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Ihog and Boi elicit Hh signaling via Ptc but do not aid Ptc in
sequestering the Hh ligand
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Frédéric Charron2,3,7,8,9,10,11,* and Donald J. van Meyel1,3,7,11,*

ABSTRACT
Hedgehog (Hh) proteins are secreted molecules essential for tissue
development in vertebrates and invertebrates. Hh reception via the
12-pass transmembrane protein Patched (Ptc) elicits intracellular
signaling through Smoothened (Smo). Hh binding to Ptc is also
proposed to sequester the ligand, limiting its spatial range of activity.
In Drosophila, Interference hedgehog (Ihog) and Brother of ihog (Boi)
are two conserved and redundant transmembrane proteins that are
essential for Hh pathway activation. How Ihog and Boi activate
signaling in response to Hh remains unknown; each can bind both Hh
and Ptc and so it has been proposed that they are essential for both
Hh reception and sequestration. Using genetic epistasis we
established here that Ihog and Boi, and their orthologs in mice, act
upstream or at the level of Ptc to allow Hh signal transduction. In the
Drosophila developing wing model we found that it is through Hh
pathway activation that Ihog and Boi maintain the boundary between
the anterior and posterior compartments. We dissociated the
contributions of Ptc from those of Ihog/Boi and, surprisingly, found
that cells expressing Ptc can retain and sequester the Hh ligand
without Ihog and Boi, but that Ihog and Boi cannot do so without Ptc.
Together, these results reinforce the central role for Ptc in Hh binding
in vivo and demonstrate that, although Ihog and Boi are dispensable
for Hh sequestration, they are essential for pathway activation
because they allow Hh to inhibit Ptc and thereby relieve its
repression of Smo.
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INTRODUCTION
Hedgehog (Hh) proteins are secretedmorphogens that are essential for
many events in tissue development and cellular physiology. Despite
significant progress, gaps remain in the characterization of the
molecularmechanisms underlyingHh signal transduction.Key points

of control include the reception of the Hh signal at the cell surface and
the distribution of Hh within tissues, both of which involve Patched
(Ptc), a conserved 12-pass transmembrane protein. In humans,
mutations of the Ptc ortholog PTCH1 cause Gorlin syndrome,
holoprosencephaly, basal cell carcinoma and medulloblastoma.
Therefore, understanding exactly how Ptc participates in Hh
reception and distribution is essential to distinguish between normal
Hh pathway function in development and aberrant Hh signaling in
disease (Briscoe and Therond, 2013).

In the absence of Hh, Ptc maintains the 7-pass transmembrane
protein Smoothened (Smo) in a repressed state by unknown means.
Under these conditions, the Cubitus interruptus (Ci) transcription
factor is proteolytically cleaved and acts as a transcriptional
repressor. As part of the canonical signaling pathway that is
activated in the presence of Hh, Ptc-mediated repression of Smo is
relieved, leading to Smo accumulation at the cell surface and
stabilization of full-length Ci (Ci155), which activates transcription
of Hh target genes. The current view holds that Ptc is involved in
sensing the extracellular Hh concentration (Briscoe and Therond,
2013), and that target genes respond in relation to the degree of
induced pathway activation. One direct transcriptional target of Hh
signaling is Ptc itself; Ptc is upregulated in response to high levels of
Hh, and is required for the sequestration of Hh, which limits the
distribution of Hh and its range of action within tissues via a poorly
understood mechanism.

Experiments have yet to demonstrate unequivocally that Hh binds
directly to Ptc in Drosophila; therefore, both Hh reception and
sequestration have been proposed to involve Interference hedgehog
(Ihog) and Brother of ihog (Boi), two closely related type I
transmembrane proteins of the immunoglobulin superfamily
(Zheng et al., 2010). Ihog and Boi both have an ectodomain
consisting of four immunoglobulin-like (Ig) domains and two
fibronectin type III (FN3) repeats, a transmembrane domain and a
cytoplasmic tail (Kang et al., 2002; Lum et al., 2003; Yao et al.,
2006). Their orthologs in vertebrates are Cell adhesion molecule
downregulated by oncogenes (Cdon) and Brother of cdon (Boc).
Intriguingly, the first FN3 domain of Ihog binds directly to Hh
(McLellan et al., 2006; Yao et al., 2006), whereas the second FN3
domain interacts with Ptc (Zheng et al., 2010). This raises the
possibility that Ihog and Boi are cofactors for Ptc in a multiprotein
complex serving as the functional Hh receptor. This view is
supported by phenotypes caused by loss-of-function mutations of
the ihog and boi genes in Drosophila, which mimic those of smo
mutations (Camp et al., 2010; Zheng et al., 2010). For example, we
and others have found that ihog and boi are essential for Hh pathway
activation in developing wing imaginal disks, where Hh produced
and secreted by cells in the posterior compartment is received and
sequestered by cells in the anterior compartment. Anterior cells
respond by adopting fates according to their degree of Hh exposure
and by maintaining the boundary separating these cells from theReceived 10 September 2013; Accepted 7 August 2014
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posterior compartment. Evidence indicates that Ihog and Boi are
functionally redundant with one another (Camp et al., 2010; Yan
et al., 2010; Zheng et al., 2010), and that they act upstream of Smo
(Camp et al., 2010; Zheng et al., 2010).
Although it is clear that Ihog and Boi are crucial for Hh pathway

activity in vivo, their mechanism of action is poorly understood and
could be illuminated by genetic approaches that clearly establish
their position in the pathway relative to Ptc. A previous experiment
to establish the epistatic relationship of Ihog and Ptc was
confounded by the lack of a strong and penetrant ihog mutant
phenotype (Yao et al., 2006), later found to be due in part to
functional redundancy with Boi (Camp et al., 2010; Zheng et al.,
2010). Using genetic epistasis experiments in flies and mice, we
here directly demonstrate that Ihog and Boi (or Cdon and Boc in
mice) act upstream or at the level of Ptc to allow Hh pathway
activation. To better understand the interplay of Ihog and Boi with
Ptc, we also used genetic approaches inDrosophila to dissociate the
contributions of Ihog and Boi from functions attributed to Ptc within
developing wing disks. Like Ptc, we find that Ihog and Boi allow
transduction of the Hh signal, and that through their essential role
in Hh pathway activation they maintain the anterior-posterior
compartment boundary. Surprisingly, we find that, unlike Ptc, Ihog
and Boi are dispensable for Hh retention and sequestration by
responding cells.

