
20 contiguous voxels. Brain regions were estimated from Talairach and Tournoux30,
after adjustments for differences between MNI and Talairach coordinates. To evaluate
the intersubjectconsistency of brain activations associated with normal and impaired
reading in Chinese, we created penetrance maps by combining binary individual
functional maps31. Penetrance maps were then overlaid on axial views of T 1-weighted
images to demonstrate the voxels with significant activation in three or more subjects.
The binary functional maps were determined using P , 0.05 corrected for each
subject.
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Morphogens are ‘form-generating’ substances that spread from
localized sites of production and specify distinct cellular out-
comes at different concentrations. A cell’s perception of morpho-
gen concentration is thought to be determined by the number of
active receptors, with inactive receptors making little if any
contribution1. Patched (Ptc)2–5, the receptor for the morphogen
Hedgehog (Hh)6–12, is active in the absence of ligand and
blocks the expression of target genes by inhibiting Smoothened
(Smo), an essential transducer of the Hh signal3,13–16. Hh binding
to Ptc abrogates the ability of Ptc to inhibit Smo, thereby
unleashing Smo activity and inducing target gene
expression2,3,12–16. Here, we show that a cell’s measure of ambient
Hh concentration is not determined solely by the number of
active (unliganded) Ptc molecules. Instead, we find that Hh-
bound Ptc can titrate the inhibitory action of unbound Ptc.
Furthermore, we demonstrate that this effect is sufficient to allow
normal reading of the Hh gradient in the presence of a form of
Ptc that cannot bind the ligand12 but retains its ability to inhibit
Smo. These results support a model in which the ratio of bound
to unbound Ptc molecules determines the cellular response to
Hh.

Hh signal transduction is unusual in that the unbound receptor
(Ptc) is the active form (that is, it keeps the pathway switched ‘off ’
by inhibiting the transducer (Smo)). Binding by the ligand (Hh)
inactivates the receptor, releasing Smo from inhibition and turning
the pathway on2,3,12–16. The cell’s perception of the amount of
ambient Hh has been proposed to be determined solely by the
number of unliganded (active) Ptc molecules17. Thus, as Hh rises
from nil to peak concentrations, Smo activity would increase merely
as a consequence of the progressive depletion of the pool of active
Ptc protein. According to this depletion model, liganded Ptc would
be functionally equivalent to the absence of Ptc. Alternatively,
liganded Ptc might titrate the inhibitory activity of unliganded
Ptc so that a cell’s perception of Hh concentration would depend on
the ratio of the two forms12.

To distinguish these possibilities, we have expressed different
levels of constitutively active PtcDloop2 protein, a deleted form of Ptc
(Fig. 1a) that cannot bind Hh but can still repress Smo12, and asked
whether the minimum amount of PtcDloop2 necessary to shut down
the pathway depends on the presence of liganded Ptc. In the simple
depletion model, in which Hh binding merely inactivates Ptc,
PtcDloop2 should be impervious to liganded Ptc, and the minimum
amount of PtcDloop2 required to turn off the pathway should not
change. In the titration model, the presence of liganded Ptc should
counteract the inhibitory activity of PtcDloop2, requiring higher
levels of PtcDloop2 to keep the pathway off.

Three Flp-out transgenes6 called L . PD2, M . PD2 and
H . PD2 (Fig. 1b; see Methods) were used to express low, medium
or high levels of PtcDloop2 protein in clones of imaginal wing disc
cells (Fig. 1b; see Methods). Wing discs are subdivided into anterior
and posterior compartments, with cells in the posterior compart-
ment programmed to express and those in the anterior compart-
ment to respond to Hh6–9,18. Ptc is normally expressed in anterior
compartment cells only at low levels, except in those anterior cells
that are located close to the anteroposterior compartment boundary
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where Ptc expression is markedly upregulated by Hh2,7,8,16,19,20

(Fig. 1c). To quantify PtcDloop2 expression generated by each
transgene, we measured the amount of Ptc staining in posterior
compartment clones in the wing imaginal disc relative to the basal
level of endogenous Ptc expressed in anterior cells away from the
compartment boundary (defined as 100%; see Methods). L . PD2,
M . PD2 and H . PD2 clones in the posterior compartment
expressed levels of PtcDloop2 that were approximately 80%, 140%
and 320%, respectively, of the basal level (Fig. 1c), well within the
physiological range of Ptc expression, which normally peaks at
around 700% in anterior cells that abut the boundary.

