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Embryonic signalling pathways regulate progenitor cell fates in
mammalian epithelial development and cancer1,2. Prompted by
the requirement for sonic hedgehog (Shh) signalling in lung
development3,4, we investigated a role for this pathway in regen-
eration and carcinogenesis of airway epithelium. Here we
demonstrate extensive activation of the hedgehog (Hh) pathway
within the airway epithelium during repair of acute airway
injury. This mode of Hh signalling is characterized by the
elaboration and reception of the Shh signal within the epithelial
compartment, and immediately precedes neuroendocrine differ-
entiation. We reveal a similar pattern of Hh signalling in airway
development during normal differentiation of pulmonary neuro-
endocrine precursor cells, and in a subset of small-cell lung
cancer (SCLC), a highly aggressive and frequently lethal human
tumour with primitive neuroendocrine features. These tumours
maintain their malignant phenotype in vitro and in vivo through
ligand-dependent Hh pathway activation. We propose that some

types of SCLC might recapitulate a critical, Hh-regulated event in
airway epithelial differentiation. This requirement for Hh path-
way activation identifies a common lethal malignancy that may
respond to pharmacological blockade of the Hh signalling
pathway.

Sonic hedgehog (Shh), a mammalian hedgehog (Hh) pathway
ligand, mediates epithelial–mesenchymal interactions in lung
development by signalling to adjacent lung mesenchyme, as indi-
cated by expression of the Hh receptor and pathway target Patched
(Ptch)5. Loss of Shh function results in severe lung defects associated
with failure of branching morphogenesis3,4. As developmental path-
ways regulate progenitor cell fates and differentiation in some
regenerating mammalian epithelia1,2, we hypothesized that Hh
signalling might be important in airway epithelial repair.

In contrast to the skin and colon, adult airway epithelium rarely
proliferates unless injured6. To uncover a role for Hh signalling in
this process, we studied a mouse model of acute airway repair in
which Clara cells, specialized airway epithelial cells predominant in
distal conducting airways, are depleted within 24 h of systemic
naphthalene administration6. Activation of a putative airway pro-
genitor results in epithelial regeneration within three days, with
increased numbers of airway neuroendocrine cells—a normally rare
cell type implicated in the regulation of airway epithelial growth and
development6,7. In regenerating airways, we observed marked
expression of both Shh ligand and Gli1, a transcriptional target of
Hh signalling8, in the epithelial compartment 72 h after naphthalene
injury (Fig. 1a). By day 4, Gli1 was not observed in nascent airway
epithelial cells expressing calcitonin gene-related peptide (CGRP), a
marker of neuroendocrine differentiation (Fig. 1a, b). These
data show that acute airway epithelial regeneration results in wide-
spread activation of airway intraepithelial Hh signalling, which

Figure 1 Hedgehog signalling in airway repair and development. a, Immunohistochemical

detection of Shh and Gli1 in adult mouse airways is negative in normal airways (left

panels), but positive for both Shh and Gli1 in serial sections 3 days after naphthalene

injury (middle panels). By 4 days after naphthalene treatment (right panels), Gli1-positive

cells are reduced in number (arrow). Serial sections demonstrate that nascent

CGRP-positive cells do not express stained Gli1. Scale bar, 50 mm. b, Quantitative analysis

of bronchial epithelial staining in a (n ¼ 4, mean ^ s.e.m.). c, Shh signalling in E13.5

lungs. Shh immunostaining in embryonic airway epithelium is shown in the left panel. The

right panel shows X-gal staining of lungs obtained from E13.5 Ptch-LacZ mouse embryos,

demonstrating intense mesenchymal staining. Scale bar, 25 mm. d, Clusters of

LacZ-positive cells (arrows) are seen in the airway epithelium of E16.5 (left panel) and adult

(right panel) mice. Scale bar, 25 mm. a, airway; m, mesenchyme; bm, basement membrane.

