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Feedback control of mammalian
Hedgehog signaling by the
Hedgehog-binding protein,
Hipl, modulates Fgf signaling
during branching morphogenesis
of the lung

Pao-Tien Chuang,'” T’Nay Kawcak,'
and Andrew P. McMahon>*

!Cardiovascular Research Institute, University of California,
San Francisco, California 94143, USA; 2Department of
Molecular and Cellular Biology, Harvard University,
Cambridge, Massachusetts 02138, USA

Hedgehog (Hh) signaling plays a major role in multiple
aspects of embryonic development. A key issue is how
negative regulation of Hh signaling might contribute to
generating differential responses over tens of cell diam-
eters. In cells that respond to Hh, two proteins that are
up-regulated are Patchedl (Ptchl), the Hh receptor, a
general target in both invertebrate and vertebrate organ-
isms, and Hip1, a Hh-binding protein that is vertebrate
specific. To address the developmental role of Hipl in
the context of Hh signaling, we generated Hip1 mutants
in the mouse. Loss of Hip1 function results in specific
defects in two Hh target issues, the lung, a target of Sonic
hedgehog (Shh) signaling, and the endochondral skel-
eton, a target of Indian hedgehog (Ihh) signaling. Hh sig-
naling was up-regulated in Hip1 mutants, substantiating
Hip1’s general role in negatively regulating Hh signaling.
Our studies focused on Hipl in the lung. Here, a dy-
namic interaction between Hh and fibroblast growth fac-
tor (Fgf) signaling, modulated at least in part by Hipl,
controls early lung branching.
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The Hedgehog (Hh) signaling pathway plays a central
role in the regulation of invertebrate and vertebrate de-
velopment (for reviews, see Ingham and McMahon 2001;
McMahon et al. 2003). Several components of the path-
way have been identified that are essential for transduc-
ing the Hh signal; these include membrane proteins, cy-
toplasmic components, and transcriptional activators.
Hh signal transduction is regulated by many cellular pro-
cesses, including proteolysis, phosphorylation, and tran-
scriptional activation of negative regulators. A Hh signal
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is transduced on binding of Hh ligand to its receptor,
Patchedl (Ptchl), a multipass transmembrane protein.
Genetic and molecular studies suggest that Ptch1 inhib-
its the signaling activity of Smoothened (Smo), a seven-
transmembrane protein that shares sequence similarity
with G-protein coupled receptors. Though the precise
molecular mechanism remains to be elucidated, Hh
binding to Ptchl appears to relieve a Ptchl-mediated re-
pression of Smo, resulting in elevated levels of a phos-
phorylated form of Smo at the surface of the cell. In its
activated form, Smo can initiate the signaling cascade,
activating transcriptional targets of the Hh signaling
pathway.

An important aspect of Hh signaling is induction of
the genes encoding Hh-binding proteins, Ptc/Ptchl and
Hedgehog-interacting protein 1 (Hipl; for review, see
Ingham and McMahon 2001). Whereas up-regulation of
Ptc/Ptchl in target cells is a highly conserved response,
no Hipl homologs have been identified in invertebrates.
Increased Ptc on the cell surface of Hh-responsive cells
sequesters Hh signal, limiting the range of Hh action in
its target field, and may help shape the cell’s response to
Hh signaling (see Ingham and McMahon 2001). How
Hipl activity features in Hh signaling is less well under-
stood.

Hip1 encodes a membrane-bound protein that directly
binds all mammalian Hh proteins (Chuang and McMa-
hon 1999). Like Ptchl, Hipl is transcriptionally acti-
vated in response to Hh signaling, overlapping the ex-
pression domains of Ptch1 (Goodrich et al. 1996; Chuang
and McMahon 1999). Further, gain-of-function experi-
ments indicate that Hipl binding of Hh ligands attenu-
ates Hh signaling (Chuang and McMahon 1999). Here we
demonstrate that loss-of-function mutants in Hipl re-
sult in an up-regulation of Hh signaling in the mouse
embryo, disrupting cell interactions essential for the nor-
mal morphogenesis of the lung and skeleton (see Supple-
mental Material).

Results and Discussion

Targeted disruption of Hip1 results in neonatal
lethality with respiratory failure

To generate a null allele of the Hipl gene in mice, a
standard positive/negative targeting vector was con-
structed. The details are described in the Supplemental
Material and Supplementary Figure 1A. Loss of Hip1 ac-
tivity leads to recessive postnatal lethality. The ratio of
Hipl+/+:Hipl+/-:Hip1-/- (55:118:51) newborn pups ap-
proximates a 1:2:1 Mendelian distribution (Supplemen-
tary Fig. 1B), but all homozygous Hipl mutant pups die
a few hours after birth due to respiratory failure. Hip1
mutants are superficially identical to their wild-type lit-
termates, indicating that Hipl activity does not appear
to be essential for normal patterning of limbs, hair, or
whisker, all of which are regulated by Hh signaling
(Supplementary Fig. 1C; McMahon et al. 2003). Histo-
logical analysis revealed that dorsal-ventral patterning of
the neural tube, development of the somites, and the
organization of most internal organs appeared grossly
normal in Hipl mutants (data not shown). In contrast,
Hipl mutants have only one right and one left lung lobe
rather than the five lobes (four on the right side and one
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