To examine the consequences of expressing each transgene on Hh
transduction, we assayed two target genes, decapentaplegic (dpp)
and collier (col; also known as knot), which are induced by low and
high thresholds of Hh signalling, respectively. dpp, monitored using
a dpp–lacZ gene, is normally expressed in a broad stripe of

approximately 15–20 cell diameters that has a sharp peak at the
compartment boundary and declines anteriorly as a function of
distance from the posterior compartment6–8,12. In contrast, col,
monitored by the presence of Col protein, is expressed in a narrower
band of around 5–10 cells21. L . PD2 clones had no effect on Hh
transduction (Fig. 2a), except at the extreme, anterior limit of the
dpp–lacZ domain where dpp–lacZ expression was blocked in cells
that would otherwise express barely detectable levels (data not
shown). M . PD2 clones showed a more readily detectable effect,
generally reducing the level of dpp–lacZ and Col expression
(Fig. 2b). By contrast, H . PD2 clones were completely refractory
to Hh: they failed to express either dpp–lacZ or Col even when
located next to the compartment boundary (Fig. 2c).

To determine whether the same, high level of PtcDloop2 expression
is necessary to block Hh pathway activity in the absence of
endogenous Ptc, we generated clones of L . PD2, M . PD2 and
H . PD2 cells that were also ptc2 (see Methods). dpp–lacZ and Col
are constitutively expressed in ptc2 cells; however, both responses
were completely blocked when these cells expressed any one of the
three transgenes (Fig. 2d and data not shown). This effect is
particularly notable in the case of the L . PD2 transgene because
its expression has virtually no effect on Hh transduction in other-
wise wild-type cells. Indeed, entirely L . PD2 animals survive as
phenotypically normal adults (Fig. 2e); however, L . PD2 animals
differ from wild-type animals in that Hh transduction is blocked,
rather than constitutively activated, in clones of ptc2 cells (Fig. 2e–g).
This result confirms that Hh transduction in L . PD2 cells depends
on the presence of both Hh and endogenous Ptc: in the absence of
either (for example, in anterior cells located away from the com-
partment boundary, or in ptc2 cells located anywhere within the
anterior compartment) the Hh transduction pathway is off. We
therefore infer that in L . PD2 cells liganded Ptc is not equivalent to
the absence of Ptc; instead, it is responsible in this context for
normal activation of the Hh pathway. This result indicates that
liganded Ptc titrates the inhibitory activity of unliganded PtcDloop2,
and hence that it is the ratio of liganded to unliganded Ptc molecules
rather than the absolute number of unliganded Ptc molecules that
determines the Hh response.

As a further test of these conclusions, we examined M . PD2

clones in the posterior compartment, where cells normally make
and are exposed to uniformly high levels of Hh, and where Smo is
constitutively active owing to the absence of endogenous Ptc22–24. To
assay Ptc activity in this context, we expressed a green fluorescent
protein (GFP)-tagged, functionally inactive form of the transcrip-
tion factor Cubitus interruptus (CiDZnGFP; Fig. 3a). Ci is normally
stabilized and activated in response to Hh25–27. When CiDZnGFP is
expressed throughout the presumptive wing blade it is stabilized in
all posterior compartment cells in response to the unfettered
activity of Smo (Fig. 3a). Posterior compartment clones of
M . PD2 cells destabilize CiDZnGFP (Fig. 3b), as expected because
PtcDloop2 cannot bind Hh and constitutively inhibits Smo. However,
when these clones carried a second transgene, M . Pþ, that
expresses Ptcþ in the posterior compartment3, the CiDZnGFP
protein is once again stabilized (Fig. 3c). Because Hh is normally
expressed at peak levels in cells of the posterior compartment, we
infer that some if not most of the ectopic Ptcþ protein expressed in
the posterior compartment is bound by Hh. Hence, as in the
anterior compartment, it seems that liganded Ptc can drive Hh
transduction in the presence of constitutively active PtcDloop2 that
would otherwise shut down the pathway.

