20-1). Further
characterization of the molecular components of both junc­
tional types may help sort this issue out.

The sequence of ZO-I also revealed another, perhaps
even more surprising connection. The ZO-I protein is
relared in sequence to the Drosophila prorein discs large
(dig; Woods and Bryant, in press); dIg is the progenitor of
a family of related vertebrate and insect proteins found in a
variety of cell-cell junctions (Woods and Bryant, 1991;
Koonin et aI., 1992; Bryant and Woods, 1992). In
Drosophila, dig is found in the seprate junctions (Woods and
Bryant, 1991), providing the first molecular link between
scptate and tight junctions. rilg also connects the function of
these junctions to cell signaling and growth regulation. dIg
is a tumor suppressor gene, and contains a domain similar
to guanylate kinase (Woods and Bryant, 1991). The
Drosophila dishevelled gene, which is required for both wg
signaling and for the polarity of hairs and bristles on the
body, is also a member of the dig gene family (Theisen et
aI., 1994). Like adherens juncrions, seprate juncrions may
play both structural/architectural roles and also be involved
in regulating signaling between cells. The only other iden­
tified component of septate junctions in Drosophila is a
homolog of Band 4.1, a member of the ezrin/radixin/moesin
family (R. Fehon, personal communication). Members of
this family of proteins are found in a variety of cell-cell and
cell-matrix junctions in vertebrate cells (Sato et aI., 1992).
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A STRUCTURE·FUNCTION STUDY OF Armadillo

Our ultimate goal is an understanding of the biochemical
role of Armadillo in both wg signaling and cell adhesion. To
reach this goal we must integrate our studies of the role of
Armadillo at the level of the cell and the organism with
information about the precise mechanism by which
Armadillo acts to promote these adhesion and signaling. To
this end, information about the structure and function of the
protein and how these are related becomes essential. Our
current working model for Armadillo proposes that it
functions within the cell as an "adapter". serving to connect
one protein (0 another, in a manner analogous to that
proposed for SH2 and SH3 proteins. Some of the proteins
with which Armadillo is likely to interact, such as cadherins
and cx~catenin, are already known, while others remain to be
identified. We thus might expect to find particular domains
of Armadillo responsible for interactions with different
target proteins.

When the sequence of Armadillo became available
(Riggleman et al., 1989), one feature of the protein became
apparent. Armadillo can be roughly divided into three
"domains", defined by the presence of thirteen imperfect 42­
amino acid repeats, which make up the central two-thirds of
the protein (Fig. 5A,B). The N terminus contains a stretch
of acidic residues, while the region C-terminal to the repeats
is rich in glycine and proline. These same domains are found
in Armadillo's vertebrate homologs, p-catenin (McCrea et
aI., 1991) and plakoglobin (Peifer and Wieschaus, 1990). but
each "domain" is conserved to a different extent (Fig. 5A).

The repeat region is the most highly conserved part of the
protein; it is between 75-80% identical between Armadillo,
p-catenin, and plakoglobin. The repeats pose an interesting
problem of protein evolution. Individual repeats are only 20­
30% identical to each other within a single protein (Fig. 5B),
probably only retaining sufficient identity to indicate a
similar tertiary structure, yet individual repeats are highly
conserved among all three proteins. For example, repeat no.
I of Armadillo, repeat no. I of ~-catenin. and repeat no. I
of plakoglobin are 75% identical. The individual repeats
appear to have been free to diverge soon after their dupli­
cation, yet now are under severe evolutionary constraints. It
is possible that individual repeats have independent
functions, perhaps mediating different protein-protein inter­
actions, like individual EGF-repeats of the otch protein
mediate interactions with specific ligands (Rebay et aI.,
1991). The nOlion of independent and perhaps additive
functions of individual repeats is supported by analysis of
arm mutations. All available arm mutations result in protein
truncations (Peifer and Wieschaus. 1990). The least
truncated protein, encoded by arrnH8.6 , deletes most of the
C-terminal domain, while other mutations remove succes­
sively more of the protein (Fig. 5C). There is a striking cor­
relation between extent of the deletion and severity of the
mutant phenotype. Perhaps the most surprising fact is that
the protein encoded by armXK22 , which is only half the
length of wild-type protein, retains some small amount of
function, supporting an independent and additive role for the
repeats.

