iRESEARCH ARTICLE

Interaction Between Wingless
and Notch Signaling Pathways
Mediated by Dishevelled

Jeffrey D. Axelrod, Kenji Matsuno, Spyros Artavanis-Tsakonas,
Norbert Perrimon*

In Drosophila, the Wingless and Notch signaling pathways function in many of the same
developmental patterning events. Genetic analysis demanstrates that the dishevefled
gene, which encodes a molecule previously implicated in implementation of the Wingless
signal, interacts antagonisticaily with Notch and one of its known ligands, Deita. A direct
physical interaction between Dishevelied and the Notch carboxyl terminus, distal to the
cdc10/ankyrin repeats, suggests a mechanism for this interaction. It is proposed that
Dishevelled, in addition to transducing the Wingless signal, blocks Notch signaling di-
rectly, thus praviding a malecular mechanism for the inhibitory cross talk observed

between these pathways.

Dmsophila Wingless (Wg), the homalag aof
the mouse oncopratein Wnt-1, is 3 secreted
glycapratein signaling molecule required for
a variety of inductive signaling events during
hoth embryonic and imaginal development
(!, 2. Genetic analysis has identified several
genes, dishevelled {dsh), reste-white 3 {xw3,
alsa known as shagry), and armadillo (arm},
whaose products are required for transduction
of the Wg signal. dsh encodes a conserved
protein {3} of unknown funcrion (4, 5}, w3
encodes multiple serine-threonine kinases
homologous ta mammalian glycogen syn-
thase kinase—3 (8), and arm codes for a ho-
malag of B-catenin (7). To date, molecules
directly involved in reception of the Wg
sighal on the cell surface have remained
elusive. The following model has been pro-
pased for We signal cransduction: Upon sig-
naling, Dsh, the mast proximal known cam-
panent of the response pathway, antaganizes
Zw3 activity, thereby derepressing a We-
specific function of Arm, resulting in activa-
tion of rarget gene expression [(4, &, 9);
reviewed in {2}].

During wing imaginal disc development,
Wy is required in spacially and temporally
separahle steps. Between 48 to 96 hours
after egg laying (AEL), Wg expression in
the ventral campartment is required for cor-
rect dorsalfventral (OfV) pacterning (10,
[1). Estahlishment of the DfV boundary
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precedes the later pattern of Weg expres-
sion—a stripe at the presumptive margin
{[[-16). Beginning shortly after 96 hours
AEL (mid-third instar), signals emanating
fram the margin determine the position of
margin-specific structures, including the in-
nervated sensory bristles anteriorly and
noninnervated bristles pasteriotly. Four
abservations indicate that Wg determines
the pasitien of bristle development. (i)
The stripe of Wg expression coincides
with the presumptive wing margin during
this period {11-14}. (i1} Reduction of Wg
activity during late third instar results in
wings devoid of margin bristles (13, 14).
{iii) Wg controls expression of the achaete-
scute complex (AS-C) proneural genes at
the margin, whose activation is required
ta achieve the neural fate {14, [7). {iv)
Ectopic Weg expression produces ectopic
margin scructures (16).

Several observations have suggested a
role for the Notch (N) gene in a variety of
Wemediated signaling events. These in-
clude related phenatypes in loss-of-funcrion
mutants (13, 18, 19}, isalatian of wg muta-
tions in screens for genetic madifiers of N
{20) and vice versa {2]), and genetic incer-
actions hetween N and wyg (20-22).

N encodes a receptor in an evolutionar-
ily conserved signaling mechanism that,
through local cell interactions, controls the
fate of a braad spectrum of cells (23). The
hest-characrerized function of N is in medi-
ating lateral signaling (alsa called lateral
inhihition) between tmmature neighboring
precursar cells, thus regulating cheir re-
spanses to specific developmental signals. N
is a 2703—amine acid protein with a large
extracellular domain containing 36 tandem
epidermal growth factor (EGF)-like repeats
and a 938-amino acid intracellular domain
bearing 6 tandem edelQfankyrin repeats
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{24). Genetic and molecular studies have
identified several genes that are believed to
encade elements of the N signaling pathway.
These include the membrane-hound ligands
Delta {Dl) and Serrate {Ser), the eytoplas-
mic protein Deltex. (Dx), and the nuclear
proteins encoded by wmastermind (mam),
Hairless (H}, the Enhancer of split complex
[E{spl)], and Suppressor of Hairless [Su{H)]
{23). Dl and Ser hind te specific EGE repeats
in the N extracellular domain (25), whereas
the intracellular ankyrin repeats are neces-
sary far N signaling activity (26-28). The
cytoplasmic proteins Dx (29, 30) and Su{H)
interact with N at or adjacent to the ankyrin
repeats {31, 32). Su(H) appears to transla-
cate to the nucleus, where it activates tran-
scription, perhaps in a complex with a pro-
teolytic fragment of N (31, 33).