To estimate the range of ratios between unliganded and liganded
Ptc that may normally distinguish between off and on states of the
Hh pathway, we performed a titration experiment in which we
generated clones of ptc2 cells expressing different ratios of consti-
tutively unliganded Ptc (PtcDloop2) and Hh–Ptc, a chimaeric protein
that seems to behave like a constitutively liganded form of Ptc
(Fig. 1a; see Methods).

Figure 1 Generation of clones expressing low (L . P D2 ), medium (M . P D2 ) and high

(H . P D2 ) levels of PtcDloop2. a, Ptc16,19,20 protein and the two modified versions,

PtcDloop2 (ref. 12) and Hh–Ptc (see Methods), used in this study. b, Flp-out transgenes

used to generate clones of L . P D2, M . P D2 and H . P D2 cells by Flp-mediated

recombination of the . CD2,y þ . cassette (Methods). c, Wing imaginal discs bearing

posterior compartment Flp-out clones of L . P D2,M . P D2 and H . P D2 cells stained

for Ptc protein. The average level of expression of L . P D2,M . P D2 and H . P D2was

approximately 80% (n ¼ 6; s.d. ¼ 19%), 140% (n ¼ 9; s.d. ¼ 22%) and 320%

(n ¼ 12; s.d. ¼ 41%), respectively, relative to the basal level of endogenous Ptc staining

in anterior compartment cells away from the anteroposterior compartment boundary (see

Methods). The peak level of endogenous Ptc staining in anterior cells abutting the

compartment boundary was ,700% (n ¼ 12; s.d. ¼ 165%).
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We generated two transgenes, L . hh–ptc and H . hh–ptc, and
quantified their expression level as 50% and 220% relative to
endogenous Ptc in anterior cells not exposed to Hh (Fig. 4 legend).
By activating different combinations of L . PD2, M . PD2,
L . hh–ptc and H . hh–ptc transgenes in anterior compartment
clones of ptc2 cells, we generated cells in which the only Ptc proteins
present are Hh–Ptc and PtcDloop2, at ratios of 220%:80% (H . hh–
ptc:L . PD2), 220%:140% (H . hh–ptc:M . PD2) or 50%:80%
(L . hh–ptc:L . PD2). Both dpp–lacZ and Col expression were
fully activated at the highest ratio of Hh–Ptc:PtcDloop2

(220%:80%; Fig. 4a, b); however, neither was expressed in cells in
which the ratio was reduced, either by an approximately twofold
increase in the level of PtcDloop2 (220%:140%; Fig. 4c and data not
shown), or by an approximately fourfold decrease in the level of
Hh–Ptc (50%:80%; Fig. 4d and data not shown). Thus, as little as an
approximately twofold change in the ratio of Hh–Ptc:PtcDloop2

seems to be sufficient to distinguish between on and off states of
the pathway. We note that the total amount of Ptc protein in these
clones falls within a range of ,130–360% relative to the basal level
of endogenous Ptc, well below the level of peak Ptc expression
induced by Hh in anterior cells abutting the posterior compartment
(,700%). The range in the amount of Ptc corresponds to the
moderately elevated levels of endogenous Ptc that are present
normally in cells responding to intermediate levels of Hh signal.
Hence, relatively small (on the scale of a few fold) differences in the
ratio of liganded:unliganded Ptc may be sufficient to control the full

range of responses to the Hh gradient under physiologically relevant
conditions.