e, Confocal immunofluorescence detection of Hh signalling in lung development. The top

row demonstrates expression of both CGRP and Ptch in an E16.5 airway (arrow), similar to

that shown in d. The bottom row shows expression of CGRP (arrow) adjacent to Shh-

expressing epithelial cells (see high-magnification inset). Scale bar, 25 mm.
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immediately precedes neuroendocrine differentiation.
Embryonic lung epithelial cells express Shh, which is thought to

signal to adjacent lung mesenchyme to regulate branching mor-
phogenesis3–5. In light of this, our detection of Shh and Gli1 within
the epithelial compartment during airway epithelial regeneration
was unexpected. To determine whether such intraepithelial signal-
ling occurred in embryonic lung development, we studied mice in
which one copy of Ptch is replaced in-frame with the b-galactosidase
(b-gal) gene by homologous recombination9. As Ptch is a transcrip-
tional target of the Gli proteins, expression of b-gal indicates
activation of the Hh pathway9,10. Early gestation (embryonic day
(E)13.5) embryos showed expression of Shh protein in the primitive
lung endoderm, and intense b-gal expression in the adjacent
mesenchyme (Fig. 1c). By contrast, later lung development
(E16.5) was characterized by clusters of b-gal-expressing cells in
the developing airway epithelium (Fig. 1d). Small numbers of cells
expressing b-gal persist in the basal layer of the adult bronchial
epithelium (Fig. 1d). Similar clusters of epithelial cells expressing
the neuroendocrine marker CGRP and Ptch were observed by
confocal immunofluorescence in E16.5 airways, immediately adja-
cent to cells expressing Shh (Fig. 1e). These data suggest that during
normal development, neuroendocrine precursors within the airway
epithelial compartment respond to a Shh signal elaborated by
adjacent airway epithelial cells.

SCLC is an aggressive, highly lethal malignancy with primitive
neuroendocrine features11. As aberrant reactivation of developmen-
tal pathways may have a role in cancer growth1,2, we wondered
whether the epithelial Hh signalling we had observed in airway
embryogenesis and repair might persist in SCLC. Analysis of SCLC
tissue showed that five out of ten tumours expressed both Shh and
Gli1 (Fig. 2a; see also Supplementary panel a). Out of 40 non-SCLC
(NSCLC) tumours, nine demonstrated Shh expression and of

these, four demonstrated co-expression of Gli1 (Fig. 2a; see also
Supplementary panel a). These data provide indirect evidence of
persistent activation of Hh signalling in lung cancer, predominantly
in SCLC. These findings were confirmed by analysis of human lung
cancer cell lines. Notably, all seven SCLC and seven NSCLC cell lines
expressed Shh protein (Fig. 2b). Out of five breast and eight colon
cancer cell lines examined, only one (CACO2) expressed Shh
protein, and none expressed Gli1 protein, as shown by western
blot analysis (data not shown). Importantly, expression of both Shh
and Gli1 proteins was observed in five out of seven SCLC lines, and
this correlated with increased expression of Ptch messenger RNA
(Fig. 2b). In contrast, NSCLC lines expressed Shh and low levels of
Ptch, but not Gli1. These data are summarized in Supplementary
panel b.

To determine how Hh signalling might function in these
tumours, we co-cultured cancer cells with Shh-LIGHT2 cells, a
fibroblast reporter cell line that responds to exogenous Shh by
activation of an integrated Gli-responsive luciferase reporter10.
Some NSCLC cells that express Shh are capable of heterologous
cell signalling to the reporter cell line (Fig. 2c), suggesting that
NSCLC retains the Shh export properties of primitive lung endo-
dermal cells that signal to adjacent mesenchymal cells in early
development. By contrast, the SCLC cells we studied display a
marked reduction in this ability to signal to adjacent cells. These
data demonstrate that distinct types of lung cancer cells recapitulate
different aspects of Shh signalling seen in lung development and
repair.

