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During lung development, parabronchial SMC (PSMC) progenitors in the distal mesenchyme secrete fibro-
blast growth factor 10 (Fgf10), which acts on distal epithelial progenitors to promote their proliferation.
[-catenin signaling within PSMC progenitors is essential for their maintenance, proliferation, and expression
of Fgf10. Here, we report that this Wnt/Fgf10 embryonic signaling cascade is reactivated in mature PSMCs after
naphthalene-induced injury to airway epithelium. Furthermore, we found that this paracrine Fgf10 action was
essential for activating surviving variant Clara cells (the cells in the airway epithelium from which replacement
epithelial cells originate) located at the bronchoalveolar duct junctions and adjacent to neuroendocrine bodies.
After naphthalene injury, PSMCs secreted Fgf10 to activate Notch signaling and induce Snail expression in
surviving variant Clara cells, which subsequently underwent a transient epithelial to mesenchymal transition
to initiate the repair process. Epithelial Snail expression was important for regeneration after injury. We have
therefore identified PSMCs as a stem cell niche for the variant Clara cells in the lung and established that para-
crine Fgf10 signaling from the niche is critical for epithelial repair after naphthalene injury. These findings

also have implications for understanding the misregulation of lung repair in asthma and cancer.

Introduction

Throughout life, multicellular organisms must generate new cells
to maintain the integrity of their tissues, but the capacity to repair
tissue damage may fail after repeated injury and with age. The
adult lung is a vital and complex organ that normally turns over
very slowly and is one of the few organs that has a direct interface
with the outside environment. The epithelial cells that line the air-
ways are constantly exposed to potential toxic agents and patho-
gens and therefore must be able to respond quickly and effectively
to cellular damage. The cellular hallmark of lung repair after naph-
thalene injury is a rapid proliferative response ultimately leading
to restoration of the airway epithelium and function. The origin
of the cells that replace the injured airway epithelium have been
shown to be naphthalene-resistant variant Clara cells located at
the bronchoalveolar duct junctions (BADJs) (1) and neuroendo-
crine bodies (NEBs) (2). However, little is known about the activa-
tion mechanism of these latent stem cells (reviewed in refs. 3, 4).
Knowledge about the pathways involved in the activation of these
latent epithelial stem cells could enable new therapeutic strategies
for treatment of lung disease.

During lung development, fibroblast growth factor 10 (Fgf10)
acts on the distally located epithelial progenitors to prevent their
differentiation and promote their proliferation (5-8). Fgf10 is
secreted by parabronchial SMC (PSMC) progenitors in the distal
mesenchyme, and its expression is dependent on -catenin signaling

Authorship note: Thomas Volckaert and Erik Dill contributed equally to this work.
Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: ] Clin Invest. 2011;121(11):4409-4419. doi:10.1172/JCIS8097.

The Journal of Clinical Investigation

http://www.jci.org

(9-11). Here we report that this Wnt/Fgf10 embryonic signaling
cascade is reactivated in mature PSMCs after naphthalene-induced
Clara cell epithelial injury. Using lineage tracing and loss- and gain-
of-function studies of the Fgf, Wnt, and Notch pathways, we dem-
onstrated that this paracrine Fgf10 action was essential for activa-
tion of the surviving variant Clara cells located at the BADJs and
adjacent to the NEBs. After naphthalene injury, PSMCs secreted
Fgf10 to activate Notch signaling and induce Snail expression in
surviving variant Clara cells, which subsequently underwent a tran-
sient epithelial to mesenchymal transition (EMT) to initiate the
repair process. We also demonstrated that Snail expression in Clara
cells undergoing repair was important for the proper restoration
and function of the airway epithelium. We propose that PSMCs
constitute a stem cell niche for the variant Clara cells in the lung
and that paracrine Fgf10 signaling from the niche is critical for epi-
thelial repair after naphthalene injury.

Results
Reactivation of Wnt signaling reinduces Fgf10 expression in PSMCs 3 days
after naphthalene-mediated Clara cell injury. We previously showed
that a large proportion of PSMCs in the lung are derived from
Fgf10-expressing cells in the distal mesenchyme during early lung
development (10) and that treatment of embryonic lung explants
with Dickkopfl (Dkk1), a canonical Wnt/f-catenin inhibitor,
impairs PSMC differentiation (12). In addition, we have shown
that amplification of these PSMC progenitors, as well as their
Fgf10 expression, is regulated by mesenchymal -catenin signaling
and that deletion of f-catenin leads to their premature differentia-
tion into PSMCs (9). During lung development, Fgf10 signaling is
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Figure 1

Wnt7b expressed by surviving ciliated cells induces Fgf10 expression in PSMCs 3 days after naphtha-
lene-mediated Clara cell injury. (A—C) Immunostaining for proliferation marker BrdU and SMC marker
a-SMA on 2-month-old WT lungs 3 days after corn oil treatment (A), WT lungs 3 days after naphthalene
(npt) treatment (B), and Rosa26-rtTa,; Tet-Dkk1 lungs 3 days after naphthalene treatment (C). (D-F)
f-gal staining on 2-month-old TOPGAL lungs 3 days after corn oil treatment (D), TOPGAL lungs 3 days
after naphthalene treatment (E), and Rosa26-rtTa;Tet-Dkk1; TOPGAL lungs 3 days after naphthalene
treatment (F). Arrow in E denotes TOPGAL activation in PSMCs. (G-I) p-gal staining on 2-month-old
Fgf10teeZ lJungs 3 days after corn oil treatment (G), Fgf10taeZ lungs 3 days after naphthalene treat-
ment (H), and Rosa26-rtTa; Tet-Dkk1;Fgf10a°Z lungs 3 days after naphthalene treatment (l). Insets
are enlarged x4. Note that we identified the blue cells in alveolar compartment as lipofibroblasts (S.P.
De Langhe, unpublished observations). (J and K) Immunostaining for ciliated cell marker p-tubulin and
Wnt7b on 2-month-old WT lungs 3 days after corn oil treatment (J) or naphthalene treatment (K). Insets
are enlarged x3. (L) gPCR analysis of relative Wnt7b and Wnt3a mRNA abundance in 2-month-old WT
lungs 3 days after treatment with corn oil versus naphthalene. **P < 0.01 vs. respective control. n = 3.
Scale bars: 100 um (A-C, J, and K); 250 um (D—F); 200 um (G-1).