We note that our results differ from those of Taipale et al17, who
found that overexpressing mPtcþ and mPtcDloop2 in a 3:1 ratio in
mammalian tissue culture cells exposed to a soluble amino-terminal
form of Sonic Hh (Shh-N) failed to activate target gene expression.
However, the actual ratio of liganded to unliganded forms of mPtc

Figure 2 Different amounts of PtcDloop2 are required to inhibit the Hh pathway depending

on the presence or absence of endogenous Ptc. a–c, Wing discs bearing Flp-out clones of

L . P D2 (a), M . P D2 (b) and H . P D2 (c) cells in the anterior compartment, marked

black by the absence of CD2 staining (blue). The anteroposterior (A–P) compartment

boundary is marked by the sharp border of dpp–lacZ (dppZ; green) and Collier (Col; red)

expression in a and b, and by a white line in c (anterior to the left). Expression of dpp–lacZ

and Col appear normal in L . P D2 clones, but are reduced or abolished inM . P D2 and

H . P D2 clones. In the boxed region of b (magnified in the bottom panels), white and

green arrows mark, respectively, reduced or abolished expression of dpp–lacZ; the yellow

arrow in the main panel marks the absence of Col expression. d, Low level PtcDloop2

expression (L . P D2) in an anterior compartment clone of ptc 2 cells close to the

compartment boundary (ptc 2 genotype marked by the presence of GFP (green)). The

L . P D2 genotype is marked black by the absence of CD2 (blue); dpp–lacZ expression is

repressed. e, Two anterior compartment clones of ptc 2 cells (outlined in red) in a wing in

which all cells carry the flipped-out L . P D2 transgene (veins 1, 2, 3 and 5, as well as the

anteroposterior compartment boundary are indicated where they abut the wing margin);

both clones behave as if mutant for smo. The anteriorly situated clone (top) is

phenotypically wild type, indicating that the Hh transduction pathway is off. The clone

along the anteroposterior compartment boundary (bottom) forms a mirror symmetric

duplication of a more anterior pattern, including an ectopic vein 3 (3
0
) and triple row

bristles (g), at the expense of posterior compartment pattern (vein 4 is absent). As in the

case of smo 2 clones, this distinctive phenotype reflects the failure of the mutant cells to

transduce and sequester Hh, displacing the source of Dpp signalling to the middle of the

anterior compartment (see refs 3, 12). f, g, Details of the boxed portions in e, showing,

respectively, normal and ectopic ‘triple row’ bristles formed by ptc 2 cells, confirming that

the Hh transduction pathway is off (clones are marked by yellow, which lightens bristle

colour (f, g), and shavenoid, which removes hairs (g); the red outlines in e show the

contribution of the clones to the dorsal surface; only those portions of the wing in which

both the dorsal and ventral surfaces are mutant appear hairless in this image).

Figure 3 Inhibition of Hh transduction by PtcDloop2 is blocked by co-expression of Ptcþ

and Hh. a, CiDZnGFP (Ci–GFP, green) expressed throughout the wing pouch under the

control of nubbin–Gal4 is destabilized in anterior compartment cells away from the

compartment boundary. b,M . P D2 clone (marked black by the absence of CD2 (red)) in

the posterior compartment where endogenous Ptc is not expressed: Ci–GFP is

destabilized. c,M . P D2 clone, similarly marked, in the posterior compartment of a wing

disc expressing Ptcþ from a M . P þ transgene3: Ci–GFP is not destabilized.
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obtained in this experiment was not determined; if as little as one-
fifth of the available mPtcþ remained unliganded, the ratio of
liganded to unliganded forms of mPtc protein would be 3:2,
which our present results (Fig. 4c) suggest may be inadequate to
activate Hh target genes under normal conditions. It is also unclear
whether the ratio of liganded to unliganded Ptc necessary to activate
the pathway will be the same in all biological contexts, or when the
total amount of Ptc protein is well above peak physiological levels, as
is likely in the tissue culture experiments.

How might the ratio of liganded to unliganded Ptc determine the
level of Smo activity? Unliganded Ptc might function catalytically to
inhibit Smo16,17,22–24, and the presence of liganded Ptc would titrate
or counterbalance the catalytic activity of unliganded Ptc. For
example, unliganded Ptc might function as a transporter to drive
the cytosolic accumulation of a Smo antagonist17, and liganded Ptc
might allow some antagonist to translocate in the opposite direc-
tion. Alternatively, liganded and unliganded Ptc might function
stoichiometrically by competing for access to Smo (or a Smo
effector) and exerting opposing effects on its activity12,16. Another
possibility is that Ptc exists as a higher-order multimer (for example,
as a trimer), as proposed for the structurally related AcrB trans-
porter28. In this model, binding of Hh to one monomer in any given
multimer might block the ability of that multimer to function
catalytically to inhibit Smo, or interfere with the activity of the
remaining monomers, for example, by targeting the multimer for
degradation.

