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Signaling Specificity by Frizzled
Receptors in Drosophila
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Whnt-Frizzled (Fz) signaling pathways play recurring important roles during the
development and homeostasis of vertebrates and invertebrates. Fz receptors
can signal through B-catenin—dependent and —independent pathways. In Dro-
sophila, Fz and Fz2 are redundant receptors for Wg. In addition, Fz conveys
signals through a distinct pathway to organize planar polarization of epithelial
structures. We demonstrate that the cytoplasmic sequences of Fz2 and Fz
preferentially activate the 3-catenin and planar polarity cascade, respectively.
Both receptors activate either pathway, but with different efficiencies. Intrinsic
differences in signaling efficiency in closely related receptors might be a general
mechanism for generating signaling specificity in vivo.

Pattern formation in multicellular organisms
relies on specific inductive signaling events.
Many evolutionarily conserved signaling
pathways are used at multiple times during
development to induce tissue- and cell type—
specific responses (/). Despite the impor-
tance of context-dependent signaling speci-
ficity, the underlying mechanisms have re-
mained elusive.

Frizzled (Fz) proteins act as receptors for
Wnt ligands. Most Wnt-Fz signal transduction
pathways involve the posttranslational stabili-
zation of the intracellular protein 3-catenin (B-
cat/Arm) (2, 3). However, some Fz receptors
can also signal through pathways independent
of the Wnt—B-cat (Wg-Arm) cascade (4-38).
Both pathways use Dishevelled (Dsh) as a
transduction component, raising the intriguing
question of how two structurally related recep-
tors signal through a common protein into dis-
tinct effector pathways. In Drosophila, Fz and
Fz2 are redundant receptors for Wg, activating
the Wg-Arm cascade (9-/3). Nevertheless,
functional differences between Fz and Fz2 in
Wg-Arm signaling remain. Fz2 has a higher
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affinity for Wg than Fz (12, 14), and removal of
either Fz or Fz2 has subtle, but different, effects
on the patterning of the embryonic nervous
system (9). Moreover, only Fz is specifically
required for epithelial planar polarity by signal-
ing through a Wg-Arm—independent pathway
“,6,7).

Fz overexpression during Drosophila eye
development (/5) causes a gain-of-function
(GOF) planar polarity phenotype (4, 16).
Overexpression of Fz2 in the developing
wing activates Wg-Arm targets (/4, 16). To
compare the functional equivalence of Fz and
Fz2 (we will refer to Fz as Fz1) for activating
either the planar polarity or Wg-Arm path-
ways, Fzl and Fz2 were expressed with tis-
sue-specific enhancers (/7) in imaginal discs
during Drosophila development (/8). Where-
as Fzl overexpression in eye (Fig. 1A) (4,
16) and wing discs (/9) resulted in planar
polarity phenotypes, Fz2 expression led to
planar polarity defects with only very low
penetrance (<1%) (Fig. 1B). Conversely,
overexpression of Fz2 in wing imaginal discs
led to formation of ectopic bristles [a wg
GOF phenotype (14, 16, 19)], whereas Fzl
overexpression did not affect bristle forma-
tion (16, 19). Thus, Fz receptors have distinct
signaling abilities in imaginal discs, despite
their redundant role for Wg-Arm signaling in
loss-of-function (LOF) analysis (9-13).