We next addressed the mechanism of Hh pathway activation in
SCLC. Dual-label immunostaining for Shh and Gli1 in SCLC nude
mouse xenografts demonstrated Shh-expressing cells adjacent to
Gli1-expressing cells (Fig. 2d). These data suggest juxtacrine Hh
pathway activation in SCLC markedly similar to that observed in

Figure 2 Hh signalling in lung cancer. a, Examples of Shh and Gli1 immunostaining in

human lung cancer tissue. Note the widespread co-expression of Shh and Gli1 in SCLC,

which is reduced in the NSCLC example. b, Expression of Hh signalling components in

lung cancer cell lines. The top panel shows immunoblotting (IB) data for expression of Shh,

Gli1 and GAPDH. The bottom panel demonstrates Ptch mRNA expression in the same cell

lines detected by RNAse protection assay (RPA). The markers along the right indicate

relative molecular mass. c, Induction of Gli-luciferase activity in Shh-LIGHT2 reporter cells

co-cultured with purified Shh-Np or the cell lines indicated on the x axis. Luciferase

activity is normalized to a Renilla luciferase internal control (n ¼ 6, mean ^ s.e.m.).

d, Shh and Gli1 expression in NCI-H249 SCLC xenograft cells detected by dual-label

immunohistochemistry. Brown, Shh; red, Gli1. The left panel shows a tumour cell

expressing Shh alone (arrow); the right panel shows a Shh-expressing tumour cell (top

arrow) and an adjacent Gli1-expressing tumour cell (bottom arrow).
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airway development and repair. Next, we asked whether ligand-
driven Hh pathway activation promotes growth of SCLC. Inhibition
of Shh ligand activity in NCI-H249 and NCI-H1618 SCLC cells with
the 5E1 Shh-N monoclonal antibody12 resulted in growth inhibition
(Fig. 3a). Although NCI-H157 NSCLC cells express Shh, they do not
express Gli1 protein, and are not affected by 5E1 treatment (Fig. 3a).
These data demonstrate that growth of SCLC cells in vitro is
dependent on ligand-mediated activation of the Hh pathway,
and suggest the presence of a normal Ptch receptor, confirmed
by sequencing of Ptch complementary DNA in both NCI-H249
and NCI-H1618 SCLC cells generated by reverse transcription-
polymerase chain reaction (RT-PCR) (data not shown).

The Veratrum alkaloid cyclopamine specifically inhibits the Hh
pathway10,13,14 through interaction with the Hh signalling protein
smoothened15,16. Moreover, cyclopamine blocks the oncogenic
effects of mutations of Ptch in fibroblasts10, and inhibits the
malignant growth of medulloblastoma cells lacking Ptch function17.
Treatment of NCI-H249 SCLC cells with cyclopamine, or a more
potent analogue KAAD-cyclopamine10, resulted in significant
growth inhibition, whereas tomatidine, a closely related compound
that lacks the capacity to inhibit Hh signalling, had no effect
(Fig. 3b). The effects of cyclopamine and KAAD-cyclopamine on
the growth of SCLC reflect their relative potency in silencing Hh
pathway activation in vitro10. None of KAAD-cyclopamine, cyclo-
pamine or tomatidine was able to affect growth of NCI-H157
NSCLC cells (Fig. 3c). The growth-inhibitory effect of cyclopamine,
if due to Hh pathway blockade, should be bypassed by constitutive
overexpression of the Hedgehog pathway effector Gli1 (ref. 17). We
indeed observed that stable expression of a Flag-tagged Gli1
protein18 protected NCI-H249 SCLC cells from growth inhibition
by cyclopamine, whereas a Gli1 mutant lacking the zinc finger
DNA-binding domain had no effect (Fig. 3d). Treatment of nine
cancer cell lines with cyclopamine at concentrations up to 10 mM
demonstrated growth inhibition only in SCLC cells that expressed
both Shh and its transcriptional effector Gli1 (Supplementary panel
b). These data show that cyclopamine induces growth inhibition in
SCLC cells expressing both Shh and Gli1 by specific inhibition of the
Hh pathway.