A conserved feature of Hh signalling is that, during normal
development, high levels of Hh signalling upregulate ptc transcrip-
tion16. This generates a sharp peak of Ptc accumulation2,7,8,19,20

(Fig. 1c) that has an essential role in sequestering Hh and limiting
its spread into responsive tissue3,12. A ratiometric mechanism that

involves titration of the inhibitory action of unliganded Ptc by
liganded Ptc might allow cells close to the source of Hh to
upregulate sufficiently high levels of Ptc in order to impede
effectively the movement of Hh without suppressing the response
of these same cells to Hh by the inhibitory action of any residual
unbound Ptc. Our present results suggest that as the gradient of Hh
declines from peak levels to nil, the level of Smo activity, and hence
the cell’s perception of ambient Hh, will depend on the ratio of
liganded to unliganded Ptc, which in turn will depend on the
absolute amount of Ptc. In regions away from the Hh source,
where Ptc is upregulated weakly or not at all, titration of unbound
Ptc by Hh-bound Ptc might also be necessary for cells to detect and
respond appropriately to low levels of ambient Hh. A

Methods
Immunostaining
Immunostaining was performed using standard techniques with antibodies against Ptc
(I. Guerrero8), CD2 (Serotec), bgal (Cappel) and Col (A. Vincent21).

Mutations and transgenes used
Unless otherwise stated, all mutations and transgenes have been described previously, or
were derived by combining well-defined components of previously described transgenes
(see refs 3, 6, 12, 29). The H . PD2 transgene was generated in vivo by Flp-mediated
recombination of a Tuba1 . CD2,yþ . ptcDloop2 transgene containing the ubiquitously
expressed Tubulina1 (Tuba1) promoter: recombination excises the . CD2,yþ . Flp-
out cassette to create clones of Tuba1 . ptcDloop2 (H . PD2) cells, which express PtcDloop2

instead of the reporter protein CD2. The M . PD2 and L . PD2 transgenes were generated
similarly. The M . PD2 transgene differs from H . PD2 in using the hsp70 3

0
untranslated

region (UTR), which is ,two–threefold less stable than the Tuba1 3 0 UTR used in
H . PD2 (ref. 29); the L . PD2 transgene differs from M . PD2 in using the ribosomal
protein 49 (rp49) promoter (which is ,twofold weaker than the Tuba1 promoter)29

(Fig. 1b). Flp-out and mitotic recombination clones were generated using standard
techniques (for example, as in refs 3, 6, 30); multiple heat shocks were given during the first
instar to generate clones within clones (as in Figs 2d and 4).

The ciDZnGFP sequence encodes an inactive form of Ci, lacking the third and fourth
zinc fingers (deleted between Pro 498 and Ser 594), fused to GFP at the carboxy terminus,
and is expressed under Gal4/UAS control.