The N-termillal and C-terminal domains are less well
conserved between the three homologs (Fig. SA). The

degree of conservation in the N-terminal domain varies
depending on the comparison made. Armadillo and P­
catenin are 58% identical in this region, while plakoglobin
is only 42-43% identical to the others. This domain may be
involved in a function shared by Armadillo and p-catenin,
but not by plakoglobin. such as interaction with tX-catenin.
The C-terminal domain is even less highly conserved; in this
domain substantial differences in length are seen among the
three proteins with Armadillo the longest and plakoglobin
the shortest. Much of the difference is due to the absence of
most of the glycine-rich region in p-catenin and plakoglo­
bin. At least part of this glycine-rich stretch is likely to be
non-essential. since 20 amino acids of it are missing in
housefly Armadillo (Peifer and Wieschaus, 1993). The
extreme C terminus is reasonably well conserved, sharing
62% identity over the last 16 amino acids between
Armadillo and p-catenin. It is worth noting that within a
protein family (e.g., Drosophila vs. housefly Armadillo or
Xenopus vs. human p-catenin; Fig. SA), all three domains
are relatively highly conserved. This suggests that less
conserved domains, like the C-terminal region, may play
different roles in Armadillo and plakoglobin, but that now
these domains may be important for particular plakoglobin­
specific or Armadillo-specific protein-protein interactions,
leading to their conservation during recent evolution.

Given the dual functions of Armadillo in both wg
signaling and adherens junctions, one might suspect that
particular domains of the protein might be primarily
involved in one or the other of these functions. There is
evidence from the available mutations that this may be the
case. All of the available mutations severely reduce the
ability of the protein to panicipate in IVg signaling, both in
the embryo and during adult pattern formation (Peifer and
Wieschaus, 1990; Peifer et aI.. 1991). Different mutations
vary, however, in their effect on Annadillo's junctional
function, as assayed during oogenesis (Peifer et aI., 1993).
Truncated proteins encoded by armH8.6 or am,XM /9, which
remove the C-terminal domain but leave the repeat region
and N-terminal domain intact. are sufficient to fulfill
Armadillo's role in oogenesis (Peifr et aI., 1993), and clones
of cells mutant for these alleles survive in regions of the
adult epidermis that do not require wg signaling (Peifer et
aI., 1991). [n contrast, truncated proteins encoded by
arm YDJ5 or armXK22 , that remove substantial portions of the
repeat region, disrupt oogenesis (Peifer et aI., 1993), and
these alleles are cell lethal in all parts of the adult epidermis
(Peifer et al., 199 t).

This suggests that the C-terminal domain may not be
required for Armadillo's role in the adherens junction, but
that it does play an important role in wg signaling. This
could involve a role in transduction of wg signal,perhaps
interacting with a hypothetical effector. This suggestion is
further supported by our observations concerning a potential
role for Armadillo in the nervous system. Armadillo is
expressed prominently in axons, where it is presumably
playing an adhesive role in axon guidance or axon fascicu­
lation. We have recently determined that an alternative
isoform of Armadillo is expressed in the nervous system;
this isoform is produced by alternative splicing and lacks the
C-terminal domain of the protein entirely (H. Harkins, J.L.,
and M.P.• unpublished data). [n the CNS. the N-terminal
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B Fi~. 5. Structurdfullction ...Iudic:- of
Armadillu proh.:ill. (A) Thl.: ...1rw.:l1lfl.: of
/\nnadilltl.13-calcnin. alld pla"oglohin
arc compared. Alllino acid ,equem.:e
idcntitie:<o I~t\\'een different ramily
lIlemhcr:<o arc indicaled. All ,han::,
highly Ctlll"erved region Ilf lhirll:l:ll
imperfeci .J2-al1lino acid repc:,". The N­
lerminal and C-tcrmillal rcgioll:<O arc Ie:<o:­
well conserved bel ween Armadillo. p­
c;llenin. and plakoglohin. hUI arc highly
ctll1 ....erved within a givelltypl.: llfpnlll.:in.
(13) Scqucnce comparison of lile repeals
of Arll1adillo. using 'hc onc-tcllcr ;l1nillO
acid code. RqJCab arc !lol very well
cOII ...erved with respect 10 each olher.
wilh only 20-30'K amino acid idclitilY. A
I.:tllhen... u:-. i ... indicated at Ihe hOl\om: Ihe
!lumher of repeab thaI malch the
<"on"'enMl:<o at particular po'ition ... arl.:
indil.:aled. Matdle~ 10 the COII:-ell~lI~ :Irc
... h;u.kd. '\11 X i" placed where IItI