compared with a lack of prolif-
eration in corn oil-treated lungs
(Figure 1, A and B; 0% + 0% vs.
6.6% = 0.7% SMA*BrdU"* cells;
n 2 3; P =0.00004). This prolifera-
tion was abrogated in mice induced
to overexpress Dkk1 3 days prior
to injury (Figure 1C; 0.3% + 0.3%
vs. 6.6% = 0.7% SMA*BrdU" cells;
n="7;P=0.00002), demonstrating
the importance of this pathway for
PSMC proliferation. To visualize
which cells were undergoing active
B-catenin signaling in the adult
lung during homeostasis as well
as after naphthalene-mediated epi-
thelial injury, we used the TOPGAL
reporter line for Wnt signaling (14).
During normal homeostasis in
2-month-old mice, we showed that
numerous Clara cells were TOPGAL
positive (Figure 1D and Supple-
mental Figure 1G; supplemental
material available online with this
article; doi:10.1172/JCIS8097DS1),
demonstrating active p-catenin
signaling. Interestingly, when
TOPGAL mice were injured with
naphthalene, we noticed that
the majority of Clara cells were
lost at 3 days after challenge, but
detected robust TOPGAL activ-
ity in the surviving variant Clara
cells at the BADJs (Figure 1E). Vari-
ant Clara cells adjacent to NEBs
were also TOPGAL positive (see
below). Strikingly, we could also
detect TOPGAL activation in the
PSMCs surrounding the injured
airways (Figure 1E, arrow, and
Supplemental Figure 1H), indica-
tive of Wnt pathway reactivation
in these cells. TOPGAL activity was
not detected in the PSMCs during
normal homeostasis in adult lungs
(Supplemental Figure 1G).

To demonstrate that TOPGAL
activity in PSMCs, as well as in
variant Clara cells, is Wnt ligand
dependent, we crossed TOPGAL
mice with Rosa-rtTA; Tet-Dkk1 mice.
Ubiquitous overexpression of Dkk1

critical in the maintenance of lung epithelial progenitors (5, 8, 13),
in part through direct activation of epithelial B-catenin signaling.
Although the Fgf/B-catenin signaling axis in lung development is
relatively well described, it is unclear whether this signaling path-
way is recapitulated in adult lungs after lung epithelial injury as
part of the repair process.

BrdU labeling of lungs 3 days after naphthalene-mediated
epithelial injury indicated a robust proliferation of the PSMCs
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starting 3 days before injury prevented the induction of TOPGAL
activity in PSMCs as well as in variant Clara cells 3 days after naph-
thalene injury (Figure 1F). We then used Fgfl0'Z reporter mice
(10, 15), which express LacZ under control of the Fgfl10 promoter,
to analyze Fgf10 expression in 2-month-old adult lungs during
normal homeostasis, 3 days after naphthalene injury, and 3 days
after naphthalene injury while overexpressing Dkk1. PSMCs,
unlike their progenitors during development, did not express Fgf10
November 2011
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Figure 2

Whnt-induced Fgf10 secreted by PSMCs is essential for epithelial repair after naphthalene injury. (A—C, G, H, L, and M) Immunostaining for
Clara cell marker Scgb1a1 and ciliated cell marker f3-tubulin on lungs 14 days after naphthalene treatment isolated from control (A), dox-induced
Rosa26-rtTa;Tet-sFgfr2b (B), dox-induced Rosa26-rtTA; Tet-Fgf10 (C), dox-induced Rosa26-rtTa; Tet-Dkk1 (G), dox-induced Rosa26-rtTa;
Tet-Dkk1;Tet-Fgf10 (H), Myh11-Cre-Fgf10"" (L), and Myh11-Cre*;Fgf10"" (M) mice. (D-F, J, K, O, and P) Immunostaining for Scgb1a1 and
neuroendocrine marker CGRP on lungs 14 days after naphthalene treatment isolated from control (D), dox-induced Rosa26-rtTa; Tet-sFgfr2b (E),
dox-induced Rosa26-rtTA; Tet-Fgf10 (F), dox-induced Rosa26-rtTa; Tet-Dkk1 (J), dox-induced Rosa26-rtTa; Tet-Dkk1;Tet-Fgf10 (K), Myh11-Cre;
Fgf10""(0), and Myh11-Cre+;Fgf10™"" (P) mice. (I) gPCR analysis of relative Scgb7a7 mRNA abundance of adult lungs from control, Rosa26-rtTa;
Tet-sFgfr2b, Rosa26-rtTA-Tet-Fgf10, Rosa26rtTa; Tet-Dkk1, and Rosa26-rtTa, Tet-Dkk1;Tet-Fgf10 mice 3, 7, and 14 days after naphthalene
treatment. (N) gPCR analysis of relative Scgb7a7 mRNA abundance in lungs from 2-month-old Myh11-Cre~Fgf10"" and Myh11-Cre*;Fgf10%f
mice 14 days after naphthalene treatment. **P < 0.01, *P < 0.05 vs. respective control. n > 3. Scale bars: 200 um (A-C, G, H, L, and M); 100 um
(D-F, J, K, O, and P).

during normal homeostasis (Figure 1G and Supplemental Fig-  Fgfl0-expressing cells in the alveolar compartment (Figure 1, G-I)
ure 1, A and E), but showed strong induction of Fgf10 expression  as lipofibroblasts (S.P. De Langhe, unpublished observations).