To assess Wnt—{3-cat signaling in a quantifi-
able in vitro assay, we injected both receptors
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into Xenopus embryos and analyzed Wnt target
induction in animal cap explants (20-23). In this
heterologous assay, Fz2 induced strong activa-
tion of the Wnt—B-cat targets Xnr-3 and Siamois
(Sia), whereas Fzl induced a much weaker re-
sponse (Fig. 1C). Thus, taken together with the
imaginal disc phenotypes, Fz2 is a strong acti-
vator of Wnt—f3-cat signaling, and Fzl is a po-
tent activator of the planar polarity pathway.
However, both receptors retain a low intrinsic
potential to cross-activate either pathway.
Differential Dsh localization may deter-
mine Fz signaling specificity, whereby Fzl,
but not Fz2, can induce recruitment of Dsh to
the membrane in Xenopus (6). At normalized
protein levels for Fz1 and Fz2, however, we
did not observe differences in their ability to
recruit Dsh (Fig. 1D). Titration experiments
with Fzl and Fz2 RNA concentrations
showed very similar threshold levels for ei-
ther receptor in Dsh membrane localization
(24). Thus, differential Dsh recruitment is
unlikely to be the mechanism by which speci-
ficity between these Fz receptors is generated.
Fz receptors are serpentine transmem-
brane proteins composed of an extracellular
ligand-sequestering domain (CRD), a seven-
pass transmembrane segment, and a COOH-
terminal cytosolic tail (25, 26) (Fig. 2). To
determine which domains in Fz1 and Fz2 are
required for directing signaling into either
pathway, we constructed chimeric and trun-
cated receptors (Fig. 2) (27). These chimeric
proteins were tested for their signaling poten-
tial in Drosophila imaginal disc development
in wings and nota (with apGal4) (28), eyes
(15), and legs (29) for their ability to induce
either GOF Wg-Arm signaling (Figs. 2 and 3)
or planar polarity phenotypes (Figs. 2 to 4).
Both Fz1-2 and Fz1-1-2 chimeric proteins
activated a Wg-Arm target (Ac) in the wing
imaginal disc (Fig. 3B), induced ectopic mar-
ginal bristles (Figs. 2 and 3, G to I), and showed
wg-associated effects in the leg (29). However,
they had no significant effect on planar polarity
signaling in the eye, the wing, or the notum
(Figs. 2, 3, G to I, and 4, C and F). Thus, the
Wg-Arm signaling outcome corresponded with
the presence of the Fz2 cytoplasmic tail. In
contrast, GOF planar polarity phenotypes were
observed with chimeric Fz2-1 receptors in the
wing (Fig. 3K), the notum (28), and the eye
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(Fig. 4, B and E) (I5) that were indistinguish-
able from those caused by Fzl (Fig. 2A). Both
Fz2-1 and Fz2-2-1 showed a (mild) dominant-
negative phenotype for Wg-Arm signaling, as
judged by a reduction in Ac expression, (partial)
absence of marginal bristles and notches in the
wing margin (Figs. 2 and 3, C and J), and the
presence of stunted legs (29). These data sug-
gested that the chimeric receptors containing
the high-affinity Fz2 CRD (/4), but lacking
intracellular Fz2 sequences, can sequester
Wg efficiently without eliciting an efficient
signal transduction response. To test this
possibility directly, we analyzed stabiliza-
tion of Wg in wing discs (30). Whereas Fz1
or Fz1-2 type chimeras had no significant
effect on Wg stability (Fig. 3L), all chimer-
ic receptors with the Fz2 CRD strongly
sequestered Wg (Figs. 2 and 3, M and N)
(30). The importance of cytoplasmic se-
quences for efficient Wnt target activation
was confirmed in Xenopus animal cap as-
says (exchanging cytoplasmic domains
switched the signaling efficiency) (Fig. 2)
(20). All chimeric receptors were able to
recruit Dsh indistinguishably from wild-
type Fzl and Fz2.

The observation that the Fz1-2 chimera did
not dominantly interfere with planar polarity
signaling in the eye and because as yet no
“planar polarity” ligand has been identified
raised the question of whether planar polarity
signaling depends on the presumed ligand bind-
ing Fz1 CRD. We tested this hypothesis by
rescue of the fz-/-~ polarity mutant with sev-Fz!/
and chimeric transgenes. In contrast to Fzl,
however, neither Fz1-2 and Fz2-1 chimeras nor
Fz2 rescued the 2 mutant (Fig. 2A), indicating
that the Fz1 CRD, coupled to its signaling unit,
is required for correct levels of activation of
planar polarity signaling in the eye in vivo.
Thus, although overexpression of Fz2-1 induces
a GOF planar polarity phenotype, identical to
that induced by Fzl, it cannot replace Fzl in a
LOF background. Although both receptor iso-
forms, Fz1 and Fz2-1, when overexpressed (31)
are capable of activating planar polarity signal-
ing and perturbing correct polarity determina-
tion, the pathway is activated to the correct level
only by the Fz1 CRD (and ligand)-dependent
regulation of the receptor. Because the establish-
ment of correct ommatidial polarity results from
small differences in Fz signaling levels between
neighboring R3 and R4 cells, the ability to pre-
cisely respond to the ligand in a spatially and
temporally controlled manner is essential (32).
Presumably, only Fz1 is appropriately regulated
through its CRD to instruct correct ommatidial
polarity.