RESULTS
Ihog and Boi function upstream or at the level of Ptc for Hh
signal transduction
To examine Ihog and Boi expression in wing imaginal disks of third
instar larvae (L3), we performed immunohistochemistry for Ihog
and Boi with newly developed antisera. Each was expressed broadly

in both the anterior and posterior compartments (Fig. 1A,C), and
overall these patterns of endogenous Ihog and Boi expression are
consistent with previously published results (Yan et al., 2010;
Zheng et al., 2010; Bilioni et al., 2013). We confirmed the
specificity of these patterns by their absence in ihogDC1 or boiC1

mutants (Fig. 1B,D), which allowed the use of these antisera to
monitor Ihog and Boi levels in clones generated in mosaic animals.

Expression of Ihog and Boi in the anterior compartment is
consistent with their essential role for pathway activation in Hh-
responding cells (Fig. 1A-D). Cells adjacent to the compartment
boundary respond to high levels of Hh by upregulating the
expression of Ptc, a high-threshold target of the canonical
signaling pathway. Cells positioned more anteriorly are further
away from the Hh source and respond to lower-threshold levels of
Hh marked by increased accumulation of Ci155. According to these
high- and low-threshold reporters of Hh signaling activity, boi;ihog
double mutant clones lack Hh pathway activation altogether (Camp
et al., 2010; Zheng et al., 2010). By contrast, ptc mutations fully
activate the pathway (Phillips et al., 1990; Ingham et al., 1991).
These opposing effects allowed us to unequivocally address the
epistatic relationship between Ihog, Boi and Ptc by examining
pathway activation in cells that were triple mutants for all three
genes. We reasoned that if triple mutant cells were to mimic ptc
mutants and fully activate the pathway, it would indicate that Ihog
and Boi act upstream or at the same level as Ptc, but not downstream.
For this we studied the boiC1 and ihogDC1 mutations that we had
reported previously (Camp et al., 2010), and the ptcS2 missense
mutation, which is indistinguishable from null alleles, but gives rise
to a dysfunctional Ptc protein that can be detected with anti-Ptc
(Phillips et al., 1990; Jiang and Struhl, 1995; Li et al., 1995; Chen
and Struhl, 1996). As Ptc is an Hh pathway target, activation of the

Fig. 1. Ihog and Boi function upstream or at the
level of Ptc. (A-D) Immunohistochemistry for Ihog or
Boi in w1118 (w−) controls and in homozygous
mutants for ihog or boi. (E-E‴) Homozygous mutant
clones generated in a boiC1/− mutant background: ptc
clones, ihog clones or ihog;ptc double mutant clones.
(E) ptcS2/S2 clones (GFP-negative cells outlined in
green) and (E′) ihogDC1/DC1 clones (Ihog-negative
cells outlined in magenta). (E″) Merged image, in
which clones mutant for both ptcS2 and ihogDC1 lack
both GFP and Ihog (outlined in white), and are triple
mutants for boi, ihog and ptc. (E‴) In the two triple
mutant clones shown (white arrowheads) Ptc is
expressed highly, similar to ptcS2 mutant cells (green
arrowhead) or to control anterior cells adjacent to the
compartment boundary. Cells lacking both ihog and
boi (magenta arrowhead) lacked Hh pathway
activation and did not express Ptc. (F-F‴) Higher
magnification views of the areas in E-E‴.
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pathway (as in ptcS2 mutants) can be detected readily as strong
upregulation of Ptc expression and immunoreactivity. We studied
mosaic wing disks, in which the MARCM system was used to
generate ptcS2 and/or ihogDC1 mutant clones in boiC1 hemizygotes.
Because all cells in these animals were mutant for boi, clones
generated by FLP-mediated mitotic recombination in the wing
disk were either (1) double mutant for boi;ptc, (2) double mutant for
boi;ihog or (3) triple mutant for boi;ptc;ihog. As expected, double
mutant boi;ptc clones within the anterior compartment activated the
pathway even at a distance from the compartment boundary (i.e. in
the absence of Hh ligand) (Fig. 1E,E″ and green arrowhead in E‴),
whereas double mutant boi;ihog clones abolished pathway
activation even when close to the boundary (i.e. near the source
of Hh ligand) (Fig. 1E′,E″ and magenta arrowhead in E‴). Like
double mutant boi;ptc clones (green arrowhead in Fig. 1E‴), all
cells within triple mutant boi;ptc;ihog clones fully activated the
pathway (white arrowheads in Fig. 1E‴), as indicated by Ptc
expression levels comparable to fully activated, wild-type cells
nearest to the boundary (Fig. 1F-F‴). Therefore, ptc is epistatic to
ihog and boi in vivo, which positions Ihog and Boi upstream or at the
level of Ptc for Hh signal transduction.

Cdon and Boc act upstream or at the level of Ptch1 in
vertebrate Hh signal transduction
We wondered whether the epistatic relationship of ptc to ihog and
boi is conserved across species, in particular with regard to the

mouse orthologs Ptch1, Cdon and Boc. To test this, we generated
mice lacking Ptch1, Cdon and Boc and examined their gross
anatomy relative to controls (Fig. 2). Compared with wild-type
embryos (Fig. 2A) at E9.5, Cdon;Boc double mutants develop
normally for the most part (Fig. 2B), but have forebrain defects
indicative of holoprosencephaly as described previously (Zhang
et al., 2011). By contrast, Ptch1 mutant mice display significant
defects at E9.5, including the failure to complete the turning
process, exencephaly, neural tube closure defects and abnormal
heart development (Fig. 2C) (Goodrich et al., 1997). Notably,
Ptch1;Cdon and Ptch1;Boc double mutants, and in particular
Ptch1;Cdon;Boc triple mutants, grossly phenocopy Ptch1 mutants
(Fig. 2D-F). This suggests that loss of Cdon and Boc is insufficient
to reduce Hh signaling in the absence of Ptch1.

To precisely assess Hh pathway activity in these embryos, we
performed a neural patterning analysis using a panel of Sonic
hedgehog (Shh)-dependent markers of neural progenitors. In Cdon;
Boc double mutant embryos, we confirmed previous results
demonstrating reduced Hh signaling (Allen et al., 2011), as
indicated by reduced Foxa2 expression (Fig. 2G,H) and the ventral
shift of Nkx2.2 (Fig. 2M,N) and Pax6 expression (Fig. 2S,T).
Conversely, Ptch1−/− embryos have increased Hh signaling, as
reflected by expanded expression of Foxa2 and Nkx2.2, and the
loss of Pax6 throughout the neural tube (Fig. 2I,I′,O,O′,U,U′).
Like Ptch1−/− mutants, double mutants (Ptch1−/−;Cdon−/− or
Ptch1−/−;Boc−/−) and triple mutants (Ptch1−/−;Cdon−/−;Boc−/−)

Fig. 2. Ptch1 is epistatic to Cdon and Boc during Shh-dependent ventral neural tube patterning. (A-F) Lateral view of E9.5 mouse embryos. Wild-type
(A) andCdon−/−;Boc−/− (B) embryos have completed the turning process and display closed neural tubes, whereasPtch1−/− (C), Ptch1−/−;Cdon−/− (D), Ptch1−/−;
Boc−/− (E) and Ptch1−/−;Cdon−/−;Boc−/− (F) embryos fail to turn and exhibit open neural tubes including excencephaly. Scale bar: 500 µm. (G-X′) Antibody
detection of Foxa2 (G-L′), Nkx2.2 (M-R′) and Pax6 (S-X′) in transverse sections from E9.5 mouse embryos. Genotypes are indicated at the top of each column.
Arrowheads denote floor plate expression of Nkx2.2 in Cdon−/−;Boc−/− (N), but not wild-type (M) embryos. Images for two different animals are shown in I-L,O-R,
U-X. Scale bars: 25 µm.