3 and 7 days after injury (Figure 1H and Supplemental Figure 1, Dkk1 acts by inducing degradation of the LRP5/6 coreceptor,
B and F) that was inhibited by DkkI overexpression (Figure 1Iand  thereby preventing the binding of a Wnt ligand to the Frizzled
Supplemental Figure 1, C and N). Note that we have identified the  receptor (16, 17). We therefore compared the expression levels of
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Fgf10 mediates epithelial repair independent of Wnt ligands in part by activating/enhancing f-catenin signaling in the epithelium. $-gal staining
(A—J) and p-gal staining with coimmunostaining for Scgb1ai1 (K-0) or CGRP (P-T) on lungs 7 days after naphthalene treatment from TOPGAL
(A, F, K, and P), dox-induced Rosa26-rtTA; Tet-Fgf10,TOPGAL (B, G, L, and Q), dox-induced Rosa26-rtTa; Tet-sFgfr2b,TOPGAL (C, H, M, and
R), dox-induced Rosa26-rtTa; Tet-Dkk1;TOPGAL (D, I, N, and S), and dox-induced Rosa26-rtTa; Tet-Dkk1;Tet-Fgf10;TOPGAL mice (E, J, O, and

T). Scale bars: 2,000 um (A-E); 500 um (F—J); 50 um (K-T).

different Wnt ligands in WT lungs 3 days after corn oil or naph-
thalene treatment by quantitative real-time PCR (qPCR) analysis
using a Wnt signaling pathway qPCR array. Only Wnt7b expression
levels were significantly changed, showing approximately 3-fold
upregulation 3 days after injury (Figure 1L and Supplemental Fig-
ure 2). Interestingly, a recent paper by Cohen et al. demonstrated
that Wnt7b secreted by the airway epithelium plays an important
role in PSMC development and in activation of the canonical Wnt
pathway in PSMCs (18). The authors also demonstrated that the
Wnt pathway becomes reactivated in the PSMCs in a mouse model
for asthma, as well as in VSMCs in patients with pulmonary arterial
hypertension (PAH) (18). Here we found that 3 days after naphtha-
lene injury, surviving airway ciliated cells showed robust induction
of Wnt7b expression (Figure 1, ] and K), possibly activating sur-
rounding PSMCs in a paracrine fashion. Interestingly, Fgf10 expres-
sion was also induced in PSMCs after ozone- or bleomycin-medi-
ated epithelial injury (Supplemental Figure 3, A-C).

Wat-induced Fgf10 secreted by PSMCs is essential for epithelial repair
after naphthalene injury. Next, we investigated the importance of
Wnt-induced Fgf10, secreted by the PSMCs for epithelial regen-
eration after naphthalene injury. We generated S different mouse
models, which we injured at 2 months of age with naphthalene.
Rosa26-rtTA; Tet-sFgfr2b mice, which overexpress a dominant-nega-
tive soluble secreted Fgfr2b receptor (sFgfr2b), were used to block
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Fgf10 signaling by sequestering the Fgf10 ligand. Rosa26-rtTA; Tet-
Fgf10 mice were used to overexpress Fgf10. Rosa26-rtTA;Tet-Dkk1
mice were generated to overexpress DkkI and to suppress Fgf10
expression in the PSMCs. We generated Rosa26-rtTa; Tet-Dkk1;
Tet-Fgf10 mice to conditionally overexpress both Dkk1 and Fgf10.
Finally, we generated Myh11-cre*;Fgf10%f mice to conditionally
delete Fgf10 specifically in the SMCs (note that Myh11 is also
known as smooth muscle myosin heavy chain [smMHC]).
Immunofluorescence and qPCR for Scgblal were used to assess
and quantify the expansion of the Clara cells at different time
points after injury. Inhibition of Fgf10 signaling by overexpression
of the dominant-negative Fgfr2b receptor significantly impaired
Clara cell regeneration after naphthalene injury (Figure 2, A, B,
and I). On the other hand, overexpression of Fgf10 significantly
accelerated airway epithelial regeneration (Figure 2, C and I). Mice
overexpressing Dkk1 showed a significant impairment in regenera-
tion 7 days after naphthalene injury (Figure 2I), and the majority
did not survive up to 2 weeks after injury. The latter effect was not
due to general overexpression of DkkI, as noninjured doxycycline-
induced (dox-induced) Rosa26-rtTA; Tet-Dkk1 mice survived readily
up to 6 months of age, after 4 months of continuous induction.
However, the impaired regeneration was rescued by coexpress-
ing Dkk1 and Fgf10: Rosa26-rtTA; Tet-Dkk1;Tet-Fgf10 mice showed
accelerated epithelial repair, similar to that of mice overexpressing
Volume 121
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only Fgf10 (Figure 2, G-I). Together, these data suggest that the
main mechanism by which Dkk1 overexpression impairs epithelial
regeneration is inhibition of Wnt7b-induced Fgf10 expression in
the PSMCs. Fgf10 affected the amplification of variant Clara cells
at the BADJs as well as near the NEBs (Figure 2, A-K).

To confirm that PSMCs are indeed the source of Fgf10 important
for regeneration, we performed naphthalene injury on Myh11-Cre’;
Fgf10"# mice. Clara cell regeneration was severely impaired in mice
with SMC-specific deletion of Fgf10 (Figure 2, L-P). Moreover,
qPCR analysis revealed a dramatic decrease in Fgf10 expression in
lungs from Myh11-Cre;Fgf10"f versus control lungs 14 days after
naphthalene injury (Supplemental Figure 1N). Because Myh11-Cre;
Fgf10"/" mice were very susceptible to injury, they were therefore
injured suboptimally to allow for survival so that we could address
the role of PSMC-derived Fgf10 in airway epithelial regeneration.

Fgf10 mediates airway epithelial repair independent of Wnt ligands, in
part by directly activating/enbancing 3-catenin signaling in the epithelium.
Epithelial Wnt signaling has previously been shown to accelerate
Clara cell regeneration after naphthalene injury and is known to
amplify the variant Clara cells at the BADJs (19, 20). Our previous
work has suggested that Fgf10 can activate B-catenin signaling
directly in the epithelium (8, 13). To test whether Fgf10 directly
activates f3-catenin signaling during repair, we crossed the TOPGAL
Wnt signaling reporter allele into the different mouse lines
described above, performed naphthalene injury, and monitored
epithelial B-catenin signaling 7 days after injury. At 7 days after
naphthalene injury, lungs from control TOPGAL mice were par-
tially regenerated and showed TOPGAL activity in the regenerat-
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Figure 4