COII~t.:lbll'" l:;lll he fOllnd. Small Ieller,
ahmc individual repca" arc amillo acid
in"crtioll" al lhal poinl: a da,h imlicale:<o a
gap Ihal II"" hecn illlrndtlccd. (C) The C·
lennin;ll domain of Armadillo i... critical

for ll'il/g!l'ss :<oign;lling :llld lc:-. ... importanl for adherell'" jUllclion fUIH.:tioll. Four diffcrelll mul;lnt prolein .... all the re:-uh of Irullcation:-. arc
diagramllled. Their crrec" 011 will}.:!!'ss :-ignaling and adherells junclioll funclion :Ire displayed. Proteins lading the C·lermin;1! domaill
(a"lIIfI,~·r, and al"lll''\M /<)) relain adhcren:- junclion fUll<.:liun but have 10:-1 fUllction in ll"illg!el.1 :-.ignaling. PrOlein:<o 1I1i:-.sing suh.... t;llllial
IlLllllhcr:-. of rcpC,ll:-' Iwvc ;11:-0 1(1:-1 aclhcren:- .iullclion runel i\ln.
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domain and repeat region apparelltly sullicL: ror rull
function. To cxplurL: lhe.: role or individll:tI domains in
grealcr dctail. we arc currenlly using in vitro mutagcncsis 10

altcr :-pccilil: part:- of tllc proldn (5.0. :lIld M.P.. ullpub­
Ii!'>hcd data). and wc arc e.:xprcssing individual domains or
the protein to as!'>ay lhcir rolc ill particular protdn-protcin
illleractiolb (I_.-M. P. ,1Ild M.P.. 1Illpubli:-.hcd data).

INTEGRATING Armadillo's ROLES IN CELL
ADHESION AND IN CELL-CELL SIGNALING

I\!'> uutlined ahove. wc havc obtained :-.tl'Ong cxpcrilllcllIal
support for the idea that Arrnadillo is required ror cells 10
properly intcrpret 11',1.: signal (\Viest:haus and Rigglcl11an.
19X7: Peifer el al.. 1991). We have also demonslraled thai

the scqucllcc similarity hetwccli Armadillo and f}-Gltcnin
(McCrea el 'II.. 1991) relleelS a role for both proteins as COIll­

poncnls of Ihc :tdhcrcn:- jUIlt:liol1 (Pcifcr. Il)l)~). :lnd havc
:<ohowli tltat Armadillo b rClIuired ror cell adhe:-.ion amI
integrity or the actin cytoskelcton (Peifer ci al.. 1993).
Howcvcr. this stillleavcs one kcy piecc of the pUZlle to lind.
the connection between adhcrcll!'> jUllction funt:tioll and lI',l.'

"ignaling.
Two dilTcrcllt cxplanation!'> ;.Irc po:-.siblc. Thc lir:-t is an

indircct onc. A variety of t:cll-cell signaling molecules of
bOlh vcrtcbratc!'> and in!'>ccts :lrc localized 10 the adherells
junctioll (Maht::f and Pasqualc. 19RX: Takala alld Singer.
\lJXX: Tsukita el al.. ll)lJl: Fchon ct a!.. \l)l)I: Tomlinsollt::l
al.. 1987: Benllett and HolTmanli. 1992). In retrospect. it not
surprising that this molecular machinery would bc
;lsst::rnblcd ill:l p;lrlicul,lr region (ll"thc cell surfar..:c. allowing
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crncicnt interaction b~l\Vt.:cnligand <Ind rCCl:pWL rather than
di~pcr~ing ~ignaJ:.. and rcccplor~ all OVl:r the ~llrracc of 11ll:
<.:cll. Thl: adhcrell .... jullctioll appl:;,r~ 10 be Ollt:: 01"111(; hOl:o.POI;-.
for cell-cd I signaling. Olle po:-.:-.iblc explanation for the.: role
or Armadillo. and by l:xtl:lhioll. adheren:. junclion~. in the
transllli:-.:-.ioll of II'M ~ignal i:-. Ihal thl: putative Winglc:-.:-.
n':O,:plm i:-. normally localil.l:d 10 the:-.c jUllctiun:-.. In <In (lrll/

111utalll. lhe rc:-.ulling dbruplioll ofjuncliollal function would
lead 10 rct:cplor Illi:-.-lm.:ali/alioll and the railure or \\'8
signaling.