3881

RESEARCH ARTICLE Development (2014) 141, 3879-3888 doi:10.1242/dev.103564

D
E
V
E
LO

P
M

E
N
T



exhibited complete activation of the Hh pathway in the neural tube
(Fig. 2J-L′,P-R′,V-X′), demonstrating Ptch1 to be epistatic to Cdon
and Boc. These experiments indicate that Cdon and Boc act upstream
or at the same level as Ptch1, and confirm that their relationshipwithin
the Hh pathway is conserved between flies and mice.

Hh can be retained and sequestered by cells lacking Ihog
and Boi
If Ihog and Boi and their orthologs in mice act upstream or at the
level of Ptc, how might they function in pathway activation? To
address this, we returned to experiments in Drosophila, for which it
has been proposed that Ihog and Boi are essential for Hh signaling
because without them Ptc cannot bind Hh with high affinity (Zheng
et al., 2010). We focused on sequestration of the Hh signal by clones
of cells near the anterior-posterior compartment boundary of
developing wing disks, as sequestration must involve Hh binding
at some level. Indeed, we and others have previously shown that boi;
ihog double mutant cells cannot sequester Hh, and instead permit
ectopic pathway activation in more anterior cells that would
normally be too distant from the morphogen source (Camp et al.,
2010; Zheng et al., 2010). The requirement for Ihog and Boi in Hh
sequestration could be explained in two ways: they could bind Hh

directly themselves, and/or they could act indirectly through
pathway activation to influence another Hh-binding factor. To
explore this, we used the MARCM technique to test whether Hh
sequestration could be restored to boi;ihog double mutant cells
simply by activating the pathway through expression of a
constitutively active form of Smo (SmoSD123) (Jia et al., 2004).
To assess sequestration, we identified anterior clones spanning the
usual domain of Hh-induced pathway activation (as revealed by
upregulation of Ptc), and then examined pathway activation in cells
immediately anterior to these clones. In cells just anterior to control
clones that sequester Hh (boiC1/+;ihogDC1/DC1), pathway activation
was normal, as assessed by Ptc expression levels (Fig. 3A-A″,D,E).
By contrast, Ptc was upregulated in cells anterior to double mutant
clones (boiC1/−;ihogDC1/DC1) (Fig. 3B-B″,E), as we have shown
previously (Camp et al., 2010). This indicates that cells lacking Ihog
and Boi cannot activate the pathway and cannot sequester Hh.
Similarly, smo3 mutant clones also fail to sequester Hh (Chen and
Struhl, 1996) (Fig. 3E), indicating that Ihog and Boi are insufficient
to sequester Hh without pathway activation. Remarkably, we found
that the ability of boi;ihog double mutant clones to sequester Hhwas
fully restored by expressing SmoSD123 to rescue pathway activation
(Fig. 3C-C″,E). As the boiC1 allele is a nonsense mutation at Trp626

Fig. 3. Ihog and Boi are dispensable for Hh
sequestration. (A-A″) In a control boiC1/+ heterozygote, the
MARCM technique was used to generate a GFP-positive
ihogDC1/DC1 clone adjacent to the anterior-posterior
compartment boundary (green outline in A′,A″). (A) Ci155
(magenta) accumulates in response to Hh signaling and
marks the anterior-posterior boundary. (A′,A″) The high-
threshold Hh target Ptc is expressed normally within this
control clone, and there is no ectopic Ptc expression in cells
just anterior to the clone: this indicates correct sequestration
of the Hh signal by cells within the clone. (A″) Higher
magnification view of boxed area in A′. (B-B″) An ihogDC1/DC1

clone (green outlines in B′,B″) in a boiC1/− mutant.
(B″) Higher magnification view of boxed area in B′. Clones
lacking both ihog and boi did not express Ptc (GFP-positive,
green outline), but were identifiable as anterior in origin, as
they express basal levels of Ci155. Failure to sequester Hh is
indicated by high levels of Ptc in cells immediately anterior to
the clone (arrow in B″). (C-C″) A boi;ihog double mutant
clone adjacent to the anterior-posterior compartment
boundary that is expressing UAS-smoSD123 (green outline in
C′,C″). (C″) Higher magnification view of boxed area in C′.
Expression of smoSD123 in cells lacking boi and ihog rescues
pathway activation (Ptc expression within clone, C″) and is
sufficient to sequester Hh. Orange dashed lines (A,B,C)
mark the normal position of the anterior-posterior boundary.
(D,D′) Quantification example. Average Ptc intensity within
the clone (within green outline in D and green shaded region
in D′) is measured within the usual high-Ptc expression zone.
Average Ptc intensity anterior to the clone (within magenta
outline in D andmagenta shaded region in D′) consists of the
first two rows of cells anterior to area measured in green.
(E) Quantification of average Ptc intensity within (green bars)
and anterior to (blue bars) the observed clones. Clones
lacking Ihog and Boi but expressing SmoSD123 (n=11) show
similar patterns of Ptc intensity than control clones (n=5). By
contrast, clones lacking Ihog and Boi (n=8), or the pathway
activator Smo (n=9), displayed low Ptc within the clone and
high Ptc anterior to it (ANOVA, F3,29=9.017, P=0.0002). All
measurements were normalized to the average levels of Ptc
expression that were observed in areas of equivalent size
outside the clones but near the compartment boundary.
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(Camp et al., 2010), we considered that it might encode an intact
first FN3 domain that could theoretically bind Hh in this
experiment. To test this, we replaced boiC1 with boiKO2-1, an
allele designed by gene targeting to delete the translation initiation
codon, the signal sequence and the four Ig domains from the coding
sequence of Boi (Zheng et al., 2010). In results that are identical to
those for boiC1, we restored Hh sequestration to boi;ihog double
mutant cells by activating the pathway (supplementary material
Fig. S1). This confirms that Ihog and Boi are dispensable for
sequestration if Hh signaling is activated, and implicates an
Hh-binding factor other than Ihog or Boi in this process.
To investigate how sequestration of the Hh signal (as measured by