Fgf10 signaling induces Akt-mediated phos-
phorylation of -catenin and maintenance/
amplification of variant Clara cells. (A—-C)
Immunostaining for p-Akt and Scgbial on
lungs from control (A), Rosa26-rtTa;Tet-
Fgf10 (B), and Rosa26-rtTA;Tet-sFgfr2b (C)
mice 3 days after naphthalene treatment.
(D—F) Immunostaining for p—p-catenin—
Ser552 and Scgb1a1 on lungs from control
(D), Rosa26-rtTa; Tet-Fgf10 (E), and Rosa26-
rtTA; Tet-sFgfr2b (F) mice 3 days after naph-
thalene treatment. (G and H) Immunostaining
for Scgb1ail and Fgfr2b on lungs from con-
trol (G) and Rosa26-rtTa; Tet-Fgf10 (H) mice
21 days after naphthalene treatment. White
outlines denote the epithelium at the BADJ.
(I and J) Immunostaining for BASC markers
Scgbiail and Sftpc on lungs from control (I)
and Rosa26-rtTa; Tet-Fgf10 (J) mice 21 days
after naphthalene treatment. (K) Immuno-
staining for CGRP and Sftpc on lungs from
Rosa26-rtTa;Tet-Fgf10 mice 21 days after
naphthalene treatment. Scale bars: 50 um
(A-F and K); 100 um (G—J).

ing Clara cells at the BAD]Js as well as near the NEBs (Figure 3, A,
F, K, and P). Mice overexpressing Fgf10 showed a robust increase
in Clara cell regeneration, as described above, and showed a strong
increase in epithelial TOPGAL activity in the Clara cells at both the
BAD]Js and the NEBs (Figure 3, B, G, L, and Q). Mice overexpress-
ing sFgfr2b or Dkk1 showed a profound decrease in Clara cell regen-
eration and had limited TOPGAL activity in the Clara cells at both
BADJs and NEBs. This indicates that inhibition of Fgf10 signaling
through either sequestering of the Fgf10 ligand (Figure 3, C, H, M,
and R) or suppressing Fgf10 expression (Figure 3, D, I, N, and S) by
overexpressing sFgfir2b or Dkk1, respectively, inhibits not only Clara
cell regeneration, but also epithelial B-catenin signaling.

Finally, we demonstrated that naphthalene-injured lungs from
mice overexpressing both Dkk1 and Fgfl10 showed a rescue in Clara
cell regeneration as well as an increase in f-catenin signaling at the
BADJs and NEBs (Figure 3, E, J, O, and T), which indicates that
Fgf10 signaling can induce repair independent of Wntligands and
activate the B-catenin signaling pathway directly.

Fgf10 signaling induces Akt-mediated phosphorylation of B-catenin and
maintenance/amplification of variant Clara cells. The main mecha-
nism through which Fgf10 is thought to activate 3-catenin signal-
ing is by activation of the PI3K-Akt pathway. Akt acts to inhibit
GSK3p, therefore preventing the degradation of B-catenin, as
well as to phosphorylate f-catenin directly on Ser552 to drive it
to the nucleus (21). To establish the mechanism by which Fgf10
activates [3-catenin signaling, we performed immunostaining for
phosphorylated Akt (p-Akt) and p-p-catenin-Ser552 on lung sam-
ples from control, Rosa26-rtTa; Tet-Fgf10, and Rosa26-rtTa-Tet-sFgr2b
Volume 121~ Number 11
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Flow cytometry analysis of airway epithelial stem cells. Flow cytometry analysis using Sftpc and Scgb1al (A, C, and E) versus Fgfr2 and
Scgbiat (B, D, and F) antibodies on permeabilized epithelial cells from WT noninjured lungs (A and B), WT lungs 7 days after naphthalene injury
(C and D), and Rosa26-rtTa,; Tet-Fgf10 lungs 7 days after naphthalene injury (E and F). A 14-fold increase in double-positive airway epithelial
cells was detected with both antibody combinations 7 days after naphthalene injury; a 22- to 33-fold increase was seen 7 days after injury in
mice overexpressing Fgf10. Forward scatter/side scatter (FS/SS) plots indicated that the same pool of airway epithelial stem cells was isolated

using either antibody combination.

mice 3 days after naphthalene injury. Modest phosphorylation
of Akt and B-catenin was observed in control lungs (Figure 4, A
and D). This phosphorylation was increased in lungs overexpress-
ing Fgf10 (Figure 4, B and E) and dramatically decreased in lungs
overexpressing sFgfr2b (Figure 4, C and F). We also observed phos-
phorylation of Akt and B-catenin-Ser552 in Clara cells at the BAD]
after prolonged overexpression of Fgf10 in noninjured lungs (Sup-
plemental Figure 4, I-L).

The putative stem cell population of variant Clara cells at the
BAD]J has been shown to be double positive for Sftpc and Scgblal
(19, 20, 22); such cells have also been called bronchoalveolar stem
cells (BASCs). Sftpc is a marker of not only alveolar epithelial type II
cells, but also distal epithelial progenitor cells in the developing
lung, where its expression is controlled by Fgf10. Therefore, reex-
pression of Sftpc in variant Clara cells could reflect an epithelial
progenitor-like state. To analyze the effect of Fgf10 on the ampli-
fication and maintenance of variant Clara cells, we performed
double immunostaining for Scgblal and Sftpc on control and
Fgf10-overexpressing lungs 21 days after naphthalene injury (Fig-
ure 4, I and J). Whereas an increase in variant Clara cells (Scgblal-
Sftpc double-positive cells) is normally seen shortly after naph-
thalene injury, these double-positive cells usually did not persist
by 21 days after injury (Figure 4I). Interestingly, overexpression of
Fgf10 not only amplified the number of BASCs after injury, but
also maintained them as long as Fgfl10 expression was induced
(Figure 4]). These findings indicate that Fgf10, possibly (at least in
part) by directly activating/enhancing epithelial B-catenin signal-
ing, is important in generating variant Clara cells at the BADJs.
Importantly, Fgf10 was also able to generate these Scgblal-Sftpc
double-positive airway epithelial stem cells near the NEBs. Figure
4K shows a cluster of Sftpc-positive Clara cells adjacent to a NEB
in an Fgfl0-overexpressing lung 21 days after naphthalene injury,
which indicates that reexpression of Sftpc in variant Clara cells
may be more universal in nature and possibly reflects partial dedif-
ferentiation into a lung epithelial progenitor-like state. We also
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identified the Fgf10 receptor Fgfr2b as an extracellular marker for
these Scgblal-Sftpc double-positive airway epithelial stem/pro-
genitor cells (Figure 4, G and H, and see below). It is important to
note that Fgfr2b is also a marker for distal embryonic lung epithe-
lial progenitors and is downstream of Fgf10 as well as B-catenin
signaling (9, 23). Amplification of Fgfr2b-expressing variant Clara
cells at the BADJ was also observed after prolonged overexpres-
sion of Fgf10 in noninjured lungs and after ozone- and bleomycin-
induced lung injury (Supplemental Figure 4, A-D).