Genetic analyses have implicated both
N and wg in establishment of fV pattern
in the wing as well as in induction of bris-
tles ac the margin {16, 34-36, and referenc-
es cired above). However, the precise rela-
tion hetween the N and Wg signaling path-
ways remains unclear. We have therefore
attempted to gain insight into the relation
hetween N and We by studying specifically
the role of N in the We-dependent induc-
tion of briscles. Our results indicate that
Dsh mediates Wg signaling to specify sen-
sory mother cell (SMC) development. N
signaling, in contrast, represses SMC devel-
opment. We find that in addition to trans-
ducing the Wy signal, Dsh also inhibies N
activicy to facilitate implementation of the
Weg signal. We have identified a physical
interaction between Dsh and N and show
that this interaction maps to the COOH-
terminal cytoplasmic cail of N, a domain
with no previously assigned function. The
molecular interaction berween Dsh and N
provides a direct molecular [ink that can
account for che crass talk between the twao
signaling pathways.

An ectopic bristle—induction assay. At
least two distinet roles far Dsh in We-
dependent signaling at the wing margin can
he discerned. Disruption of W signaling by
induction of cell clones mutanc for dsh gives
rise to two distinet wing phenotypes. When
large clones intersect the margin (induced
before 72 haurs AEL}, the margin is fre-
quently lost, resulting in nicks (Fig. 1B) (4,
37). In contrast, smaller clanes {induced
afrer 72 hours AEL) often leave the margin
intact, but hriscles fail ta develop in murant
cells (Fig. 1C). These results are reminis-
cent af the phenatypic cansequences of lass
of wg activity in the wing, which also results
in nicks or bristle loss {13, 14, 19). Speeif-
ically, earlier loss of Wy activity results in
failure to establish DfV compartmentaliza-
tion (10, 11, 15}, whereas late loss can
result in either loss of growth-organizing
activity (18) or the ahsence of bristles {13,



[4). We propaose that establishment of dsh
mucant cell clones befare determination of
the DfV houndary can result in loss of che
margin. Hawever, if dsh mutant cell elones
are estahlished after grawth-organizing ac-
tivity is completed ar if they abut but da not
span the margin, clones are recovered that
result only in loss of hbristles. Therefore,
distinct events dependent on wg and dsh
can be identified in wing patterning. The
rematnder of our analysis will focus solely
an the later role of Dsh and Wg in hristle
development.

Because studying bristle developmenit at
the margin is complicated by the earlier
YV pattermning and growth-organizing
events, we devised an ecrapic bristle-induc-
tion assay. Ubiquirous averexpression of dsh
during the time of endogenous bristle in-
duction results in induction of ectopic bris-
tles. Pulses of dsh overexpression, driven
from the hsp70 promoter (Hs:dsh) during
late third instar (108 o 120 hours AEL)
{38), result in the develapment of supernu-
merary bristles in the interior of the wing
(Fig. 1, D ra F), The bristle types (stout,
slender, and recurved) are appropriate for
the dorsal or ventral surface on which they
appear, and are biased toward the margin.
Because endogencus dsh mRNAs are uni-
formly expressed in imaginal discs (39), it
appears that Dsh overexpression rather

than misexpression is respansible far the
occurrence of ectopic bristles. The ectapic
bristle phenotype is not restricted o the
wing: Qverexpression of dsh also results in
duplicarion of the Wg-dependent scutellar
bristles (Fig. 1G) {13, 38). However, we
will argue that the wing provides a semi-
quantitative readaut of the strength of the
inductive signal, and have therefore focused
gur attention on the wing bristles.

Farmation af the ectopic bristles can be
visualized in imaginal discs by use of the
enhancer trap line A10I, which labels the
SMCs {40). In Hs:dsh animals, ectopic
SMCs first appear in late third instar and
are evident at succeeding stages in a pattern
suggestive of the ensuing pupal phenotype
(Fig. 1, H and I). The ectopic bristles clear-
ly develop well beyond the domain in
which wild-type AS-C expression is seen
(17} and thus represent de novo proneural
induction. Thus, dsh overexpression induces
extra bristle formation by recruiting extra
epithelial cells to the neural developmental
pathway.