Fz1 and Fz2 appear to have different abilities
to activate Wg-Arm and planar polarity signal-
ing in the GOF assays in imaginal discs. Where-
as Fz2 induces a Wg-Arm GOF phenotype, Fz1
causes GOF planar polarity phenotypes. The
chimeric receptors define the respective cyto-
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Fig. 1. Frizzled receptors have different intrinsic
signaling abilities. Tangential sections of eyes
from sev-Fz1 (A) and sev-Fz2 (B) flies (with
schematic drawing representing ommatidial
orientation). Only Fz1 is effective at inducing
planar polarity defects; Fz2 rarely causes planar
polarity defects [<1%; only a single symmet-
rical ommatidium is apparent in the field (green
arrow in schematic)]. (C) In Xenopus animal
caps, Fz2 induces the Wnt—B-cat targets Siam-
ois (Sia) and Xnr-3 more efficiently than Fz1.
The concentration dependence of induction is
readily apparent. Even at the highest Fz1 levels,
Whnt target induction is lower than that of low
Fz2 levels. Expression of Sia and Xnr-3 was
measured by RT-PCR, with EF-1a serving as
loading control. All experiments, including
those in Fig. 2, were controlled for protein
levels, with the myc epitope inserted in the
receptors (Fig. 2 legend) or antibodies to Fz1
(79). (D) Both Fz1 and Fz2 efficiently recruit
Dsh to the membrane, indicating that differen-
tial subcellular Dsh localization does not deter-
mine signaling efficiency and specificity. Dsh is
detected as Dsh-EGFP (enhanced green fluores-
cent protein) (green), and cortical actin is visu-
alized with rhodamin-coupled phalloidin (red).
The overlay is shown in white. Dsh-EGFP alone
is localized to cytoplasmic structures, but in the
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Fig. 2. Mapping the Fz1/2 domain signaling requirements. Schematic representation of the chimeric
receptor constructs used in this study. Fz1 parts are indicated as white boxes, and Fz2 parts as black
boxes (the inserted myc epitope tag is indicated in gray). The receptors were subdivided into their
three major regions: the ligand binding extracellular CRD, the seven-pass transmembrane region,
and the cytoplasmic tail. The behavior of the chimeric and truncated receptors was analyzed in
Drosophila for GOF Wg-Arm and planar polarity effects as well as Wg stabilization, and in Xenopus
for Xnr-3/Sia induction (see Fig. 1C for examples). The ability of the chimeras to efficiently induce
Wg-Arm (Drosophila) or Wnt—B-cat (Xenopus) signaling correlated with the presence of the
cytoplasmic tail of Fz2. All receptor isoforms were membrane anchored, and they induced Dsh
membrane localization. (++) Wg-Arm and Fz/planar polarity (PP) signaling (GOF effects in vivo)
and Wg stabilization, or efficient Wnt—f-cat target activation and Dsh recruitment to the
membrane; (—) very low intrinsic capability of Wnt—B-cat or Fz/planar polarity signaling. DN,
dominant-negative behavior for Wg-Arm signaling as judged by the reduction or absence of
structures requiring high Wg signaling levels in wings (Fig. 3) and legs (29). (*) The equivalent
construct for Fz2AC in the Drosophila experiments was Fz2GPl; n.d., not determined.

plasmic tail (Fz2) or the cytoplasmic domains
(Fz1) as largely, but not solely, responsible for
mediating these differences in the GOF assays.
The Wg-Arm GOF phenotype is ligand- and
CRD domain—dependent, as it can only be ob-
served close to the source of Wg (Fig. 3). Also,
Fz2 has a stronger effect than Fz1-2 or Fz1-1-2.
The planar polarity ligand is, possibly, a mem-
ber of the Wnt family with a different CRD
binding affinity from that of Wg. The mecha-

nism by which the ligand-CRD interaction reg-
ulates Fz signaling is unclear. The present data
cannot distinguish between an activating (con-
formational) change, or alternatively, a constitu-
tive signaling capacity by Fz’s that is inhibited
by another factor and needs to be antagonized
by the ligand (similar to Smoothened/Patched
signaling with Hedgehog).