Flow cytometry analysis of Scgblal-Sftpc or Scgblal-Fgfr2 double-posi-
tive airway epithelial stem cells. To quantify the effect of naphthalene
injury and Fgf10 expression on the generation of Scgblal-Sftpc or
Scgblal-Fgfr2 double-positive cells, we performed flow cytometry
analysis for these markers on permeabilized fixed single cell whole
lung digests from noninjured control lungs as well as control and
Fgfl0-overexpressing lungs 7 days after naphthalene injury (Fig-
ure 5). In noninjured control lungs, a small fraction of the cells
were Scgblal-Sftpc and Scgblal-Fgfr2 double-positive (0.18%
and 0.54%, respectively; Figure 5, A and B). Injured control lungs
showed an approximately 14-fold increase in Scgblal-Sftpc and
Scgblal-Fgfr2 double-positive airway epithelial stem cells 7 days
after injury relative to noninjured lungs (Figure 5, C and D). Finally,
Fgf10-overexpressing lungs showed 22- and 33-fold increases,
respectively, in Scgblal-Sftpc and Scgblal-Fgfr2 double-positive
airway epithelial stem cells 7 days after injury (Figure 5, E and F).
The forward scatter/side scatter plots in Figure S also illustrate
that the same population of airway epithelial stem cells was iso-
lated, by sorting for either the Scgblal and Sftpc markers or the
Scgblal and Fgfr2 markers. This identifies Fgfr2b as a marker for
airway epithelial stem cells in the adult lung after naphthalene
injury, a finding we believe to be novel.

Fgf10 signaling induces Fgfr2b expression, Notch activation, and subse-
quent Snaill induction in activated variant Clara cells. Because of the
importance of Fgf10 during lung development in maintaining the
distal epithelial lung progenitors and preventing them from differ-
Volume 121
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Fgf10 signaling induces Fgfr2b expression, Notch activation, and subsequent Snail induction in the activated variant Clara cells. Immunostaining
for CGRP and Fgfr2b (A—E), Scgbia1 and NotchICD (active notch) (F-J), CGRP and NotchICD (K-0), and CGRP and Snail1 (P-T) on lungs
from control (A, F, K, and P), dox-induced Rosa26-rtTa,; Tet-Fgf10 (B, G, L, and Q), dox-induced Rosa26-rtTA;Tet-sFgfr2b (C, H, M, and R),
dox-induced Rosa26-rtTa; Tet-Dkk1 (D, I, N, and S), and dox-induced Rosa26-rtTa; Tet-Dkk1;Tet-Fgf10 (E, J, O, and T) mice 3 days after naph-

thalene treatment. Scale bar: 50 um (A-T).

entiating into more proximal cell types, we next sought to unravel
the mechanism by which Fgf10 generates airway epithelial stem
cells. A recent paper by Mani and colleagues (24) established that
in the mammary gland (another organ in which Fgf10 plays an
important role; refs. 25, 26), the EMT generates mammary gland
epithelial stem cells.

Our cell sorting data indicated that airway epithelial stem cells
are positive for Fgfr2b. Immunostaining 3 days after naphtha-
lene injury demonstrated that regenerating Clara cells adjacent
to NEBs were Fgftr2b positive in control and Fgf10-overexpress-
ing lungs, but not in sFgfr2b- or Dkk1-overexpressing lungs (Fig-
ure 6, A-D). Fgfr2b expression in DkkI-overexpressing lungs was
rescued by simultaneous overexpression of Fgf10 (Figure 6E). The
most robust inducer of EMT is Snaill (encoded by Snail), which is
tightly regulated on a transcriptional as well as a posttranslational
level. Wnt, Fgf, and Notch pathways often act together to regulate
Snaill and induce an EMT program. Fgf and Notch have been pre-
viously shown to directly regulate Snail expression, whereas Fgf
and Wnt, through inhibition of GSK3p, act to stabilize the Snaill
protein and protect it from degradation (reviewed in refs. 27-32).