Ptc levels) relates to retention of the Hh protein, we measured the
labeling intensity of anti-Hh immunoreactivity within MARCM
clones, and in cells just anterior to them. As cells of the anterior
compartment do not produce Hh, we interpret Hh immunoreactivity
within anterior compartment clones as an indication of their capacity
to bind Hh produced and secreted by cells of the posterior
compartment. In control animals heterozygous for boi, we noted
that SmoSD123 expression in ihog clones (genotype: boiC1/+;ihogDC1/
DC1) did not influence Hh immunoreactivity compared with normal
levels seen just outside the clone (genotype: boiC1/+;ihogDC1/+)
(Fig. 4A-B). However, boi;ihog double mutant clones lacked Hh

staining (Fig. 4C-D), suggesting that Hh secreted from cells in the
posterior compartment was not retained by cells within the clone.
Instead, Hh accumulated immediately anterior to them (Fig. 4C-D,G),
as if the movement of Hh from the posterior compartment was
unimpeded by boi;ihog doublemutant cells. Importantly, Hh staining
was restored to boi;ihog doublemutant cells that expressed SmoSD123,
and the graded distribution of Hh within these clones was identical to
nearby control cells outside the clones (Fig. 4E-F,G). Thus, pathway
activation due to SmoSD123 renders Ihog and Boi dispensable for cells
to retain and sequester Hh.

Studies of cultured cells transfected with Ptc indicate that its
localization at the plasma membrane is improved by co-expression
of Ihog (Zheng et al., 2010). If Ihog/Boi were required for Ptc
trafficking to the plasma membrane in vivo, we anticipated that the
subcellular distribution of Ptc might be altered in clones of wing
disk epithelial cells lacking Ihog and Boi. However, we found no
evidence that the distribution of Ptc was influenced by the presence
or absence of Ihog/Boi (supplementary material Fig. S2).

Ptc is essential for Hh sequestration in vivo, also in the
absence of Ihog and Boi
If cells lacking Ihog and Boi can sequester Hh once the pathway has
been activated, then another Hh-binding factor is likely to play a

Fig. 4. Ihog and Boi are dispensable for Hh
retention. (A,A′) In a boiC1/+ control, an ihogDC1/DC1

clone (green outline) expressing SmoSD123 displays a
normal Hh gradient. (B) Average Hh staining intensity
of control (blue) and clone (red) areas boxed in A′.
(C,C′) In a boiC1/− mutant, an ihogDC1/DC1 MARCM
clone (green outline) is shown to cross the anterior-
posterior boundary (orange dashed line). The clone
lacks Hh staining, which instead accumulates
immediately anterior to it (arrow in C′ and D),
indicating the inability of the boi;ihog double mutant
cells within the clone to retain Hh. (D) Average Hh
staining intensity of control (blue) and clone (red)
areas boxed in C′. (E,E′) In a boiC1/− mutant, an
ihogDC1/DC1 clone (green outline) expressing
SmoSD123 shows that pathway activation in this
manner rescues the normal Hh gradient within the
clone. (F) Average Hh staining intensity of control
(blue) and clone (red) areas boxed in E′. (G) Ratio of
average Hh intensity within clones versus cells just
anterior to the clones (ANOVA, F2,14=6.369,
P=0.0108). All measurements were normalized to Hh
intensity in the posterior compartment of the wing.
Genotypes boiC1/+; ihogDC1/DC1; UAS-smoSD123

(n=5 clones), boiC1/−; ihogDC1/DC1 (n=7 clones) and
boiC1/−; ihogDC1/DC1; UAS-smoSD123 (n=6 clones).
n.s., nonsignificant.
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principal role in restricting the diffusion of Hh and thereby limiting
the zone of pathway activation. Although it is controversial whether
Ptc binds to Hh directly in Drosophila, Ptc is a prime candidate due
to its upregulation following pathway activation. In boi;ihog double
mutant cells, perhaps Ptc levels are simply insufficient to sequester
Hh because Ptc is not upregulated, due to a lack of signaling through
the Hh pathway. We made several observations in support of a
primary role for Ptc in Hh sequestration. First, cells that are mutant
for the null allele ptc16 activate the pathway fully but do not
sequester Hh, allowing ectopic pathway activation in cells just
anterior to ptc16 clones (Chen and Struhl, 1996) (Fig. 5A-A″ and
arrow in B). In addition, neither Ihog nor Boi protein levels are
affected within ptc16 clones compared with neighboring cells
(Fig. 5C-F), and so a lack of Hh sequestration in ptc16 clones cannot
be readily explained by loss of Ihog and Boi. Furthermore, we found
that overexpression of Ihog was insufficient to sequester Hh in smo3

mutant clones, in which Ptc expression is not elevated (Fig. 5G-H).
Finally, to determine whether Ptc can sequester Hh in cells lacking
Ihog and Boi, we studied ptcS2, a missense mutation in the
intracellular sterol-sensing domain that, like ptc16, cannot repress
Smo and results in full pathway activation. Unlike ptc16 cells, cells
homozygous for ptcS2 retain the ability to sequester Hh (Chen and
Struhl, 1996). As expected of the controls, boi;ptcS2 double mutant
cells did sequester Hh, as there was no ectopic Ptc just anterior to
these clones (Fig. 6A-A″), whereas boi;ihog double mutant cells did
not sequester Hh (supplementary material Fig. S3). Triple mutant
boi;ptcS2;ihog clones spanning the anterior-posterior boundary

were rare, but we found five examples, two of which are shown
(Fig. 6B-B‴, supplementary material Fig. S3). In every case they
fully sequestered the Hh signal, confirming that Ptc is essential for
Hh sequestration in vivo, also in the absence of Ihog and Boi.

Ihog and Boi act via Hh pathway activation to control
compartment-specific cell affinity
Ihog and Boi are essential for activation of Hh signaling, which
results in upregulation of Ptc, a high-threshold target that is at least
partially responsible for Hh sequestration, independently of Ihog
and Boi. If Ihog and Boi are not directly required to sequester the
Hh signal, we wondered whether they might also be dispensable
for the process by which cells of the anterior and posterior
compartments are segregated from one another. Anterior cells
adjacent to the boundary require Hh signaling to remain within the
anterior compartment, as cells mutant for smo or ci segregate from
wild-type anterior cells, form tight borders with both anterior
and posterior cells and fail to integrate with either compartment
(Blair and Ralston, 1997; Rodriguez and Basler, 1997; Dahmann
and Basler, 2000). Likewise, boi;ihog double mutant cells also
segregate away from the anterior compartment (Fig. 7A,A′)
(Camp et al., 2010), phenocopying smomutations (Rodriguez and
Basler, 1997). This could reflect the requirement for Ihog and Boi
in Hh signal transduction. However, as the boundary is thought to
be implemented by mechanisms controlling compartment-specific
cell affinity and adhesion (Dahmann and Basler, 1999), it could
also reflect a direct role for Ihog and Boi in cell adhesion via their