How can one reconcile the Fzl and Fz2
redundancy for Wg signaling in LOF analysis
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Fig. 3. Specificity of chimeric receptors for Wg
signaling in the wing. (A to C) Confocal analysis
of wing discs stained for Achaete (Ac) expression
(37). Anterior is left and dorsal up. (A) Wild type,
(B) apGal4>Fz1-2, and (C) apGal4>Fz2-1 (see
Fig. 2 for constructs). In the wild type (A), Wg
signaling induces a row of Ac-positive cells (pre-
cursors of the wing margin bristles) on either
side of the dorsoventral margin (indicated by
arrowheads next to “D” and "V"). wg is ex-
pressed between the two Ac-positive rows at the
D/V margin. Other, Wg-independent, Ac-posi-
tive cell clusters are indicated with arrows. Over-
expression of Fz1-2 (B) leads to the induction of
additional ectopic, Ac-positive cells in a Wg-
dependent manner, because these cells are only
present close to the Wg source near the D/V
margin. Overexpression of Fz2-1 (C) leads to a
loss of Ac-expressing cells, indicating that high-
level Wg signaling is inefficient (38). (D to K)
Adult wings: (D to F) Wild type. (E) Higher
magnification of the anterior margin with the Wg-dependent sensory bris-
tles; (F) higher magnification of wing blade area illustrating regular arrange-
ment of wing-cell hairs and polarity. (G to I) apGal4>Fz1-2. Overexpression
of either Fz2 (79) or the Fz1-2 chimeras leads to generally malformed, often
unfolded wings. The anterior margin in these malformed wings shows the

resence of additional ectopic bristles on the dorsal surface, near the margin
Endicated by arrows; compare with (E) for the wild type]. The polarity
appears normal. () and K) apGal4>Fz2-1. Overexpression of Fz2-1 leads to
a (partial) loss of the wing margin (arrowheads), in accordance with a
reduction of Ac expression (C). Planar polarity is also affected [(K); compare
with (F) for the wild type] similarly to Fz1 (76). ap is expressed only

Fig. 4. Specificity of chi-
meric receptors in planar
polarity signaling in the
eye. (A to C) Confocal
analysis of eye discs
stained for the R4-specif-
ic marker H123 (75)
(red), and fluorescein iso-
thiocyanate-phalloidin
(green) highlighting the
center of each omma-
tidial precluster. (A) Wild
type, (B) sev-Fz2-1, and
(C) sev-Fz1-2 (see Fig. 2
for constructs). In the
wild type (A), the R4 cell
expresses H123 (ar-
rows), whereas R3
shows only very weak
staining (arrowheads).
A similar pattern is
seen for sev-Fz1-2 (C).
sev-Fz2-1 shows a typ-
ical GOF polarity eye
phenotype, with many
clusters displaying R3/
R3 pair ommatidia (vis-
ible by very low or no
H123 expression; ar-

dpp-Gal4

Fz2GPI

in the dorsal wing, and polarity defects are accordingly restricted to the
dorsal surface. The loss of wing-margin tissue with Fz2-1 and Fz2-2-1
appears to be partially nonautonomous, possibly by serving as a sink for Wg
and reducing the availability of Wg on either side. About 30% of the wings
displayed a phenotype as shown in (]); the other wings displayed a slightly
weaker phenotype, but all wings of these genotypes showed some margin
loss. (L to N) Wing discs of dppGAL4-driven Fz1-2 (L), Fz2-1 (M), and Fz2GPi
(N) and stained for Wg. Chimeric and truncated receptors with the Fz2 CRD
caused Wg stabilization in the dpp expression domain, perpendicular to
normal wg expression along the D/V boundary. Fz1-2 behaved like the wild
type. For a summary, see Fig. 2.

does not contribute to this effect. In this context,
overexpression of Fz2-1, consisting of a high-
affinity Wg-binding CRD fused to a low-effi-
ciency signaling unit, adversely affects the sig-
naling outcome and causes a dominant-negative
phenotype (34).