The Hh–Ptc protein is composed of the N-terminal signalling portion of Hh (amino
acids 1–256) joined via three haemagglutinin (HA) tags to the juxtamembrane and
transmembrane domains of the receptor Sevenless (Sev), joined to the N terminus of
full-length Ptc (Fig. 1a; HA–Sev and Sev–Ptc joins are, respectively, ISSHVH–LST and
LVRK–rrsgsls–RDSLP; with linker peptide in lower case). Hh–Ptc behaves as a
constitutively liganded form of Ptc by the following criteria (data not shown). First,
overexpression of Hh–Ptc does not rescue the absence of endogenous Ptc (expected, as
Hh–Ptc should be self-inactivated; genotype: y w hsp70–flp UAS–GFPnls; FRT42D ptc IIW/
dpp–lacZ 10628 FRT42D Tuba1–Gal80; UAS–hh–ptc/Tuba1–Gal4). Second, overexpression
of Hh–Ptc ectopically activates the Hh transduction pathway in otherwise wild-type cells
in the wing primordium (expected if Hh–Ptc titrates the inhibitory action of endogenous,
unliganded Ptc; genotype: y w hsp70–flp UAS–GFPnls; dpp–lacZ 10628/þ; UAS–hh–ptc/
Tuba1 . CD2,yþ . Gal4). In contrast, clones similarly overexpressing a deleted form of
Hh–Ptc lacking the Hh signalling domain do not activate the Hh transduction pathway
(expected if the Hh signalling domain is responsible for inactivating Ptc within the Hh–Ptc
chimaera). Third, clones overexpressing Hh–Ptc constitutively activate the Hh pathway in
a strictly cell autonomous fashion (expected if the Hh domain is sequestered by the Ptc
protein to which it is fused and not available to bind Ptc on neighbouring cells; genotype
as in the second criterion). In contrast, clones similarly overexpressing a deleted form of
Hh–Ptc that lacks the second extracellular loop (Hh–PtcDloop2) activate the Hh pathway in
neighbouring cells (expected, as the attached Hh signalling domain should be available to
signal to neighbouring cells because it cannot be bound by PtcDloop2 in the Hh–PtcDloop2

chimaera).

Expression level quantification
For each posterior compartment clone of L . PD2, M . PD2 and H . PD2 cells, the level
of PtcDloop2 expression relative to the basal level of endogenous Ptc expression in the
anterior compartment was determined by averaging the intensity of five samples of 35
pixels each within (1) the clone; (2) the anterior compartment far from the compartment
boundary; and (3) portions of the posterior compartment not containing the clone. The
resulting levels of staining in the clone (1) and in the anterior compartment (2) were
normalized by subtracting the background level of staining (3); the level of staining in the
clone is expressed as the per cent of the level of basal staining in the anterior compartment.
All measurements were made within the wing primordium and staining intensity was
quantified using ImageJ 1.25 (Rasband, W. S., http://rsb.info.nih.gov/ij/). To validate the
method, we quantified the levels of Ptc staining in 2 £ ptcþ clones relative to surrounding
1 £ ptcþ (FRT42 ptc IIW/FRT42 arm–lacZ) tissue (normalizing the level of staining by
subtracting the level of staining detected in the 0 £ ptcþ ‘twin-spot’ clones): the level of Ptc
expression in 1 £ ptcþ cells was 51% (n ¼ 5; s.d. ¼ 15%) that of neighbouring 2 £ ptcþ

cells. We also quantified Ptc staining in anterior compartment clones of M . PD2 cells.
The measurement obtained, 210% (n ¼ 4; s.d. ¼ 22%), corresponds approximately to the

Figure 4 Estimating the change in the ratio of liganded to unliganded Ptc necessary to

distinguish on and off states of the Hh transduction pathway. a–d, Anterior compartment

clones of ptc 2 cells (marked by the presence of GFP (green)) expressing given

combinations of L . P D2 or M . P D2 and L . hh–ptc or H . hh–ptc (marked black

by the absence of CD2 staining (blue)) were monitored for the expression of dpp–lacZ

(a, c, d; red) or Col (b; red). a, b, dpp–lacZ (a) and Col (b) are both strongly expressed in

ptc 2 cells co-expressing high levels of Hh–Ptc (H . hh–ptc, ,220%; n ¼ 7;

s.d. ¼ 44%) and low levels of PtcDloop2 (L . P D2, ,80%). c, Increasing the level of

PtcDloop2 from low (,80%) to medium (M . P D2,,140%) while holding the high level

of Hh–Ptc (,220%) constant was sufficient to inhibit the pathway in ptc 2 cells, as shown

by the absence of dpp–lacZ expression. d, Decreasing the level of Hh–Ptc from high

(,220%) to low (L . hh–ptc, ,50%; n ¼ 8; s.d. ¼ 11%) while holding the low level

(,80%) of PtcDloop2 expression constant also resulted in inhibition of the pathway in ptc 2

cells (dpp–lacZ expression is no longer detected).
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sum of Ptc staining in M . PD2 posterior compartment clones and the basal level of Ptc
staining in anterior compartment cells (Fig. 1 legend), validating our use of posterior
compartment clones to quantify PtcDloop2 expression in sibling clones in the anterior
compartment.