At the wing margin, wg has been sug-
gested to encode the inductive signal con-
trelling hriscle development {13, 14). To
demonstrace this hypachesis, we ectopically
expressed wg in the interior of the wing
hlade, The GAL4 system (41) was used to
drive wg expression in the patched (ptc)

exprassian damain, resulting in ectopic bris-
tle development in the corresponding re-
gien (Fig. 2A) (38). Therefore, Wg can act
as a bristle-inducing signal. We alsq tested
whether ectopic bristles in Hs:dsh animals
are Wg-dependent by inducing Hs:dsh in a
wg® hackground {38). Lass of Wg activity
beginning shortly before Dsh is overex-
pressed completely aholished the ectopic
bristle respanse (Fig. 2, B and C). Con-
versely, overexpression of Wg enhanced the
ectapic bristle response. Whereas misex-
pression of wg from the hsp70 promoter
{Hs:awg) is too weak to induce a phenotype
alore, induction of Hs:wg together with
Hs:dsh patentiates the response to dsh, caus-
ing hristles to form well inta the interior of
the wing in the vast majority of wings, as
compared with induction of Hs:dsh alone
(~90% versus ~10%) (38). This finding is
consistent with the model thac dsh overex-
pressian activates bristle induction by po-
tentiating We signaling.

Several observations indicate that the
maximum distanee of ectopic hristles from
the margin depends on the levels of hath
We and Dsh proteins and therefore refleces
the strength of the inductive signal. {i) The
extent of ectopic bristle induction depends
on the amount of Dsh averexpression. The
territory in which ectopic bristles appear
stretches to progressively greater distances

Fig. 1. Effects of altered dsh
exprassion on patteming  of
wing tristles. {A] Witd-type
wing. B) A large clane of dsh
mutant cells, induced hefare
72 haurs AEL, is assaciated
with a noteh in the wing mar-
gin. (G A small clone af dsh
mutant ¢alls at the wing mar-

gin, induced .later than 72
hours AEL. The mutant cells,
marked with v and /3% [pro-
ducing cursed hairs (arrow)],
fail to elabarate bristles. {D o
F) Dose dependency of ectop-
i bristle formation resulting
fram dsh overexprassion. Ec-
tapic bristles resulting from (O

and E] a 0.74- or (F} 1.5-haur
late third instar heat shack of
animals carrying ane copy of
Hs:dsh. (E) Detail of the wing
shown in D). Arrows dencte
the increased extent ta which
bristles develop in the interiar
afthe wing with increased heat
shack, Altering the dose of the
Hs.dsh transgene has a similar

effect an the extent of ectapic

bristle developrnent (38). {G] Ectapic scutellar bristles resulting frorm averex-
pression of Dsh fram UASdsh driven by pteGAL4 (38). Ectopic macrachaete
and micrachaete ars indicated by large and small filled arraws, respectively. (H
and ) A7071 staining reveals SMCs inwild-type and Hs:dsh pupal wings. Discs
were dissected fram pupae at ~2 hours after puparium formatian fapf. In
wild-type (H), SMCs develap in twa parallel raws alang the presumptive
margin. At late third instar, only the precurscors af the chemareceptars are
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vigibile, and shortly thereafter all SMCs have appeared and undergo divisions
hetweaan ~2 to 14 hours apf (54). {l) Wing disc dissected frorm a Hs:dsh/+
larva marked with A107, after heat shack during the last 12 hours af third
instar. The twao rows of SMCs at the margin are expanded relative to the wild
type, thereby producing ectapic SMCs autside the domain of wild-type SMGC
induction. Additianal ectapic SMCs an the apposite sida af the disc are aut of
focus and nat clearly visible in this view.
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from the margin with increasing levels of
Hs:dsh {compare Fig. 1, I and F). (ii) The
distanee of ectopic bristles from the margin
ts increased by superimpasing ectopic We
expression on the endogenous pattern,
thereby increasing Wy levels at all positions
in the wing. (iii) The ectopic bristles are
mare numerous near the margin, where en-
dogenous We is most highly expressed. This
graded, marginacentric pattern  suggests
that dsh overexpression aces to potentiate
the response to the endogencus stripe of
We expression at the margin., Thus, the
maximum distance of ectapic bristles from
the margin induced by dsh averexpression
serves as a semiquantitative indicaror of the
strength of the inductive signal.