Our experiments provide a model for how
signaling specificity can be achieved by closely
related receptors, and they demonstrate that LOF
studies, like GOF experiments, might only pro-
vide a partial answer in case of redundancies.
Quantitative differences in ligand affinity and
signal transduction efficiency of Fz receptors
could provide overlapping and nonoverlapping
functions in different cells, depending on the
threshold needed to induce targets and expres-
sion levels of the various members of the recep-
tor family. Thus, the relative ratio of the different
Fz receptors on the cell surface and their degree
of occupancy could be an important factor de-
termining the signaling outcome. Additional fac-
tors such as coreceptors could influence the sig-
naling outcome, e.g., the heparan sulfate proteo-
glycan Dally has been identified as a coreceptor

rowheads) or random-

ized R3/R4 distribution within clusters. (D to F) Tangential sections of eyes from the indicated
genotypes with schematic drawing. sev-Fz2-1 causes phenotypes that are indistinguishable from

Fz1 (Fig. 1A).

in Wg signaling (35, 36). Fzl and Fz2 signaling
preferences provide an example of how quanti-
tative differences in signaling levels can lead to
redundant and specific roles of these receptors
during development and evolution.

(13) and the dominant-negative behavior of the
Fz2-1 chimeras? Fz2 is a high-affinity Wg re-
ceptor (14) (Fig. 3), and fz2 transcription is
down-regulated by Wg, whereas Fzl (a low-
affinity receptor) is expressed fairly uniformly.
Thus, Fz2 might be the primary Wg receptor,

www.sciencemag.org SCIENCE VOL 288 9 JUNE 2000

and Fzl substitutes only in its absence. More-
over, another Drosophila Fz family member,
Fz3, acts as a negative attenuator of Wg signal-
ing and is positively regulated by Wg (33),
suggesting that the expression patterns of Fz2
and Fz3 shape the Wg response, whereas Fzl
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We generated Fz1 and Fz2 chimeric constructs by as-
sembling their CRD (Fz1, amino acids 1 to 166; Fz2, 1 to
219), seven-pass transmembrane region (Fz1, amino
acids 167 to 557; Fz2, 220 to 617), and cytoplasmic tails
(Fz1, amino acids 558 to 585; Fz2, 618 to 694). In brief,
chimeric receptors consisted of 10 base pairs of the Fz1
5’-untranslated region, the CRD domain (except for
ACRD) linked to the transmembrane region (inserted by
generating a Hind IIl site), and a myc tag in a noncon-
served region. For COOH-terminal swaps, a Xho | site
was created after the last transmembrane domain. We
created chimeric receptors by assembling different frag-
ments in pBS-SK and then shuttling them into Drosoph-
ila and Xenopus expression vectors. Constructs were
confirmed by sequencing. For each construct, several
independent transgenic Drosophila lines were generated
and tested in the assays described.

The chimeric receptors were expressed under the
control of the apGal4 driver in the dorsal wing and
notum. The chimeras that showed mild dominant-
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negative behavior did not affect wg expression at the
dorsal/ventral (D/V) margin, indicating that the ob-
served effect is due to Wg read-out defects in the
third larval instar. Planar polarity was analyzed in
the wing cell hairs (Fig. 3) and by the orientation of
the microchaetae on the notum. Effects on planar
polarity in the notum were seen with Fz1 and
Fz2-1, as is the case in the eye and wing.
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Economic Incentives for Rain
Forest Conservation Across

Scales
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Globally, tropical deforestation releases 20 to 30% of anthropogenic green-
house gases. Conserving forests could reduce emissions, but the cost-effec-
tiveness of this mechanism for mitigation depends on the associated oppor-
tunity costs. We estimated these costs from local, national, and global per-
spectives using a case study from Madagascar. Conservation generated signif-
icant benefits over logging and agriculture locally and globally. Nationally,
however, financial benefits from industrial logging were larger than conserva-
tion benefits. Such differing economic signals across scales may exacerbate
tropical deforestation. The Kyoto Protocol could potentially overcome this
obstacle to conservation by creating markets for protection of tropical forests

to mitigate climate change.

Each year, an estimated 13 million hectares
of forests are destroyed (/), 5.6 to 8.6 Gt of
carbon are emitted (2), and 14,000 to 40,000
species disappear from tropical forests (3).
Greenhouse gas emissions are likely to in-
crease Earth’s temperature by 1° to 4°C in the
next century, leading to the possibility of
increasingly severe droughts and floods, en-
hanced rates of species invasion and extinc-
tion (4), and thus significant economic harm.

Tropical deforestation alone is responsible
for 20 to 30% of carbon emissions (5) and
most species extinction worldwide (6). Con-
serving tropical forests could therefore re-
duce both global warming and biodiversity
loss (7). Despite conservation efforts, many
“protected areas” in the tropics continue to be
degraded, while unprotected forests are being
converted by logging and agriculture (8). We
analyzed the economic benefits of forest con-
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