Immunostaining for the cleaved Notch1 intracellular domain
(NotchICD) demonstrated that Notch signaling was activated in
regenerating Clara cells/airway epithelial stem cells 3 days after
injury at both BADJs and NEBs (Figure 6, F and K). Additionally,
Notch activation was increased in lungs overexpressing Fgf10 and
inhibited in lungs overexpressing sFgfr2b or Dkk1, but was rescued
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upon overexpression of both DkkI and Fgf10 (Figure 6, F-O). More-
over, we found an induction in Snaill expression in the regener-
ating Clara cells adjacent to NEBs and at BADJs in WT control
lungs 3 days after naphthalene injury (Figure 6P and Supplemen-
tal Figure 1I). This induction in Snaill was dramatically increased
in lungs overexpressing Fgf10, inhibited in lungs overexpressing
sFgfr2b or Dkk1, and rescued upon overexpression of both Dkk1
and Fgf10 (Figure 6, P-T, and Supplemental Figure 1, K and L).
Variant Clara cells undergo a transient EMT in response to Fgf10-induced
Notch activation and subsequent Snaill induction. Finally, we sought to
determine whether regenerating (naphthalene-resistant) Clara cells
are indeed undergoing an EMT to generate airway epithelial stem
cells. We crossed Myh11-Cre mice, which express the Cre recombi-
nase under control of the smMHC promoter, with Rosa26R-eYFP or
Rosa26R-LacZ reporter mice. During normal homeostasis, Myh11-Cre;
Rosa26R mice only labeled airway and VSMCs in the lung, never
lung epithelial cells. However, we observed labeled epithelial cells
around 3 days after naphthalene injury (Figure 7A), which indicates
that Clara cells undergo a transient EMT to generate airway epithe-
lial stem cells or adopt epithelial stem cell properties. The labeled
clusters expanded to eventually give rise to regenerated Clara cells
(Figure 7, B and C). Rosa26R-labeled Clara cells were detected near
both NEBs and BAD]Js (Figure 7, D and E). We further checked for
expression of other markers consistent with EMT; we found loss
of E-cadherin and increased smMHC and vimentin in Clara cells
3 days after naphthalene injury (Supplemental Figure 4, M-O).
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Variant Clara cells undergo transient EMT in response to Fgf10-induced Notch activation and subsequent
Snail induction. (A-C) Lineage tracing of activated variant Clara cells that underwent transient EMT in
Myh11-Cre;Rosa26-LacZ mice 3 (A) and 7 (B and C) days after naphthalene injury. (C) Lower-magnifica-
tion view of B. (D and E) Lineage tracing of activated variant Clara cells that underwent transient EMT in
Myh11-Cre;Rosa26-eYFP mice 7 days after naphthalene injury, shown by immunostaining for GFP and
CGRP (D) or GFP and Scgb1ai (E). (F) gPCR analysis of relative Scgb7a7’ mRNA abundance in lungs from
2-month-old control and Scgb1a1-rtTa;Tet-o-Cre;Rosa26-Notch/CD mice 3 and 7 days after naphthalene
treatment. (G and H) Immunostaining for NotchICD and Scgb1a1 on noninjured (NI) lungs from control (G)
and Rosa26-rtTa; Tet-Fgf10 mice (H) 14 days after dox treatment. (I) Immunostaining for Snail1 and Scgb1atl
on noninjured lungs from Scgb1a1-rtTa; Tet-o-Cre;Rosa26-NotchICD+- mice 14 days after dox treatment.
(J and K) Immunostaining for Scgb1a1 and B-tubulin on lungs from control (J) and Shh-Cre*;Snai1" (K)
mice 14 days after naphthalene treatment. (L) gPCR analysis of relative Scgb7a? mRNA abundance in lungs
from 2-month-old control and Shh-Cre*;Snai1" mice 7 and 14 days after naphthalene treatment. (M-0O)
Lineage tracing of activated variant Clara cells that underwent transient EMT in Myh11-Cre;Rosa26-LacZ
(M), Myh11-Cre;Rosa26-LacZ;Rosa26-rtTa;Tet-Dkk1 (N), and Myh11-Cre;Rosa26-LacZ;Rosa26-rtTA;
Tet-sFgfr2b (O) mice 14 days after naphthalene injury. Insets are enlarged x4. **P < 0.01, *P < 0.05 vs.
control. n = 3. Scale bars: 50 um (A, B, E, and G-1); 200 um (C, J, K, and M-0); 31.7 um (D).
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Additionally, we performed
bleomycin injury on Myh11-Cre®;
Rosa26R-LacZ mice, which dem-
onstrated that bleomycin injury
also induced a transient EMT in
a nonfibrotic area of airway epi-
thelium 21 days after bleomycin
injury (Supplemental Figure 4P).

To determine whether Fgf10,
via induction of Notch signal-
ing, induces Snail expression
in Clara cells and therefore
induces this transient EMT, we
overexpressed Fgf10 in 2-month-
old noninjured lungs for 14 and
21 days and found that pro-
longed Fgf10 exposure induced
Snail expression and Notch acti-
vation in Clara cells at the BADJ
in the absence of injury (Figure
7, G and H, Supplemental Fig-
ure 1, K-M, and Supplemental
Figure 4, E and F). Furthermore,
Snaill was induced in Clara cells
at BADJs after ozone or bleomy-
cin injury (Supplemental Figure
4, G and H). To determine the
role of Notch signaling directly
in the generation of lung airway
epithelial stem cells, we gen-
erated Scgblal-rtTa;Tet-O-Cre;
Rosa26-NotchICD mice, allowing
us to inducibly overexpress the
NotchICD activator domain in
Clara cells. Interestingly, nonin-
jured lungs from Scgblal-rtTa;
Tet-O-Cre;Rosa26-NotchICD mice
looked normal, but showed
robust Snaill expression in Clara
cells (Figure 7I). We then tested
whether airway epithelial regen-
eration after naphthalene injury
is increased in Scgblal-rtTa;
Tet-O-Cre;Rosa26-NotchICD mice
induced 3 days prior to injury. We
found that activation of Notch
signaling in Clara cells indeed
accelerated regeneration of the
airway epithelium after naphtha-
lene injury (Figure 7F). To inves-
tigate the importance of Snaill
in airway epithelium regenera-
tion after naphthalene injury, we
generated Shh-Cre*;Snail’fl mice,
in which Snail is conditionally
deleted from all lung epithelial
cells, and found that Snaill in
Clara cells undergoing repair
was important for the proper
restoration and function of the
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airway epithelium after injury (Figure 7, J-L, and Supplemental
Figure 1J). Finally, we crossed Myh11-Cre;Rosa26R-LacZ mice with
mice overexpressing sFgfr2b or Dkk1 and found that inhibition of
Fgf10 signaling resulted in a lack of labeled epithelial cells (Figure
7, M-0). We therefore conclude that Fgf10 signaling is necessary
for the generation of airway epithelial stem cells through the pro-
cess of transient EMT.

Discussion

Our data indicate that signaling pathways and mesenchymal-epi-
thelial interactions that play an important role during early embry-
onic lung development can be redeployed in adult organs to initi-
ate repair after injury. During lung development, Fgf10 acts on the
distally located epithelial progenitors to prevent their differentia-
tion and promote their proliferation (5-8). Fgf10 is secreted by the
PSMC progenitors in the distal mesenchyme, and its expression is
dependent on B-catenin signaling (Figure 8A and refs. 9-11). Here
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Figure 8

Model of PSMC progenitors during development and recapitula-
tion of a progenitor state by mature PSMCs after naphthalene
injury. (A) During embryonic lung development, PSMC progeni-
tors are identified as Fgf10-expressing cells in the distal mesen-
chyme (10). The amplification of these PSMC progenitors as well
as their Fgf10 expression is regulated by mesenchymal p-catenin
signaling (9). Fgf10 signaling is critical during lung development
in the maintenance of lung epithelial progenitors (5, 8, 13). (B) In
the adult lung, Fgf10 expression in mature PSMCs is silenced.
Upon naphthalene administration, Clara cells are destroyed
— except for variant Clara cells — at both NEBs and BADJs.
Ciliated cells spread out to cover the basement membrane (BM)
and induce Wnt7b expression. Wnt7b then acts on the PSMCs to
reactivate Fgf10 expression, which then acts on the variant Clara
cells to activate Notch signaling and induce expression of Fgfr2b,
Sftpc, and Snaill, thereby initiating the repair process through a
transient EMT. AT], alveolar type | cell; ATII, alveolar type Il cell;
NEB, neuroendocrine body.

we found that this Wnt/Fgf10 embryonic signaling cascade
was reactivated in mature PSMCs after naphthalene-induced
Clara cell epithelial injury.