We canclude thar the ecropic bristles
developing in response to averexpression of
dsh are generated by a mechanism similar to
that governing formation of bristles at the

Fig. 2. Wg dependence of ectapic bristles. (A)
Ectopic bristles induced by expressian of Wq in
the ple expression damain. pte is expressed
along the anteriar-posteriar boundary of the wing,
and the occurrence of bristles in this pattern indi-
cates that ectopic Wy is able to induce ectapic
tristles. (B and €) Pupal wing phenatypes result-
ing from lass of Wy activity in third instar, sither
withaut {B) ar with {C] dsh overexpression. Typi-
cally, a small amount of residual \Wg activity re-
rnains, producing a narrow margin phenotype at
the distal anteriar margin, Ectopic bristle forma-
tion from dsh guerexpression is abolished in the
absence af Wy activity in third instar {C), althaugh
the distal anteriar margin may bear somewhat
more kristles than in the absence of dsh overex-
pression.  Sibling TAhs-dsh, wgt'"/Gla flies
showed areduced penetrance and expressivity of
ectopic bristles, indicating that even heterozygos-
ity for wg partially suppresses the ectopic bristle
phenotype (nat shawn}. The wings have been in-
flated and flattened, thereby distorting the veins.
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wing margin. Their induction is wg-depen-
dent, and the timing of the requirement for
dsh averexpression coincides with char ob-
served for Wg and Dsh in induction of
bristles at the margin. Because the forma-
tion of ectopic bristles is temparally and
spacially distinet from the establishment of
the DYV houndary, we can speeifically assay
the effects of altering expression of other
genes on the bristle-induction pracess. The
mechanism underlying formation of ectopic
bristles can thus serve as a maodel system for
understanding the development of bristles
at the margin.

Antagonism between Dsh and N. To
elucidate the function of N during bristle
induction an the wing, we tested the effect
of altering the level of N activity during the
induction of ecropic bristles by Hs:dsh (38).
Ectapic bristles generated by strong pulses
of dsh overexpression were found well into
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the interior of the wing at a much higher
frequency in N heterazygotes than in a
wild-type background (==90% versus ~10%;
Fig. 3A). Reduction of N activity thus po-
tentiates bristle formation in the interior of
the wing blade, indicating that N and Dsh
have opposing effects on bristle induction.
This relation is clearly abserved at the [evel
af SMC induction, where a marked expan-
sion af the SMC domain is seen (Figs. 3B
and II). A similar, though less rahust, result
was obtained when 3 dominant-negarive N
construct, N2ed<10 (36Y was expressed to-
gether with Hs:dsh (39). Conversely, dupli-
cation of the N locus, or exprassion of an
activated N {Hs:N™™) (42), suppresses the
ectopic hristle phenotype (39). We con-
clude that in the interior of the wing blade,
N and the Wg pachway exert oppaosing, dos-
age-dependent effects on bristle induction,
with Wg activating and N inhibiting induc-
tior. [t follows thar, in a wild-type back-
graund, induction of ectopic briscles by Hs:
dsh must avercame the antagonism mediat-
ed by wild-type levels of N.

Because Dl is a ligand for N, and bath
act togerher in regulatian of hristle devel-
apment on the notum, we rested whether
[ inhibits bristle induction an the wing.
Accordingly, ectopic bristles were induced
with Hs:dsh in a [N hererozygous back-
ground. As with N, decreasing the dosage of
DI potentiated che Hs:dsh-dependent ectop-
ic bristle response, therehy enhancing the
severity of the ecropic bristle phenotype
(Fig. 3D). Conversely, if ectopic bristles
were induced in the presence of an extra
copy of DI, the severity of the phenotype
was reduced (39). Thus, DI has an activity
similar ta N in suppressing bristle develop-
ment. In summary, hoth N and DIl mediate
a signal chat is anragonistic to thar of Wg
and Dsh in ecropic bristle induction. We
propose that a similar antagonism exists
between the two pathways during wild-type