Alternatively. Arl11adillo (and by extension adhcrclls
jUIH:linn:-.) might play :111 LllleXpeCh.;d din.x:l roll: in \I'g .... ign~tl
transduction. ScvcraJ observations suppon a direct role ror
Armadillo in \I'g signaling. Fir~L mutation:-- in Armadillo
">pccilically disrupt Il"g signaling. while signaling by Notch
illld other cell-cell ~igllalillg molecule:. locali/ed to Ihl:
adhcren~ jUllclion i:-. unaffecIl:d. Second. \I'g :-.ignaling i~

e~pccially :-.cnsitivc 10 relatively :-Illall reduction~ in (11"111

function Ihat fail 10 di~rupt Armadillo's role in cell adhesion
during o()gene~is (~ee above). Third. whcn one cxallline~

/ygotic (/1'11/ mutant:. in which \I'g ~igllaling i:-. di:.rupled.
junctional ~lructun; and cell adhc:.ioll appear roughly
normal unlil quite late in dcvelopment (D. Sweeton. M. P..
and E. Wicschaus. llnpubli:-.hcd (Iat.l). Thc:-.e l:xperimellts.
whik' ...uggcstive. do not rule out an indirecl rolc for
Armildilln in \l)~ .... ignalillg. To do ~O. we and other.... have
u~cd gcnetic cpi:-.ta~i:-. 'lllalysi:-. to order (Ifill and olher II'g­

c1a~:-. genc:-- in the Il'g signaling pathway (Sicgfricd ct al..
1991: Peifer el al.. 1994: Siegrricd cl al.. 199-1). Thi:-.
i.l11aJy:.i~ clearly place ... (/I"IJ! dowll:-.tream of :11'3 and by
cxtcn~inn dowll~trc,\m of lI'g. providing :-.t1"Ong evidence
that (/1'111 alld tIm:. adhereJl:-' jUllclions are directly involved
in tran~duction or Il'g signal.

\Ve h:\ve begun to illve:.ligate tile nleclwni~1ll by which
Armadillo tran:-.duccs Il'g signal. Whik (Inll mRNA is
uniformly distributed throughout thc embryonil: cpidcrllli~

(Riggleman el al.. 1989). Armadillo protein accumulation i~

:--egmctlllllly striped (Rigglemall et al.. It)l)()). Armadillo
:'lripe~ arc :1 direCI vi:-.uali/.:l1iOll or \I'g :-.igllal Iran:.duction.
The stripe~ roughly coincide with the gratkd stripl:s of'
\Vinglcs~ (Rigg1cm:lll et al.. 1990: GOllt.:..dc/ et al.. 1991:
Pcifer et al.. 199-1). and the formation or stripes doe~ not
occur in a \\'g Illutant. kaving all cell ... with the di:.lribution
or Armadillo ~el:n in wild-typc illler:'lripe ccll:-. (Riggleman
et al.. 1990: Peifer el al.. 199-1). To understand Ihe role of
stripc formation in II'g :--ignaling. wc have examined the
mech:1I1i~1ll by which :.Iripeo;; arc generated. We havc found
thai \I',~ :.ignal Lrigger~ a dr:lI11atic increa:-.e in lile accumula­
tion or cytopla~l11ic Armadillo protein (Peifer et al.. 199-1).
Further. we round thaI rnutatioll~ in Zesle-whitc 3 kinasc
re:.ult in ac<.:umulation or cytnplasmic Armadillo. even in
cells lhat do not receive \I',l~ ,... ignal (Peifer et al.. 19l)..j.). CUll­
si:.tcnl with the po:-.ition or (/1"1/1 dowlblrC;t1l1 or ~lt'3 deter­
mincd by cpistasi:-. analy:-.i:-.