Fig. 5. Ihog and Boi are unable to
sequester Hh in cells lacking Ptc.
(A) A GFP-positive MARCM clone
homozygous for the ptc16 null mutation
(green outline) is situated within the anterior
compartment, adjacent to the anterior-
posterior boundary (orange dashed line), as
assessed by Ci155 immunostaining
(magenta). (A′-B) The ptc16/16 null clone
does not express Ptc and fails to sequester
Hh, as indicated by ectopic activation (Ptc
expression) in cells anterior to the clone
(arrows in A′ and B). (B) Higher magnification
view of boxed area in A″. (C-F) GFP-positive
ptc16/16 MARCM clones stained for Ihog
(C-C″) or Boi (E-E″), focusing on clones of
the anterior compartment (green outlines).
(C″,E″) Higher magnification view of boxed
area in C′ and E′, respectively. (D,F) Average
staining intensity of boxed areas in C″ and
E″, respectively. Gray line indicates total
average intensity. Note that Ihog and Boi
levels are unchanged in ptc16/16 clones
compared with neighboring cells.
(G-G″) A GFP-positive MARCM clone
homozygous for the smo3 null mutation and
overexpressing Ihog (green outline) of
anterior origin is situated within the posterior
compartment, adjacent to the anterior-
posterior boundary (orange dashed line),
as assessed by Ci155 (G) and Ptc
immunostaining (G′). Despite the presence
of Ihog, the clone is unable to sequester
Hh as indicated by the upregulation of
Ptc anterior to the clone (arrows in G″).
(H,H′) Higher levels of Ihog (H′) are visible in
a smo3 clone overexpressing Ihog (green
outline).

3884

RESEARCH ARTICLE Development (2014) 141, 3879-3888 doi:10.1242/dev.103564

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.103564/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.103564/-/DC1


Ig and FN3-containing ectodomains. To address this, we tested
whether segregation of double mutant cells (ihogDC1/DC1 clones
in boiC1/− hemizygotes) could be rescued by pathway activation
within those cells through selective expression of SmoSD123 or
Ptc1130, a dominant-negative form of Ptc that cannot repress Smo. In
either instance, pathway activation in every double mutant clone
examined (n>10 for each genotype) was sufficient to prevent

mis-segregation of anterior cells into the posterior compartment
(Fig. 7B-C′). These results indicate that boi and ihog are dispensable
for the increased cell affinity and adhesion that accompanies
compartmentalization of the developing wing disk. Reinforcing this
interpretation was our examination of clones in the most anterior
regions of the anterior compartment, where cells are exposed to little
or no Hh. Control clones and boi;ihog double mutant clones in this

Fig. 6. Hh is sequestered by triple mutant cells for
Ihog, Boi and PtcS2. (A-A″) In a boiC1/− mutant, a large
GFP-negative clone homozygous for the ptcS2/S2

missense mutation is situated within the anterior
compartment, adjacent to the anterior-posterior boundary
(orange dashed line). (A′,A″) Ptc is highly expressed
within the clone because PtcS2 protein can be detected
with anti-Ptc antibody, and because the Hh signaling
pathway is highly active due to this mutation. Lack of
ectopic Ptc staining just anterior to the clone indicates full
Hh sequestration within the clone. (B-B‴) Two clones
mutant for both ptc and ihog are indicated by white
outlines in B‴. These are triple mutants, as they are
homozygous for ptcS2/S2 (GFP-negative, marked by green
outlines in B), ihogDC1/DC1 (Ihog-negative, marked by
magenta outlines in B′) and occur in a boiC1/− wing disk.
(B‴) A triple mutant clone (white outline and arrowhead)
near the compartment boundary can sequester Hh, as
indicated by the absence of Ptc just anterior to the clone
(white asterisk).

Fig. 7. Ihog and Boi act via the Hh pathway to
maintain the anterior-posterior boundary.
(A,A′) In a boiC1/− mutant, a large ihogDC1/DC1 clone
(green outline) is shown to segregate away from the
anterior compartment toward posterior territory
(boundary marked by orange dashed line). These
boi;ihog double mutant cells are known to be of
anterior origin because they all express basal levels
of Ci155. (B-C′) By contrast, boi;ihog doublemutants
segregate normally and remain in anterior territory
when Hh signaling is activated, using either Ptc1130

(B,B′) or SmoSD123 (C,C′). (D) In anterior clones that
are so far removed from the boundary that they
cannot receive the Hh signal, control MARCM
clones, in which both the boi and ihog genes are
intact and homozygous (genotype: boi+/+;ihog+/+),
have irregular shapes (green outlines of clones
marked by white arrows). (E) Likewise, similarly
positioned MARCM clones that are double mutant
for boi;ihog also have irregular shapes. (F) By
contrast, activation of Hh signaling in boi;ihog
double mutant cells with SmoSD123 causes such
clones to appear spheroid (green outlines of
clones marked by white arrows), probably
reflecting that pathway activation causes cells
within the clone to acquire higher affinity for one
another than for cells outside the clone, even in
the absence of Ihog and Boi.
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region were randomly shaped, reflecting that cells within these
clones had equal affinity for each other as they did with surrounding
cells outside the clone (arrows in Fig. 7D,E). By contrast, boi;ihog
double mutant clones that were activated by SmoSD123 were
spheroid and formed smooth boundaries with neighboring cells,
revealing stronger affinity of cells within the clone for one another
(arrow in Fig. 7F). We conclude that Ihog and Boi are required for
compartment segregation because they are necessary to activate Hh
signaling. Any potential role they might have in cell adhesion in this
context is dispensable upon Hh pathway activation. Interestingly,
upregulation of Ptc in response to pathway activation also appears
dispensable, as ptcmutant clones respect the compartment boundary
(Fig. 5A) (Rodriguez and Basler, 1997). This is strikingly distinct
from Hh sequestration, for which our data suggest that Ptc
upregulation is required.