We next investigated the relationship between Hh pathway
blockade by cyclopamine and growth arrest in SCLC. Unsynchro-
nized NCI-H249 SCLC cells treated with 5 mM cyclopamine for 72 h
demonstrated arrest of the cell cycle in Go/G1 (Fig. 3e) and
apoptosis indicated by an increase in cleaved PARP (Fig. 3f).
Analysis of Ptch mRNA expression revealed downregulation in
response to cyclopamine treatment (Fig. 3g). These results indicate
silencing of Hh pathway activation at concentrations of cyclopa-
mine that induce both growth arrest and apoptosis. We next
investigated the possibility that SCLC cells might express transcripts
indicative of a progenitor cell phenotype. We detected expression of
BMP4, a morphogen and putative target of Hh expressed in lung
epithelial embryogenesis19, and nestin, an intermediate filament
characteristic of neural stem cells in medulloblastoma17 (Fig. 3h).
Treatment of NCI-H249 SCLC cells with cyclopamine for 48 h
inhibited expression of both these genes (Fig. 3h), as well as the
expression of human ASH-1, a transcription factor required for
pulmonary neuroendocrine differentiation20. These changes in gene
expression suggest that Hh signalling maintains a progenitor cell
fate in SCLC.

Pathological activation of Hh signalling is associated with
medulloblastoma, a malignant brain tumour thought to arise
from the granule cells of the cerebellum9,21. Maintenance of abnor-
mal progenitor-like fates through continued Hh pathway activation
is essential for malignant growth of these tumours in vivo17. We
wondered whether SCLC cells were similarly dependent on Hh
signalling for their malignant behaviour. NCI-H249 SCLC cells
treated with cyclopamine showed reduced soft agar clonogenicity—
an in vitro assay of tumorigenicity (Fig. 4a, b). This effect was

reversed in cells overexpressing the Hh pathway transcriptional
effector Gli1 (Fig. 4a, b). We next tested the ability of systemic
cyclopamine treatment to inhibit the growth of SCLC xenografts in
nude mice. Mice bearing xenografts were treated subcutaneously

Figure 3 Hh pathway activation is essential for the growth of SCLC. a, Growth of cancer

cell lines treated with monoclonal antibodies against b-galactosidase (b-gal) as a control,

or Shh for 4 days. b, NCI-H249 SCLC cell growth after 5 days, treated with tomatidine,

cyclopamine or KAAD cyclopamine at the indicated concentrations. c, Identical

experiment performed in NCI-H157 NSCLC cells. d, Response of stably transfected

NCI-H249 SCLC cells to treatment with cyclopamine when expressing neomycin

resistance (Neor), a mutant Gli1 lacking the zinc finger domain (Flag-Gli1ZFD), Gli1

(Flag-Gli1), and wild-type untransfected (WT) cells. Cell viability was measured by MTT

assay, detected at an absorbance at 540 nm (A540) (n ¼ 6) and expressed as a

percentage of control ^ s.e.m. e, Cell cycle analysis in NCI-H249 cells treated with

tomatidine or cyclopamine (5 mM). Percentages in each phase of the cell cycle are shown

below and are shown as the mean of three experiments. f, Cleaved PARP expression in

NCI-H249 and NCI-H417 SCLC cells treated with tomatidine (2) or cyclopamine (þ)

(5 mM). g, Ptch mRNA expression in NCI-H249 SCLC cells detected by northern blot

analysis after treatment with cyclopamine. 28s RNA stained with ethidium bromide is

shown as a loading control. h, RT-PCR analysis of transcripts in NCI-H249 SCLC cells.

Cont, control; Tom, tomatidine treated; Cyc, cyclopamine treated.
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with 25 mg21 kg21 day21 cyclopamine as described17. Growth inhi-
bition was observed in three SCLC lines: NCI-H249 (Fig. 4c), as well
as NCI-H417 and NCI-H1618 (data not shown). No effect was
observed in A549 NSCLC cells (Fig. 4d) nor in HCT-116 colon
cancer xenografts (data not shown). These data are summarized in
Supplementary panel b, and show that Hh signalling is required for
the growth in vivo of SCLC cells that express both Shh and Gli1.