We helieve it likely that the cytopl:t:.mic Armadillo that
accumulale:. in rc:-,pollse 10 \1',1.' then interacl:-. with :t cellular
efrector to transduce the signal. Fig. 6 pre:.ents lWo possible
model:- of this proccs~. In onc modcL It'g signal and Zcste­
white :; kinasc regulate the ~tability of cylopJa:-'1l1ic
Armadillo: ill thi:-. view the il1crca~e in cytop1:t:.mic
Armadillo drive:. a:-:,cl1lbly of a larger num!x:r or cadhcrin-

"Interstripe" cells

Fig. 6. Armadillo protein ... tripe.... COllfm;iil rnicro:.t:opc irn:lg~ of a
"'!age 9 f)m.lOjJhi/a elllhryo q:linl:d \~ ith :tllli·Ann'ldillo antihody.
While (lrlll(/(li//o RNA i~ uniformly diqrilnlled. Annadirro protein
form......cgmclll:t1ly repcah,:d ... tripc.... "Stripe" cdk which have
fecl:ived \I·;lIg/e.\.\ ~ignill. aCClllllllliltt: high 1I:"cl ... of c)'topl:l:-.mic
Armadillo. whih: "illlt:r...lript:" cdk which do nol receive Iring/e.,·.,
... ignal. havc ollly rnclnhr,IllC-:l:-. ... ll\.:ialcd Armadillo.

catcnin complexcs. altering cell adhe:-.ion. and by this
mechanism 111,ly allcr the illlcraciion helween constillltive
lig.lIl(b and receplOr~ Ihat Ihen IraJl:-.111it a rurther signal. In
the other modcl. \I'g :--ignal and 7.e~h.:-white] kina:-.e regulate
the as~embly statc of adherell~ jllnctioll~. and lhe putative
elTeclOf i~ a cytoplasmic protein. such a~ a kina~c. which
act:-- 10 further lran~mil \I'K ~ignaJ to ih ultimale targets.
ThL::-e mode!:' arL: purely ....peculative. and compOllcllt:-. oflhc
two model:-- arc illlerchangeabk. For example. onc mighl
imaginc that I\'g ~igllal and Zc~tl:-white 3 kina~e regulate
stability or cytoplasmic Armlldillo a.... in Model I. but lh,1I
this cylOp1a.... ll1ic Armadillo lhl:n slil1lul,ltc~ a cytoplasmic
effector a:. in l'vlodcJ 2. One of our current goals i:-. to fill in
Ihc biochcmical detail:- of Armadillo's role in signal trans·
duct ion.

One or the 11I0~1 exciting discoveric:-. or Ihe paSl 10 years
or developmclltal biology i~ Ihat thc same or similar
molecules arc operating to regulatl: devclopmcnt in a wide
variety or organisms. Perhaps thc bcst known example is
Ihal or Ihe IHH11L:Otic gel1e~. thaI regulatc identity along lhe
alltcrior-po:-.terior hody axi:. in animals a~ diversc as
nematodc~. Drosoplti/(/. and mammaI:-. The 1I'p,/lI'lIf-/
systcm providc:-. anothcr c,'\amplc for a conscrved regulatory
circui!. \I'g/\I'III-I gelll:s arl: conscrvcd in a wide variety of
aninwl phyla (e.g.. Kamb l:t al.. 1989). and in in:-.ecl.'" <lnd
mllmm..tl:. ;Ire known to regubte cell ratl: decisiol1~ during
devclopment (reviewed in Peifer and l3t:j:-.ovec. 1992:
McMahon. 19(2). Given thi:-. conscrvation or signal. it is of
inlerc~l 10 ll:--k whethl:r thc machincry to receive and
interpret the ..;ignal ha~ al....o been con:-.ervcd.

Many of thc other l11olecuk:-. involved in II'g ~ignalil1g arc
highly con:-.crved. Mo:o.t orgillli~llb tllu:-. rar examincd have
a highly conserved homolog or the ellgmi/ed gcne. which
encodc:. a transcription faclOr Ihal :tppear:-. to be one or lhe
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Model 1 Model2

In the absence ofWG most ARM
i.. assembled into adhcrcns junclions,

though not all complexes contain ARM.
C)'loplasmic ARM i'i dt.."Stabilizcd by ZW3
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disas....cmblcd from udhcrcn.'ijunclions.
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In the presence of we, ZW3 i.. inactivated,
stabilizing cytoplasmic Armadillo.

This drives morc ARM into udhcrcnsjunclions,
ultering their properties.