Fig. 3. N and Dl supprass the formation of ectopic
bristles in the interiar of the wing blade generated by
Hs.dfsh. (A) The phenatype of a pupal wing after aver-
expression of dsh (1.8-hour pulse delivered in the last
12 hours of third instar) in an M heterozygote, The
view is fram the anterior, with the unfused ariterior
darsal and vertral surfaces seen. Ectapic brigties are
seen thraughout the wing blade in mast wings of this
qgenatype. (B and C) A{07 ataining revealing the SMC
pattern in ~2-haur apf (B) and ~&-haur apf (C) pupal
wing discs after a 1.5-hour pulse of dsh auerexpres-
sion during the last 12 hours of third instar. SMCs fill
the anteriar carnpartrment (campare to Fig. 1, Hand ).
Althaugh hristles alse arise in the posterior, they are
not innervated, and their precursors do not express
A107 until later in developrment. (D) Pupal wing result-
ing fram dsh cverespression {1.5-hour pulse) in a DI
heterozygate. The bristle pattern resembles that seen
in (A This wew shaws the posteriar partion of the
wing, which is filled with bristles. Some anterior bris-
tles can be seen in the bottom right af this view,



bristle induction. _

Physical interaction between Dsh and
N. Dsh is the mast proximal known com-
ponent in the Wg signal transduction path-
way. Because Dsh is thought to be mainly
cytoplasmic (43}, and because the N pro-
tein is a receptor that resides in the mem-
brane, we tested whether Dsh might inter-
act directly with N to potentiate Wg signal
transduction. Using a quanticative yeast in-
teraction trap system, we found evidence far
a direct physical interaction between Dsh
and a fragment of N (Fig. 4) (44). With the
use of smaller pieces of Dish, the interaction
was mapped to the NH,-terminal half of the
Dsh protein. Dsh fails to interact with a N
fragment bearing the cdelQfankyrin repeats
and adjacent regions. The cdclOfankyrin
repeats or nearby sequences hind Dx and
Su(H) (29-32) and appear to he required to
mediate N signaling (26-28). Instead, Dsh

Fig. 4. OshbindstoNin A
the yeast interaction trap
assay. (A] Constructs
used ta test binding of
Osh and MN. N fragments
ICN1 and ICGNZ  were
fusad in frama to a tran-
scriptianal activator do-
main, and the Dsh frag-

-

EGFH

fin12/M

SRR

was shown to interact with the COQOH-
terminal end of the N cytoplasmic domain.
This finding suggests that a physical inter-
action accurs between Dsh and a domain of
N having no previously assigned function.

To carroborate the binding resules in a
Drasophila assay, we examined the relative
colocalization abilities of N and Dsh pro-
teins after coexpressing them in Drosophile
Schneider 2 {(S2) cells in culture (45). Co-
transfected cells were aggrepated with cells
expressing DI, a membrare-bound ligand
for N, to praduce a “mutual capping” of N
and Dl at the point of cellular cantaer (46).
Figure 5A shows caolocalization between
Dsh and the “capped" N, consistent with
hinding af Dsh ta N. In contrast, we found
that deletion of the intracellular domain of
N resuleed in failure of the Dsh pratein to
colocalize with the capped, truncared N
molecules (Fig. 3B). A requirement for the

B soq

MW ICNT
1 O IGN2
Mone

451

49 I
a5

ments ware fused in
frama to a LexA DNA edel10/ank

binding damain  {44). J
Boxes in the Dsh pretein pesy -
represant damains con- Netch
served  among  knawn
Dsh proteins from other
species, (B} Averaged
results of four indepen-
dartt assays for nterac-
tion af N and Dsh {44).
Each Osh consfruct was
tested againat  ICNT,
[CNZ, and with ng inter-

Yd4BN

1CM2

Yd4 co—r——r—
Yddad ——r—o
' e SE R

Dishauveallad

25+

:

ICH1T

Positive control (%)

actor nane). Yd4 was also tested against, and shown not to interact with, a Ras derivative lacking the
CQCH-terminus that is known to interact with Baf in this assay. A significant mteraction was noted onty
for IGN2 when tested agamat Ydd or YddAX. Note that full-length Dsh {Yd4) and the NH_-terminus of Dseh
(YddAX) have garme intrinsic activity as transcriptional activatars. Sarme of the activity of Yd4AX is

sauelched by ICN2. Error bars, standard deviations.