DISCUSSION
We and others showed previously that Ihog and Boi are absolutely
essential within Hh-responding cells for activation of the Hh
signaling pathway, acting upstream of Smo (Camp et al., 2010;
Zheng et al., 2010). In the experiments described here, we advance
our understanding of Ihog and Boi function by drawing three major
conclusions:
First, in genetic epistasis experiments we found that Ihog and Boi

also act upstream or at the level of Ptc, supporting the idea that they
function through Ptc to relieve suppression of Smo. This epistatic
relationship appears conserved in evolution, as we found that Cdon
and Boc also function upstream or at the level of Ptch1 for Hh signal
transduction in mice. These genetic findings establish this
relationship unequivocally, and so have profound implications for
future studies to further clarify how these co-receptors participate in
Hh reception and pathway activation.
Second, based on our experiments to dissect the relative

contributions of Ihog and Boi in processes involving Ptc, we
conclude that it is through their essential roles in Hh signal
transduction that Ihog, Boi and Ptc contribute to anterior-posterior
compartment segregation: once the pathway is activated, all three
proteins are dispensable for maintenance of the compartment
boundary, implicating other, yet unidentified, cell surface
recognition molecules in compartment-specific cell affinity and
adhesion.
Our third conclusion is that Ihog andBoi, unlike Ptc, are completely

dispensable for the sequestration and retention of Hh. We show that
cells lacking Ihog and Boi can sequester and retain the Hh signal if the
pathway is activated and Ptc is upregulated. They do so via
physiological levels of endogenous Ptc induced either by pathway
activation in ptcS2mutants or by expression of SmoSD123. Incidentally,
we also found that Hh sequestration was rescued in boi;ihog double
mutant clones overexpressing Ptc1130 (Fig. 7B), a dominant-negative
that fully activates the Hh pathway and upregulates endogenous, wild-
type Ptc. This third conclusion is not consistentwith the view that Ihog
and Boi aid in addressing Ptc to the cell surface and that, once there,
they are required for Ptc to bind and sequester Hh (Zheng et al., 2010).
This view is based primarily on Ptc and Ihog overexpression in
cultured cells, and on an experiment that failed to restore Hh
sequestration to boi;ihog doublemutant cells withmutation of cAMP-
dependent protein kinase 1 (Pka-C1), which upregulates Ptc and other
target genes because loss of Pka-C1 disinhibits the activity of the
transcription factor Ci (Ohlmeyer and Kalderon, 1997; Chen et al.,
1998; Price and Kalderon, 1999; Wang et al., 1999). It is unclear why
Ptc upregulation in Pka-C1 mutants was unable to rescue Hh
sequestration in boi;ihog double mutants, whereas Ptc upregulation

in our experiments was able to do so. In cells lacking Ihog and Boi,
perhaps the level to which Ptc is upregulated in Pka-C1 mutants is
inadequate. Regardless, our data indicate that Ptc has a central role in
the binding and sequestration of Hh, whereas Ihog and Boi are
dispensable, despite their requirement for Hh signal transduction.

Our results are consistent with vertebrate systems, in which
current models strongly favor direct contacts between Hh and Ptc,
primarily because: (1) expression of the Ptc ortholog Ptch1
promotes binding of Shh to transfected cells (Marigo et al., 1996;
Stone et al., 1996), (2) radiolabeled Shh can be chemically cross-
linked to Ptch1 expressed on the cell surface (Fuse et al., 1999) and
(3) Ptch1 can reach the cell surface in the absence of the Ihog/Boi-
related proteins Cdon and Boc (Izzi et al., 2011). Whether Ptc is
sufficient on its own to bind Hh remains an important question that
awaits technically challenging studies using purified proteins. An
alternative possibility is that Hh could have additional receptor(s),
with candidates including the proteoglycans Dally and Dally-like
(Dlp), and Shifted, a secreted protein of the Wnt inhibitory factor 1
(WIF1) family (Han et al., 2004; Yan et al., 2010; Ayers et al., 2012;
Avanesov and Blair, 2013).

Our results clearly distinguish a role for Ptc that relies on Ihog/Boi
(Hh reception/signal transduction) from one that does not (Hh
sequestration), and so they contribute to an emerging view of the
function of Ihog, Boi and related proteins. In non-responding
cells, others have shown that Ihog and Boi are involved in restricting
themovement ofHh (Hartman et al., 2010; Bilioni et al., 2013), and so
may contribute to its overall distribution.Within Hh-responding cells,
where Ptc is co-expressedwith IhogandBoi,we find that IhogandBoi
are essential for Hh signal transduction, but not Hh sequestration and
retention.As Ihog andBoi act upstreamorat the level of Ptc, theymust
mediate a crucial, rate-limiting step in the inhibition of Ptc in response
to Hh. However, as they are not essential for Ptc to bind Hh, how they
affect Ptc function remains to be elucidated. Whereas the precise
molecular mechanism remains elusive, several lines of evidence
provide important clues. First, an Ihog variant lacking the cytoplasmic
tail can rescueboi;ihogdoublemutants (Zhenget al., 2010; our results,
data not shown). Second, the second Fn3 domain of Ihog or Boi
interacts physically with Ptc and is quite distinct from the first Fn3
domain that harbors theHh-interacting surface (McLellan et al., 2006;
Zheng et al., 2010). Third, the presence of Ihog or Boi potentiates
co-immunoprecipitation of Hh and Ptc (Zheng et al., 2010). Together,
these results suggest that the primary role of Ihog and Boi in Hh
signaling involves the ability of their ectodomains to form favorable
protein complexes with Ptc or Hh, or with both simultaneously.
Although our data indicate that Ptc does not need Ihog andBoi to bind
Hh in vivo, we surmise that it is through these multimolecular
complexes that IhogandBoi allowHhto inhibitPtc and thereby relieve
its suppression of Smo and the Hh signaling cascade.

MATERIALS AND METHODS
Fly stocks
Mutant and transgenic strains are described in the following references:
boiC1 and ihogDC1 (Camp et al., 2010), ptc16 (Strutt et al., 2001), ptcS2

(Martin et al., 2001), smo3 (Chen and Struhl, 1998), boiKO2-1 (Zheng et al.,
2010), UAS-SmoSD123-CFP (Jia et al., 2004), UAS-Ptc (Johnson et al.,
1995) and UAS-ptc1130 (Johnson et al., 2000).

Mosaic analysis
Mitotic recombination was used to generate clones of mutant cells within the
developing wing disk that could be scored by either the absence or presence
of green fluorescent protein (GFP). Clones marked by the absence of GFP
were generated by crossing boiC1/C1, hs-FLP; FRT40A, FRT42B/+ females
to ihogDC1, FRT40A, FRT42B, ptcS2, Ubi-GFP/+ males. In this way, three
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types of clones could be generated with a standard heat-shock protocol: (1)
ihogDC1/DC1, (2) ptcS2/S2 and (3) ihogDC1/DC1, ptcS2/S2. For controls, these
clones were generated in boiC1/+ heterozygotes (female progeny), with
which clones were compared generated in boiC1/Y hemizygotes (male
progeny) that are denoted boiC1/− in this paper for simplicity.