•

Fil!.. 7. Two ~pe..:ulati\'c Illo<.kb for how Armadillo may fUl1ction in H'illg/t'.\.\ ...igilallran:-.dlll:tiol\. In r"!lxkl I. l:)'lopla.... rnil: Armadillo i:­
nOnll;llly ull:-Iahk. due to Ihe action or Zc~h:-whilC3 kina...c. \I·jll.t:/t'....\· ~igllal aCt:. (0 coullter Ihi:- in';Iabilily. pcrhap:- hy inactivating Zeslt.:­
whilt.: 3 kina ... t.:. Level ... of c)'lOplaslllil: Armadillo ri~c. driving morc Armadillo into Ihe adben..:ns jUIlf..:tiol1 complex at the IIlcmbranc. This
altcr... cdl-l:dl adhc~ioll.and by !'lome ll1Cdl~llli~tll n':~lllt:. ill further lran:-duction of II·ingles.\· !'ligna!. In Mudcl 2. in the ah!'lcnce of lI'ingll'ss
... ignalmo...1 Armadillo i... Tlorm~111y found in the adhen.:n!'l jUllclioll complcx. A:-~emhly of thi!'l complex i!'l promoted by Ze...lc-while :\
kina ...e. 1I·;ng!£'s.\ !'ligna I act:. lO de!'llahili/e Ihe mlhcrcn:- jllilction complex. rdca...ing Armadillo inlo Ihe l:)'lopla"'lIl. Thi ... e)'ltlpla!'llllic
Armadillo thell inlerach with a cytopb!'lmil: d'fector "'Udl a... a l...ina!'le 10 tran ...ducc \I·jllgk.\.\· !'ligna!.

targets of \1',1,' ~ignal. and in hoth the mammalian brain and
the Dro,mp!ti/t, epidermis. cells cxpn.::-.:-.ing Wingk:-.:-. .Ire
juxtaposed to cells expressing Engrailed (reviewed in Peirer
and Bejsovec. 1992). Likcwi~e. Armadillo is 717(' identical
to p-catenin (McCrea el .11 .. 1991). and Zestc-while 3 is
76th i<.h;lltie~1I to GSK-:\P (Siegfried et al.. 1992: d~ Groot
et al.. 1(93). This by it~elr. however. doe:-.. not proVl: that
the mammalian hOlllOlogs arc required for II'IIf signaling,
The definitive resolution or thi:-.. question will n;quirc that
mutations h~ made in p-eatcnin and GSK-3p. An intrigu­
ing hilll has elllerg~d suggcsling that 1\'1/1 signaling will
opcratc via the same pathway as that for II',!:, When allti-~­

eaten in antibody is injcctcd into Xel/o/m.\· embryos. it results
in dorsal axis duplic;llioll (McCrea et al.. /YY3) very similar
to Ihal prodtH.:ed by \\'11/ RNA injCl:lioll (McMahon and
Moon, 19X9: Sokol 0' aI., 1991: Smith a"d Harland. 1991).
Further. Bradley et al. (IYl)4) havc demonstrated an cllcct
or Wnl-I Oil acculllulation 01" (he olhcr Armadillo homolog

plakoglobin and on aceumulalion of E-c:tdherin ill vel'­
te.:brate.: tissue culture edb. alld have ~hown tll;11 thi~ change.:
alters cell adhesive propertic~. These rl:~ults. together with

those from Drosophila. ~uggc:-.t that Armadillo/~­
c'llenin/plakoglobin and adheren~ junctions arc part of <.I

con~ervcd SCi of ccllul;lr machincry required for transduc­
tion or particular cell-cell signals, Our current challenge is
to define the biochemical rolc of Armadillo in the I\'g signal

transduction proccss.

We vcry gralcfulto all or ollr colleague... who :-har~d dala hcfor~

publicalion and provided valuablc insight into its interpretation,
We would like 10 Ihank e~pccially D. Sweeton and E, Wiesehalls,
who havc helped ....hapc our viL:w of Anll;ldill()'~ role in develop­
ment. Wc would abo like til thank A. ]J~.i,,,,(lVCI.:. N. DlIB\li:-. II.
llarkin!'l. ~l1ld M. Valcneil... wilu hclpcd darify the manllscripl. and
S. Whitlicld for l~tlcnled graphic ;lflislry, Work in our hlh is
supportcd hy grarlls from tile N.L1!.. l11c SL:"r1~ Schol;trs Pl'Ilgralll.
ilild IIlL: Man.:h 01" Dirne~.
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