In the adult lung after epithelial injury, surviving airway
ciliated cells induced Wnt7b expression, which then acted
on surrounding PSMCs to induce Fgf10 expression (Figure
8B). In response to Wnt7b, mature PSMCs recapitulated an
embryonic progenitor-like state, began to proliferate, and
secreted Fgf10 to stimulate epithelial repair through a tran-
sient EMT by inducing Snail expression (Figure 8B). Our data
suggest that this transient EMT allows the surviving variant
Clara cells to adopt an epithelial stem cell/progenitor state
characterized by Sftpc, Fgfr2b, and Snaill expression.

Diseases such as cancer, and proliferative lung diseases such
as fibrosis, may adopt and exploit the mechanisms by which
the body normally renews itself. During the processes of tumor
metastasis and fibrosis, which are often enabled by EMTs
(30-32), cells demonstrate a capability for self-renewal similar to
that exhibited by stem cells in order to expand and/or colonize
different tissues. This raises the possibility that the EMT process
may impart a self-renewal capability to epithelial cells. Recently,
Mani et al. (24) reported that an EMT induction in immortal-
ized human mammary epithelial cells results in the acquisition
of mesenchymal traits and the expression of stem cell markers.

In addition, they showed that those cells have an increased ability to
form mammospheres, a property associated with mammary epithe-
lial stem cells. Moreover, stem-like cells isolated from either mouse
or human mammary glands or mammary carcinomas express EMT
markers. These findings illustrate a direct link between the EMT and
the gain of epithelial stem cell properties. Together, these diverse
lines of evidence suggest a possible link between less-differentiated
stem cells and the mesenchymal-appearing cells generated by EMTs.
Our data not only indicate that after lung epithelial injury, Fgf10 sig-
naling is important in maintaining an epithelial progenitor state (as
during lung development), but suggest that Fgf10 may also impart
a stem cell state with self-renewal capability by initiating a transient
EMT. The adoption of a stem cell state and the transient EMT seems
to be regulated, at least in part, by Snaill. However, considering the
fairly modest decrease in regeneration in Shh-Cre*;Snail//! mice, it
is likely that some alternate or redundant proteins like Snail2 (also
known as Slug) may play a role as well.
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We demonstrated that induction of Fgf10 expression by the
PSMCs and subsequent activation of Clara cells at the BAD]s,
based on Fgfr2b and Snaill expression (Supplemental Figure 3
and Supplemental Figure 4, C, D, G, and H), was part of a repair
mechanism induced by several types of airway epithelial injury.
Our findings pinpoint some of the similar signaling pathways
that occur during lung development and are invoked in the injury
response in the adult lung to properly regenerate damaged and
lost cell lineages. However, a fine balance in the level of reacti-
vation of these pathways needs to be found in order for proper
regeneration to occur; too much or too little can lead to abnor-
mal repair and remodeling (reviewed in ref. 33). Our data sug-
gest that under conditions of chronic injury, the lung may invoke
these same signaling pathways; however, sustained stimulation
of these pathways may eventually lead to full EMT, resulting in
epithelial stem cell depletion and fibrosis. Interestingly, the Wnt
pathway has previously been shown to be induced in PSMCs in
a mouse model for asthma (18), whereas signaling of epithelial
Fgf10 as well as Notch have been shown to be implicated in
mucous/goblet cell hyperplasia (6, 34). Unlike human lungs,
mouse lungs have very few goblet cells in the upper airways, and
recent evidence indicates that Clara cells transdifferentiate into
goblet cells (34, 35) in response to allergen. We demonstrated
that PSMC-secreted Fgf10 induced Clara cell-to-goblet cell
transdifferentiation in the repairing upper airway after naph-
thalene injury (Supplemental Figure 5), possibly by activating
the Notch pathway. Therefore, we hypothesize that overactiva-
tion of this Wnt-Fgf10 epithelial-mesenchymal cross-talk may be
involved in airway remodeling in response to chronic injury in
asthma patients. Future studies will be required to address this.

Methods

Mouse strains. Tet-Dkk1 mice were generated by knocking in a Tet-DkkI cas-
sette in the Hprt locus through homologous recombination. CMV-Cre mice
[¢-Tg(CMV-cre)1Cgn/J; Jackson Laboratories| were crossed with Rosa26-
rtTAflox mice (36) to generate Rosa26-rtTA mice expressing rtTA from the
Rosa26 promoter in every cell of the body. Rosa26-rtTA mice were crossed
with Tet-sFgfr2b (37), Tet-Fgf10 (38), and Tet-Dkk1 mice to generate double-
transgenic mice. These mice were on the mixed genetic background and
allowed inducible expression of sFgfi-2b, Fgf10, and Dkk1, respectively, by
feeding mice food containing dox (rodent diet with 625 mg/kg dox; Harlan
Teklad TD.09761). TOPGAL mice were a gift from E. Fuchs (Rockefeller
University, New York, New York, USA; ref. 14). Fgf10%# mice were a gift from
S. Mansour (University of Utah, Salt Lake City, Utah, USA; ref. 39). Myh11-
Cre [Tg(Myh11-cre,-EGFP)2Mik/]|, Rosa26R-LacZ |Gt(Rosa)26Sortm1Sor],
Rosa26R-eYPF [Gt(Rosa)26Sortm1(eYFP)Cos|, Rosa26-NotchICD [Tg(CAG-Bgeo,
-NOTCH1,-EGFP)1Lbe/]), Scgblal-rtTA [Tg(Scgblal-rtTA)1jaw/]], Tet-O-Cre
|Tg(tetO-cre) 1Jaw/]|, Shh-Cre | B6.Cg-Shh1(EGEr/ere)Cit/T| “and Snail/f |B6;129S-
Snail™26rd/[| mice were obtained from Jackson Laboratories. Adult mice
were 8 weeks old at time of naphthalene administration. Animals were
maintained in a pathogen-free environment.