We have shown that Hh signalling in airway epithelium is not
limited to epithelial–mesenchymal interactions, but can be con-
tained within the airway epithelial compartment during embryonic
neuroendocrine differentiation and airway repair. Taking evidence
that links Hh signalling to cerebellar progenitor cell differentiation
into consideration21–23, we propose a similar role for this pathway in
the regulation of airway progenitor cell fates, which may be specified
immediately before the divergence of neuroendocrine and non-
neuroendocrine lineages. The dependency of SCLC cells on Hh
pathway activation is also notable in that it relies on the presence of
Shh ligand, it occurs in the absence of mutations in Ptch, and
recapitulates juxtacrine Hh signalling seen in development and
airway repair. SCLC may represent a malignancy arising from an
airway epithelial progenitor that retains both Hh signalling and
primitive features of pulmonary neuroendocrine differentiation.
The vulnerability of SCLC to Hh pathway blockade may represent a
new therapeutic approach to a disease with a poor prognosis24. A

Methods
Detection of b-gal expression
Ptch-LacZ mice were maintained and genotyped as described9. 5-bromo-4-chloro-3-
indolyl-b-D-galactoside (X-gal) staining in microdissected mouse lungs was performed
overnight as described25, followed by post-fixation in formalin, paraffin embedding and
sectioning. We used wild-type littermates as negative controls.

Immunohistochemistry
Single-colour DAB-immunoperoxidase staining was performed using a modification of
the DAKO CSA system. Detailed protocols are available on request. Antibodies were from
Santa Cruz Biotechnologies: Shh (N-19; sc-1194); Gli1 (N-16; sc-6153); CGRP (N-20;
sc-8856). Shh, Ptch and Gli1 staining was optimized on paraffin sections from Shh
wild-type and knockout embryos. Gli1 staining was further confirmed in Flag-Gli1-
overexpressing Cos-7 cells by immunofluorescence. Peptide competition ablated staining
in tumour samples and embryos. Dual-colour immunohistochemistry was performed
using the DAKO Envision system. Dual-colour immunofluorescence was performed on
fresh-frozen sections fixed in paraformaldehyde using Molecular Probes Alexa secondary
antibodies.

Western immunoblot
Whole-cell lysates were sonicated in 2% SDS/50 mM TrisHCl, pH 8. Western blot using
rabbit polyclonal antibodies for Shh-N were performed as described26. A rabbit polyclonal
antibody to Gli1 was developed as described27 using a glutathione S-transferase fusion
protein containing amino acid residues 216–271 of human Gli1. Anti-cleaved PARP was
obtained from Promega.

RNAse protection assay and northern blot analysis
RNAse protection assay (RPA) was performed as described28 using a Ptch-specific
antisense RNA probe corresponding to bases 1338–1788 of the human patched-1 cDNA
(GI:1335863) generated by RT-PCR and subcloned into pCR-TOPOII (Stratagene).
Northern blotting of 10 mg total RNA was performed as described29, and probed with a
Ptch-specific cDNA probe obtained from the same construct.

RT-PCR
Total cellular RNAwas treated with DNAse, reverse transcribed, and amplified for 31 cycles
at an annealing temperature of 55 8C. Primers used were BMP4(þ), 5 0 -CTTTACCGGC
TTCAGTCTGGG-3

0
; BMP4(2), 5

0
-CCCAATTCCCACTCCCTTGAG-3

0
; GAPDH(þ),

5 0 -ATCTTCCAGGAGCGAGATCCC-3 0 ; GAPDH(2), 5 0 -CGTTCGGCTCAGGGATGA
CCT-3 0 ; ASH-1(þ), 5 0 -CGCATGGAAAGCTCTGCCAAG-3 0 ; ASH-1(2), 5 0 -TGACC
AACTTGACGCGGTTGC-3

0
; nestin(þ), 5

0
-CTCTGGGAGAGGAGATTCAAG-3

0
;

nestin(2), 5 0 -CCTTTGTCAGAGGTCTCAGTG-3 0 .

Shh-LIGHT2 reporter assay
Superconfluent reporter cells were cultured as described10, then co-cultured in low serum
conditions in the presence of 1 £ 105 cells per well of the cell line of interest or purified
Shh-Np10. Luciferase and Renilla luciferase assays were performed using the Promega Dual
Luciferase Reporter Assay system.