Fig. 5. Colocalization af
Dsh and M in transfacted
Schneider cells. Canfocal
micrascope images of Ora-
sophia S2 calls are present-
ad as spiitimages, with Cish
shown in green (rght) and N
in red {left). Dsh was coex-
pressed (A) with full-length
N ar (B) & truncated form of
N that deletes the cytoplas-
mi¢ damain [pTECN (£24]).
After expression, the cells
were alowed ta aggregate
with DI expressing cells as
described (29). The subcel-

lular logalization of Dsh in relation to the N capping site at the cellular contact
between N and Ol is shawn (arrows). Colacalization of N and Dsh in the caps
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intracellular domain of N for colocalization
of Dsh provides further evidence that Dsh
binds the intraceliular damain of N. Dsh
‘thus interacts specifically with the cytoplas-
mic tail of N, causing it ta colocalize in 52
cells. . :
Finally, we examined the tnteraction be-
eweenn Dsh and the COOH-terminus of N
in viva. We tested che ahility of Dsh to bind
the COOH-terminus of N hy expressing
two N derivatives and assaying their effects
an ectopic bristle tnduction (38). First, if
Dsh binds to the N COOH-terminus, its
activity should he titrared by expression of
the N COQOH-terminus alone. Figure 6C
shows that expression of the N COOH-
terminwus inhihited Dsh-dependent ectopic
hristle induction. Second, if Dsh antagoniz-
es N by binding its COOH-terminus, then
deletion of the Dsh binding site from N
should produce an aerivated form of N.
Taogether with Dsh averexpression, expres-
sion of a N derivative lacking the Dsh
binding site acts 3s a dominant gain-of-
funcrion allele, repressing ectapic bristle in-
duction (Fig. 6D). Therefore, deletion of
the Dsh hinding site in N allows it ta escape
supprassion by Dsh. Conwversely, expression
of the Dsh binding site titrates Dsh, black-
ing its ability to induce ectopic bristles,
The above experiments, taken together,
suppart the propaosal that Dsh interacts with
the N COOH-terminus. Further, they sug-
gest that these interactians cantribute in
viva to the antagonistic rales of Dsh and N
int regulation of rarger gene expression.
Dsh inhibits N function. Wg signaling
provides a mandatary inductive signal re-
quired to activate proneural genes in the
wing, whereas N acts tndependently to
block commitment to the proneural cell
fate. The genetic interactions between Dsh
and N described abave could reflect com-
petition between the twa pathways at the
level of target gene regulation. However,
the evidence for a physical interaction be-
tween the twa proteins suggests the possi-
hility that an additional mechanism may be

depends on the presence of the intracellular domain of N, At least 75% of
indiviciual M capping sites showed colocalization with the Dsh protein.
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aperative: inhibition of N signaling by Dsh,
or inhibition of Dsh (and We) signaling by
N. Ta test whether Dsh overexpression can
inhibit N functior, we asked whether Dsh
can block an activity of N that is indepen-
dent of We, namely, its rale in lateral inhi-
bition. The development of the micro-
chaete an the natum appears nat ta require
W, but the density of micrachaete is can-
tralled by the lateral inhibition funetion of
N (47). dsh averexpression, indueced by use
of the GAL4 system, produces a marked
increase in the density of the micrachaere,
demonstrating  that  dsh  overexpression
blocks N activity during lareral inhibition
{Fig. 7, A and B) (38). Similarly, during the
refinement of the proneural clusters at the
wing margin, N function can be inhibited

Fig. 6. In vivo function of A
the Dsh binding site in M.
{A) Schematic diagram of
the structures af M detiva-
tives used hera, (B) Ec-
tapic  bristles  resulting
from Dsh averaxprassion
driven by the heat shock
promater hetweaen 7 and
12 haurs befare pupariurm
formatian thpf) (38). (C) Si-

EGFR

lini2m
cde10fank

pest |

Notch  1CM2  NABam/RY

by Dsh. dsh averexpression during this time
{120 to 122 hours AEL) results in bristle
hyperplasia and loss of normal patterning ac
the margin, consistent with a failure of lat-
eral inhibition (Fig. 7, C and D} (38). This
phenatype is reminiscent of the SMC hy-
perplasia seen with loss of temperature-sen-
sitive N function during approximately the
same time period (34). Thus, dsh overex-
pression. can block N activity in lateral
inhibition, supporting the model that Dsh
also blocks N function during proneural
induction by Wy, In addition, vein forma-
tion in the wing is dependent on N, but nat
an Wg. Overexpressian of Dsh in the wing
by use of the GAL4 system can distupt vein
formation, producing phenotypes reminis-
cent of N mutants {39). Disruption of hoth