[-gal staining. Tissues containing Rosa26R, TOPGAL, or Fgf10"* alleles
were dissected, and -gal staining was performed at different stages after
naphthalene injury (3,7, 14, and 21 days). Lungs were dissected and fixed
in 4% PFA in PBS at room temperature for 5 minutes, rinsed in PBS,
injected with freshly prepared X-gal solution, transferred into a vial of
X-gal solution, and stained at 37°C overnight. After rinsing with PBS,
lungs were postfixed in 4% PFA in PBS at room temperature overnight.
For microtome sections, after 4% PFA fixation, lungs were washed in PBS,
dehydrated, and paraffin embedded. For clearing, after 4% PFA fixation,
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lungs were washed in PBS, dehydrated, and cleared with BABB (1:2 ben-
zyl alcohol/benzyl benzoate) as follows: tissue transferred to 1:2 BABB/
ethanol for 20 minutes, 2:1 BABB/ethanol for 20 minutes, and 100%
BABB for 20 minutes.

Immunohistochemistry and fluorescence. All staining was done on paraffin
sections of formalin-fixed lungs. Immunohistochemistry was performed
with the Histostain-Plus Kit (Invitrogen). Immunohistochemistry and
fluorescent staining was performed with the following primary anti-
bodies: mouse anti-B-tubulin (3F3-G2; Seven Hills Bioreagents), goat
anti-Wnt7b (R&D Systems), goat anti-Scgblal (T-18; Santa Cruz Bio-
technology Inc.), rabbit anti-Scgblal (Seven Hills Bioreagents), rabbit
anti-CGRP (Sigma-Aldrich), chicken anti-CGRP (Neuromics), rabbit
anti-Fgfr2 (Bek) (C-17; Santa Cruz Biotechnology Inc.), rabbit anti-acti-
vated Notch1 (Abcam), goat anti-Snaill (E-18; Santa Cruz Biotechnology,
Inc.), mouse anti-0-SMA cy3 conjugate and unconjugated (14A; Sigma-
Aldrich), chicken anti-GFP (Aves Labs Inc.), rabbit anti-Sftpc (Seven
Hills Bioreagents), rabbit anti-f-catenin-Ser552 (Cell Signaling Tech-
nology), mouse anti-Vimentin (Sigma-Aldrich), rabbit anti-f-gal (Rock-
land Immunochemicals Inc.), mouse anti-E-cadherin (BD Transduction
Laboratories), mouse anti-smMHC (1C10; Santa Cruz Biotechnology
Inc.), and rabbit anti-p-Akt Ser473 (D9E; Cell Signaling Technology). All
fluorescent staining was performed with secondary antibodies from Jack-
son Immunoresearch (except the Cy3-conjugated a-SMA) and mounted
using Vectashield with DAPI (Vector Labs).

qPCR. RNA was isolated from lung accessory lobes using RNALater
(Ambion) and Total RNA Kit I (Omega Biotek) according to the manu-
facturer’s instructions. RNA concentration was determined by spectro-
photometry. cDNA was generated using SuperScript IIT First-Strand
Synthesis System (Invitrogen) according to the manufacturer’s instruc-
tions. Comparative real-time PCR was performed for B-glucuronidase
(Mm00446953_m1), Scghlal (Mm00442046_m1), Fgf10 (Mm01297079_
ml), Snail (MmO00441533_g1), Wnt3a (Mm00437337_m1), and Wnt7b
(MmO00437358_m1) Tagman Gene Expression Assays (Applied Biosystems)
using a StepOne Plus system (Applied Biosystems). 3-glucuronidase was used
as a reference control to normalize equal loading of template cDNA.

qPCR array. RNA was isolated from lung accessory lobes using RNA-
Later (Ambion) and RNeasy Mini Kit (Qiagen) according to the manu-
facturer’s instructions. cDNA was synthesized as described above. Quan-
titative PCR was performed on a mouse Wnt signaling pathway array via
the RT?Profiler PCR Array (SABiosciences) on a StepOne Plus system
(Applied Biosystems).

Naphthalene treatment. Naphthalene (Sigma-Aldrich) was dissolved in
corn oil at 30 mg/ml and administered intraperitoneally at 8 weeks of age,
with doses adjusted according to strain to achieve a 95% decrease in the
abundance of Scgblal mRNA in total lung RNA of WT mice at 3 days after
injection. Control mice for regeneration studies were WT littermates.

Flow cytometry analysis. Cells were prepared from noninjured control
mice and from control and Rosa26-rtTA; Tet-Fgf10 mice 7 days after naph-
thalene injury using Collagenase type 2 (Worthington) and Red Blood
Cell Lysis Buffer (eBioscience). Live/dead staining was performed with
LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Invitrogen). Cells were
fixed and permeabilized with Perm/Wash Buffer and Cytofix/Cytoperm
(BD). Cells were then stained with antibodies against Sftpc (Seven Hills
Bioreagents), Fgfr2 (Bek) (Santa Cruz Biotechnology Inc.), or Scgblal
(Santa Cruz Biotechnology Inc.) and labeled with Zenon Alexa Fluor
Labeling Kits (Invitrogen). Sorting was performed on a CYAN (Dako)
with Kaluza software.

Proliferation. Mice were given intraperitoneal injections of 10 ul BrdU
(GE Healthcare) per gram body weight 4 hours before sacrifice. Lungs were
fixed in 4% paraformaldehyde, dehydrated, and paraffin embedded. Sec-
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tions were treated with monoclonal anti-BrdU (clone BU-1; GE Healthcare)
according to the manufacturer’s instructions. FITC-labeled anti-mouse
secondary antibodies were used (Jackson Immunoresearch). All slides were
mounted using Vectashield with DAPIL.

In situ hybridization. In situ hybridization on 10-um paraffin sections of
formalin-fixed lungs was performed as previously described (9, 13). A 584-bp
Fgf10 mouse cDNA (5) and a full-length Snail mouse cDNA (subcloned
by PCR using forward and reverse Snail primers CTAGGTCGCTCTGGC-
CAAC and GAGGATGGGGAGGTAGCAG, respectively) were used as tem-
plates for the synthesis of digoxigenin-labeled antisense riboprobes.

Statistics. For BrdU labeling, qPCR, and fluorescence intensity analysis,
each experiment was repeated with the samples obtained from at least
3 different lungs preparations. All results are expressed as mean + SEM.
The significance of differences between 2 sample means was determined
by a 2-tailed Student’s ¢ test. P values less than 0.05 were considered
statistically significant.

Study approval. All experiments were approved by the National Jewish
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