Genotypes
We used the following Drosophila genotypes. Figures 1 and 2a–c: y w hsp70–flp; þ (or
dpp–lacZ 10628)/þ; Tuba1 (or rp49) . CD2,yþ . ptcDloop2–Tuba1 3

0
UTR (or hsp70

3
0
UTR)/þ. Figure 2d: y w hsp70–flp UAS–GFPnls; FRT42D ptc IIW/dpp–lacZ 10628 FRT42D

Tuba1–Gal80; rp49 . CD2,yþ . ptcDloop2–hsp70 3 0 UTR/Tuba1–Gal4. Figure 2e–g: y w
hsp70–flp; FRT42D ptc IIW sha/FRT42 P(wþ ptcþ) P(hsp70–CD2,yþ); rp49 . ptcDloop2–
hsp70 3 0 UTR/þ. P(wþ ptcþ), a gift from J. Hooper, contains a ,20-kilobase genomic
fragment from the ptc locus that confers partial rescuing activity. Figure 3: y w hsp70–flp;
nub–Gal4 UAS–ciDZnGFP/þ; Tuba1 . CD2,yþ . ptcDloop2–hsp70 3

0
UTR/þ (or

Tuba1 . ptcþ–hsp70 3 0 UTR). Figure 4: y w hsp70–flp UAS–GFPnls; rp49 (or
Tuba1) . CD2,yþ . ptcDloop2–hsp70 3

0
UTR FRT42D ptc IIW/dpp–lacZ 10628 FRT42D

Tuba1–Gal80; Tuba1 . CD2,yþ . hh–ptc–Tuba1 3
0
UTR (or rp49 . CD2,yþ . hh–ptc–

hsp70 3 0 UTR)/Tuba1–Gal4.
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The expression of the protein DCC (deleted in colorectal cancer)
is lost or markedly reduced in numerous cancers and in the
majority of colorectal cancers due to loss of heterozygosity in
chromosome 18q, and has therefore been proposed to be a
tumour suppressor1. However, the rarity of mutations found in
DCC, the lack of cancer predisposition of DCC mutant mice, and
the presence of other tumour suppressor genes in 18q have raised
doubts about the function of DCC as a tumour suppressor2.
Unlike classical tumour suppressors, DCC has been shown to
induce apoptosis conditionally: by functioning as a dependence
receptor, DCC induces apoptosis unless DCC is engaged by its
ligand, netrin-1 (ref. 3). Here we show that inhibition of cell
death by enforced expression of netrin-1 in mouse gastrointes-
tinal tract leads to the spontaneous formation of hyperplastic and
neoplastic lesions. Moreover, in the adenomatous polyposis coli
mutant background associated with adenoma formation,
enforced expression of netrin-1 engenders aggressive adenocar-
cinomatous malignancies. These data demonstrate that netrin-1
can promote intestinal tumour development, probably by regu-
lating cell survival. Thus, a netrin-1 receptor or receptors func-
tion as conditional tumour suppressors.

Netrin-1, a diffusible laminin-related protein, is a bifunctional
molecule. It has a major role during nervous system development in
mediating chemo-attraction and chemo-repulsion of axons and
neurons by interacting with its main receptor, DCC (refs 4, 5, 6).
However, netrin-1 has also been described recently as a survival
factor. Indeed, the netrin-1 receptors DCC and UNC5H (that is,
UNC5H1, UNC5H2 and UNC5H3) belong to the so-called depen-
dence receptor family3,7. Such receptors, which also include RET
(rearranged during transfection)8, b-integrins9, Patched10 and
the p75 neurotrophin receptor (p75NTR)11, share the functional
property of inducing cell death when disengaged from their ligands
but not when bound by their ligands. Such receptors thus create
cellular states of dependence on their respective ligands12,13.
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