maltaneous overexpres-
stan of Bsh and NaBamAY
each from the heat shack
promaoter between 7 and
12 hours bpf, ICN2 sub-
stantially suppresses the
ectapic Bristle respanse,
consistent with its ability
ta bind Osh. (D) Simulta-
neous overexpressian of
Osh and NABamEY - agch

fram the heat shock promater between 7 and 12 hours bpf. The N28amAY sonstryct substantially
suppresses the ectapic biristle respanse. This suppressian is greater than that mediated by simultanacus

averexpression of wild-type N (nat shawn), NABam™Y therafore appears to act a3 a dominant gain-of-
funetion allele, escaping repression by Osh and constitutively repressing bristle inductian.

Fig. 7. Gverexpression of Osh dis-
rupts lateral inkibition. To  test
wheather Osh can black N during lat-
eral inhibition, Osh was overex-
prassed during lateral inhithition on
the natum and during refinement of
the proneural clusters at the wing
margir. (A} A wild-type notum,

showing the normal array of micre-

chagte. (B) Natum fram an animal in
which Dsh was overexpressed from
UASdsh driven by rhGAL4 (38)
The density of macrochaste is
markedly increased, suggesting
that N-mediated lateral inhibition is
suppressed. (C) Wing from a Hs:
cish fiy after a 1.5-haur heat shock
immediately after puparium forma-

tion. (D) Cetail of the: anterior margin

of a wing similar ta that shawn in (C). Note the extra hristles clustered around the margin and the loss af

normal architectura. Several instances of bristles arising immeadiately adjacent ta ane anaother ara indi-
catad [arrows in {C)]. In contrast, the normal margin architecture is retained when the heat shock is

perfarmed befare puparium farmation (see Fig. 1E).
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lateral inhibition and vein development by
Dsh averexpression pravides evidence that
Dsh can antagonize the activity of N.

A maodel for the roles of Wg, Dsh, and
N in cell fate specification. Correet cell
fate decisions require the integration of
multiple inteccellular signals. Inductive
signals are produced by cell types different
fram the responding cells, and instruct
thase decisions. [n concrast, [ateral signal-
ing occurs among a group of equivalent
cells to restrict responses to a subset of the
group. The mechanisms whereby cells in-
tegrate these inputs are largely unknown.
The activities of the We and N pathways
in bristle induction on the wing serve as a
madel for the integration of information
fram an inductive and a lateral signaling
pathway.

A madel for the interaction berween N
and camponents of the Wg pathway is pre-
sented in Fig. 8. Wg protein is secreted from
a localized source that determines the posi-
tion of the relevant respanse, such as bristle
formacion. Wg signaling activates Dsh,
which then antagonizes Zw3, thereby dere-
pressing AS-C expression and SMC devel-
apment and resulting in development of the
adult sensilla. Independencly, N acts as a
suppressor of AS-C. The level at which N
acts to suppress AS-C expression is un-
known, perhaps working by a general mech-

5
it

AS-C

Fig. 8. A madel for the rofes af Dsh and N in Wg
signal transduction. Dsh is proposed to inhibit N
function by binding ta the COOH-terminal and of
the eytoplasmic damain. tt may function by stabi-
lizing an inactive confarmatian of the N pratein.
The mechanism wherely N blacks AS-C tran-
seription s unknawn, A cytoplasmic fragment of N
has been proposed ta camplex with Su(H) to reg-
dlate transcription of Efspf in a hoamelogous
rnouse systern {33), and such a mechanism may
function here. Hawewver, N may act mare directly
to inhibit the Wa signaling pathway. Arm localiza-
tion is regulated by Zw3, and Dsh blocks this
activity, Osh may regulate the aativity of the Zwd
kinase directly or may exert a carmpeting effect an
its target.



anism that suppresses responses to inductive
signals (23, 48, 49) ar perhaps warking
mare directly to affect the function of the
Wg pathway. We signaling overcomes N-
mediated suppression, and we propose that
this inhibition of N activity oceurs through
a direct interaction between Dish and the
COOH-terminal domain of N. Dsh may
accomplish this function hy disrupting the
ability of a N fragment and irs associated
effectars to acr as transcriptional regulatory
factors in the nucleus {33).