Cell culture experiments
Cell lines were obtained from American Type Culture Collection (ATCC). Shh inhibitor
experiments were performed in 0.5% calf serum. Cyclopamine was obtained from

Figure 4 Cyclopamine inhibits SCLC tumorigenicity. a, The top panel shows soft agar

growth of NCI-H249 SCLC cells treated with cyclopamine. Plates were stained with

ethidium bromide. The bottom panel shows colony formation of NCI-H249 SCLC cells

treated with cyclopamine (5 mM) and stably transfected with neomycin resistance (Neor ),

mutant Gli1 (Flag-Gli1ZFD) or Gli1 (Flag-Gli1). b, Quantitative analysis of the experiment

described in a. Data are shown as mean colonies per well ^ s.e.m. (n ¼ 6). c, Growth of

NCI-H249 nude mouse subcutaneous xenografts in animals treated with tomatidine or

cyclopamine for 10 days. d, Identical experiment to that shown in c except that A549

NSCLC cells were used. Data are shown as mean tumour volume ^ s.e.m. as a

percentage of tumour volume at day 0 (n ¼ 7).
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Toronto Research Chemicals. Both were dissolved as £ 1,000 stocks in DMSO medium.
Flag-tagged Gli1 vectors were obtained from the Joyner laboratory18. To generate
NCI-H249 SCLC cells overexpressing each of the Gli vectors, mass cultures were stably
co-transfected using lipofectamine (Invitrogen) with the Flag-Gli vector of interest, and
pcDNA3.1 (Stratagene) to confer neomycin resistance. 5E1 anti-ShhN monoclonal
antibody was used at a concentration of 10 mg ml21 as described12. Soft agar assays
were performed as described10. Cells were seeded into six-well plates at a density of 20,000
cells per well in agar containing 2% calf serum. MTTassays were performed as described28.

Nude mouse xenografts
Tumour cell lines were injected subcutaneously at 1 £ 107 cells per mouse and allowed to
grow to a maximum diameter of 5 mm. Cyclopamine was administered as described17.
Tumours were measured daily and the tumour volume calculated as described30.
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The morphogenesis of organs as diverse as lungs, teeth and hair
follicles is initiated by a downgrowth from a layer of epithelial
stem cells1,2. During follicular morphogenesis, stem cells form
this bud structure by changing their polarity and cell–cell con-
tacts. Here we show that this process is achieved through
simultaneous receipt of two external signals: a Wnt protein to
stabilize b-catenin, and a bone morphogenetic protein (BMP)
inhibitor to produce Lef1. b-Catenin then binds to, and activates,
Lef1 transcription complexes that appear to act uncharacteristi-
cally by downregulating the gene encoding E-cadherin, an
important component of polarity and intercellular adhesion.
When either signal is missing, functional Lef1 complexes are
not made, and E-cadherin downregulation and follicle morpho-
genesis are impaired. In Drosophila, E-cadherin can influence the
plane of cell division and cytoskeletal dynamics3. Consistent with
this notion, we show that forced elevation of E-cadherin levels
block invagination and follicle production. Our findings reveal
an intricate molecular programme that links two extracellular
signalling pathways to the formation of a nuclear transcription
factor that acts on target genes to remodel cellular junctions and
permit follicle formation.

During skin development, signals from adjacent epithelial and
mesenchymal cells instruct select ectodermal cells to form hair
follicle buds. In turn, each bud signals to a small group of
underlying mesenchymal cells to condense1,2. Once the bud pro-
liferates to form a larger bulb (matrix), it encases this dermal
condensate (papilla), and further differentiates into the cells of
the hair shaft (Fig. 1a)1. Recent evidence suggests that Wnt signal-
ling is involved in this process at a time that correlates with bud-
specific patterns of upregulation of P-cadherin and downregulation
of E-cadherin4–9. Cadherins form the transmembrane core of
adherens junctions (AJs) by bridging to a-catenin and the cytoske-
leton through b-catenin, a protein which on its own is prone to
degradation10,11. b-Catenin’s degradation machinery is transiently
suppressed by Wnt signalling. This renders b-catenin a new-found
stability and function, binding to and activating members of the
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