Clones marked by the presence of GFP were generated using a mosaic
analysis of a repressible cell marker (MARCM) (Lee and Luo, 2001).
MARCMcloneswere obtained by crossing boiC1/C1, hs-FLP ;FRT40A, tubP-
GAL80; actP-GAL4, UAS-mCD8GFP/TM6B,Tb females to ihogDC1,
FRT40A; UAS-transgene-of-interest/TM6B,Tb males. In this way, our
controls for these experiments were ihogDC1/DC1 clones generated in boiC1/+

heterozygotes (female progeny), with which were compared ihogDC1/DC1

clones generated in boiC1/− hemizygotes (male progeny). Within these
MARCM clones, the induced GFP expression could be accompanied
by induced expression of an additional transgene (UAS-SmoSD123-CFP or
UAS-ptc1130). In an experiment testing whether boiKO2-1 gave identical results
to boiC1, we crossed boiKO2-1, hs-FLP, UAS-mCD8GFP; FRT40A, tubP-
GAL80/In(2LR)Gla, wg[Gla-1] Bc[1]; actP-GAL4/TM6B,Tb females to either
ihogDC1, FRT40A/CyO,P[Dfd-GMR-nvYFP]2 males (controls) or ihogDC1,
FRT40A/CyO,P[Dfd-GMR-nvYFP]2; UAS-SmoSD123-CFP/TM6B,Tb males.

Antibody generation and immunohistochemistry for Drosophila
Wandering L3 larvae were dissected, fixed in 2% formaldehyde and
stained according to standard immunohistochemistry procedures. Rabbit
or guinea pig polyclonal antisera were generated against Ihog-GST and
Boi-GST fusion proteins, respectively. For Ihog, the fusion protein
consisted of amino acids 736-886 of the cytoplasmic tail of Ihog-PA
(FlyBase), and for Boi it comprised amino acids 874-998 of the
cytoplasmic tail of Boi-PB (FlyBase). Anti-Ihog was used at a dilution
of 1:10,000, and anti-Boi at 1:500. Monoclonal antibodies obtained
from the Developmental Studies Hybridoma Bank (DSHB) included:
mouse anti-Ptc (Apa 1, 1:50) and rat anti-Ci155 (2A1, 1:2000). Rabbit
anti-Hh (1:200) was a gift from Philip Ingham (Institute of Molecular
and Cell Biology, Singapore). Secondary antibodies were: Alexa Fluor
488-conjugated goat anti-rabbit (A-11034, 1:500); Alexa Fluor 647-
conjugated goat anti-mouse (A-21236, 1:500); and Alexa Fluor
568-conjugated goat anti-rat (A-11077, 1:500), all from Molecular
Probes, and DyLight 549-conjugated anti-guinea pig (106-505-003,
1:500) from Jackson Laboratories. Confocal images were collected on an
Olympus FV1000 confocal microscope. All images show a single focal
plane through the basolateral region of the wing disk epithelium, with
anterior to the left and dorsal to the bottom. Measurements of fluorescence
intensity were performed in ImageJ (NIH). Average Ptc and Hh intensity
within clones was measured in the first two (Hh) or three (Ptc) rows of
cells just anterior to the compartment boundary. Average Ptc and Hh
intensity anterior to the clone was measured in the first two rows of cells
just anterior to the clone. Background levels of fluorescence were
subtracted prior to all measurements.

Mice and analysis of spinal cord tissues by immunofluorescence
CdoLacZ-2 (Cole and Krauss, 2003), BocAP-2 (Zhang et al., 2011) and
Ptch1LacZ (Goodrich et al., 1997) mice have been described previously.
This study was performed in strict accordancewith the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. All of the animals were handled according to approved
institutional animal care and use committee (IACUC) protocols of the
University of Michigan. The protocol was approved by the University
Committee on Use and Care of Animals (UCUCA) at the University of
Michigan (PRO00004017). Cdon mice were maintained on a C57BL/6
background; Boc mice were maintained on a mixed C57BL6;129S6/
SvEvTac background; Ptch1LacZ mice were maintained on a mixed Swiss
Webster;129S4/SvJaeJ;C57BL/6 background. Noon of the day on which a
vaginal plug was detected was considered as E0.5. For all analyses, a
minimum of three embryos of each genotype was examined; representative
images are shown. Immunofluorescent analyses of E10.5 mouse neural
tubes were performed essentially as described previously (Jeong and
McMahon, 2005). The following antibodies were obtained from the DSHB
and used at a 1:20 dilution: mouse IgG1 anti-Foxa2 (4C7), mouse IgG2b

anti-Nkx2-2 (74.5A5) and mouse IgG1 anti-Pax6 (PAX6). Secondary
antibodies were used at a dilution of 1:500 (as above). Primary antibodies
were incubated overnight at 4°C. DAPI (D1306, Molecular Probes) was
used at a dilution of 1:30,000. ALeica SP5X confocal microscopewas used
to visualize fluorescence. For each genotype a minimum of three embryos
were analyzed. Whole mouse embryos were imaged with a Nikon
SMZ1500 stereomicroscope.

Graphs and statistics
All bar graphs express data as mean±s.e.m. Statistical analyses were carried
out in Prism (GraphPad). All data were analyzed for statistical significance
using a one-way ANOVA. Statistically significant differences in ANOVA
(P<0.05) were followed by Dunnett’s post-hoc tests, and asterisks in graphs
denote significance of P-values comparing indicated group with controls
(* for P<0.05).
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Martıń, V., Carrillo, G., Torroja, C. and Guerrero, I. (2001). The sterol-sensing
domain of Patched protein seems to control Smoothened activity through Patched
vesicular trafficking. Curr. Biol. 11, 601-607.

McLellan, J. S., Yao, S., Zheng, X., Geisbrecht, B. V., Ghirlando, R., Beachy, P. A.
and Leahy, D. J. (2006). Structure of a heparin-dependent complex of Hedgehog
and Ihog. Proc. Natl. Acad. Sci. USA 103, 17208-17213.

Ohlmeyer, J. T. and Kalderon, D. (1997). Dual pathways for induction of wingless
expression by protein kinase A and Hedgehog in Drosophila embryos. Genes
Dev. 11, 2250-2258.

Phillips, R. G., Roberts, I. J., Ingham, P. W. and Whittle, J. R. (1990). The
Drosophila segment polarity gene patched is involved in a position-signalling
mechanism in imaginal discs. Development 110, 105-114.

Price, M. A. and Kalderon, D. (1999). Proteolysis of cubitus interruptus in
Drosophila requires phosphorylation by protein kinase A. Development 126,
4331-4339.

Rodriguez, I. and Basler, K. (1997). Control of compartmental affinity boundaries
by hedgehog. Nature 389, 614-618.

Stone, D. M., Hynes, M., Armanini, M., Swanson, T. A., Gu, Q., Johnson, R. L.,
Scott, M. P., Pennica, D., Goddard, A., Phillips, H. et al. (1996). The tumour-
suppressor gene patched encodes a candidate receptor for Sonic hedgehog.
Nature 384, 129-134.