We provides an instructive signal chat
speciftes bristle development at the wing
margin. As previously summarized, the Weg
expression pactern coincides with the bris-
tle pateern, lass of We funcrion specifically
during the end of third inscar results in loss
of bristles, and We function is required to
acrivate AS-C expression. In addicion, we
demonstrate that ectopic Wy expression ac-
tivates ectopic bristle development. Fue-
thermare, companents of the Wg signaling
pathway are requited to generace bristles.
Dsh {4, 14) and in this article] and Arm
(14, 39} are needed cell autanamausly for
bristle induction, whereas yw3 clones ec-
‘tapicatly activate AS-C and produce bristles
(50}, All known components of the Wy
signal transduction pathway are therefore
active in bristle induction.

N is also involved in bristle develop-
ment. N appears to play a tole in refinement
of the praneurtal regton ar the wing margin,
similar to its role in lateral inhibition during
hristle development on the notum. In addi-
tion, we describe an earlier role for N during
induction of the proneural region: N acts to
repress the proneural cell fate change in-
duced by Wga. Wg signaling must cherefore
overcome this inhibitary activity of N.

The data presented here argue thar Wg
signaling avercomes N function by a direct
interaction. Three independent assays have
been presented thac indicate that Dsh binds
to the COOH-rerminal half of the N eyto-
plasmic domain. An in vivo assay supparts
the funcrional relevance af this binding and
is cansistent with the hypothesis that Dsh
antagenizes N by binding to chis domain.
The Dsh binding domain in N maps distal
to the cdelQfankyrin repeats and cherefore
defines a previously unrecognized function-
al elemenr in the N prorein.

The physical interaction between Dsh
and N suggests that the observed genetic
interactians may result from direct contact
between these rwa prateins. Although we
would like to order the activities of N and
Dsh in a pathway, epistasis analysis is not
possible by use of the ectopic bristle assay.
However, from the ohservation that dsh
averexpression blocks lateral inhibition,
and the ohservation thar Dsh binds N, we
infer that Dsh acts upsteearm of N to inhibit
its action n bristle induction as well.

Adthough inhibition of N funection must
occur to induce bristle development, it is
not the sale role for We signaling in bristle
development; in the interior of the wing,
simply blocking N activity by making N
rucant clones is not sufficient to induce
AS-C ar to make bristles (34, 51}, Rather,

 We must also actively induce AS-C exptes-

sion, and components af the Wg pathway
downstream of Dsh are required for this
activity. Dsh may therefore serve as a
branch paint, both activaring the Wg path-
way by overcoming Zw] activity and inhib-
iting N function by direct binding.

Previous reports that describe the relation
hetween N and Wg signaling show conflict-
ing observarions. It has been proposed that
N activity synergizes with Wg ta specify
bristles (20, 21) and that N may act as a
receptar for Wg (21, 36). In contuast, it has
heen suggested thac Wg can specify AS-C
expression at the wing margin in the absence
af N, indicating that N is not required far
Wy signal transduction (34). These appar-
ently conflicting ohservations may be recon-
ciled by recenc dara suggesting that N activ-
ity induces wg expression m irnaginal discs
during establishment of the D/V boundary
{16, 35). The apparent coaperation hecween
Wz and N may therefare reflect this relation.
However, 2 rale for N in reception of che We
signal has not been ruled out.

It is interesting that N, Wg, and Arm are
found ar adherens juncrions, thought to be
sites for cell-cell signaling events (52}. Fur-
therthore, Dsh contains a discs large hamaolo-
gy region (DHR) domain present in several
proteins that localize to intercellular junctions
{4, 5. This ahservation suggests thar N tay
interact with DOsh (and perhaps other signal-
ing pathways) by participating in a complex at
adherens junctions. Reeently, Dsh has been
shown to become hyperphosphorylated in re-
sponse to Wg (43). In addirion, a small frac-
tion of the eyroplasmic Dsh pool translocates
to the membrane under these conditions.
Similarly, a fraction of the rotal Dsh pool
appearts to bind N in the calocalization assay.
It is nat yet known if phaspharylation of Dsh
is required for, ot is a resule of, its interaction
with N. In addirion, it has been suggested that
activated forms of N move to the nucleus,
where they participate in complexes that di-
rectly regulare gene expressian (33). It will he
important to determine whether Dsh regu-
lates or participates in formation of rhese
complexes. Future molecular models for Dsh
funcrion must account for ies role as a link
berween the inductive signaling mediated by
We and the lateral signaling mediated by N.
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