Strutt, H., Thomas, C., Nakano, Y., Stark, D., Neave, B., Taylor, A. M. and
Ingham, P. W. (2001). Mutations in the sterol-sensing domain of Patched suggest
a role for vesicular trafficking in Smoothened regulation. Curr. Biol. 11, 608-613.

Wang, G., Wang, B. and Jiang, J. (1999). Protein kinase A antagonizes Hedgehog
signaling by regulating both the activator and repressor forms of Cubitus
interruptus. Genes Dev. 13, 2828-2837.

Yan, D., Wu, Y., Yang, Y., Belenkaya, T. Y., Tang, X. and Lin, X. (2010). The cell-
surface proteins Dally-like and Ihog differentially regulate Hedgehog signaling
strength and range during development. Development 137, 2033-2044.

Yao, S., Lum, L. and Beachy, P. (2006). The ihog cell-surface proteins bind
Hedgehog and mediate pathway activation. Cell 125, 343-357.

Zhang, W., Hong, M., Bae, G.-U., Kang, J.-S. and Krauss, R. S. (2011). Boc
modifies the holoprosencephaly spectrum of Cdo mutant mice. Dis. Model. Mech.
4, 368-380.

Zheng, X., Mann, R. K., Sever, N. and Beachy, P. A. (2010). Genetic and
biochemical definition of the Hedgehog receptor. Genes Dev. 24, 57-71.

3888

RESEARCH ARTICLE Development (2014) 141, 3879-3888 doi:10.1242/dev.103564

D
E
V
E
LO

P
M

E
N
T

http://dx.doi.org/10.1016/S0092-8674(00)81374-4
http://dx.doi.org/10.1016/S0092-8674(00)81374-4
http://dx.doi.org/10.1073/pnas.95.5.2349
http://dx.doi.org/10.1073/pnas.95.5.2349
http://dx.doi.org/10.1073/pnas.95.5.2349
http://dx.doi.org/10.1016/S0960-9822(03)00088-5
http://dx.doi.org/10.1016/S0960-9822(03)00088-5
http://dx.doi.org/10.1016/S0168-9525(99)01774-6
http://dx.doi.org/10.1016/S0168-9525(99)01774-6
http://dx.doi.org/10.1016/S0092-8674(00)80677-7
http://dx.doi.org/10.1016/S0092-8674(00)80677-7
http://dx.doi.org/10.1016/S0092-8674(00)80677-7
http://dx.doi.org/10.1073/pnas.96.20.10992
http://dx.doi.org/10.1073/pnas.96.20.10992
http://dx.doi.org/10.1073/pnas.96.20.10992
http://dx.doi.org/10.1126/science.277.5329.1109
http://dx.doi.org/10.1126/science.277.5329.1109
http://dx.doi.org/10.1126/science.277.5329.1109
http://dx.doi.org/10.1242/dev.00958
http://dx.doi.org/10.1242/dev.00958
http://dx.doi.org/10.1242/dev.00958
http://dx.doi.org/10.1083/jcb.201007142
http://dx.doi.org/10.1083/jcb.201007142
http://dx.doi.org/10.1083/jcb.201007142
http://dx.doi.org/10.1038/353184a0
http://dx.doi.org/10.1038/353184a0
http://dx.doi.org/10.1016/j.devcel.2011.04.017
http://dx.doi.org/10.1016/j.devcel.2011.04.017
http://dx.doi.org/10.1016/j.devcel.2011.04.017
http://dx.doi.org/10.1016/j.devcel.2011.04.017
http://dx.doi.org/10.1242/dev.01566
http://dx.doi.org/10.1242/dev.01566
http://dx.doi.org/10.1242/dev.01566
http://dx.doi.org/10.1038/nature03179
http://dx.doi.org/10.1038/nature03179
http://dx.doi.org/10.1038/nature03179
http://dx.doi.org/10.1016/0092-8674(95)90510-3
http://dx.doi.org/10.1016/0092-8674(95)90510-3
http://dx.doi.org/10.1016/S1097-2765(00)00045-9
http://dx.doi.org/10.1016/S1097-2765(00)00045-9
http://dx.doi.org/10.1016/S1097-2765(00)00045-9
http://dx.doi.org/10.1093/emboj/21.1.114
http://dx.doi.org/10.1093/emboj/21.1.114
http://dx.doi.org/10.1093/emboj/21.1.114
http://dx.doi.org/10.1016/S0166-2236(00)01791-4
http://dx.doi.org/10.1016/S0166-2236(00)01791-4
http://dx.doi.org/10.1016/0092-8674(95)90509-X
http://dx.doi.org/10.1016/0092-8674(95)90509-X
http://dx.doi.org/10.1016/0092-8674(95)90509-X
http://dx.doi.org/10.1126/science.1081403
http://dx.doi.org/10.1126/science.1081403
http://dx.doi.org/10.1126/science.1081403
http://dx.doi.org/10.1038/384176a0
http://dx.doi.org/10.1038/384176a0
http://dx.doi.org/10.1038/384176a0
http://dx.doi.org/10.1016/S0960-9822(01)00178-6
http://dx.doi.org/10.1016/S0960-9822(01)00178-6
http://dx.doi.org/10.1016/S0960-9822(01)00178-6
http://dx.doi.org/10.1073/pnas.0606738103
http://dx.doi.org/10.1073/pnas.0606738103
http://dx.doi.org/10.1073/pnas.0606738103
http://dx.doi.org/10.1101/gad.11.17.2250
http://dx.doi.org/10.1101/gad.11.17.2250
http://dx.doi.org/10.1101/gad.11.17.2250
http://dx.doi.org/10.1038/39343
http://dx.doi.org/10.1038/39343
http://dx.doi.org/10.1038/384129a0
http://dx.doi.org/10.1038/384129a0
http://dx.doi.org/10.1038/384129a0
http://dx.doi.org/10.1038/384129a0
http://dx.doi.org/10.1016/S0960-9822(01)00179-8
http://dx.doi.org/10.1016/S0960-9822(01)00179-8
http://dx.doi.org/10.1016/S0960-9822(01)00179-8
http://dx.doi.org/10.1101/gad.13.21.2828
http://dx.doi.org/10.1101/gad.13.21.2828
http://dx.doi.org/10.1101/gad.13.21.2828
http://dx.doi.org/10.1242/dev.045740
http://dx.doi.org/10.1242/dev.045740
http://dx.doi.org/10.1242/dev.045740
http://dx.doi.org/10.1016/j.cell.2006.02.040
http://dx.doi.org/10.1016/j.cell.2006.02.040
http://dx.doi.org/10.1242/dmm.005744
http://dx.doi.org/10.1242/dmm.005744
http://dx.doi.org/10.1242/dmm.005744
http://dx.doi.org/10.1101/gad.1870310
http://dx.doi.org/10.1101/gad.1870310


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


