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To study the significance of signal transducer and activator of transcription (Stat) 3 in lung
epithelial development of fetal mice, we examined fetal mouse lungs, focusing on the
expression of Clara cell secretory protein (CCSP), Forkhead box protein J1 (Foxj1),
calcitonin gene-related peptide (CGRP), phosphorylated Stat3 (Tyr705), and hairy/enhancer
of split (Hes) 1, and observed cultured fetal lungs upon treatment with IL-6, a Stat3 activator,
or cucurbitacin I, a Stat3 inhibitor. Moreover, the interaction of Stat3 signaling and Hes1 was
studied using Hes1 gene-deficient mice. Phosphorylated Stat3 was detected in fetal lungs
and, immunohistochemically, phosphorylated Stat3 was found to be co-localized in
developing Clara cells, but not in ciliated cells. In the organ culture studies, upon treatment
with IL-6, quantitative RT-PCR revealed that CCSP mRNA increased with increasing Stat3
phosphorylation, while cucurbitacin I decreased Hes1, CCSP, Foxj1 and CGRP mRNAs with
decreasing Stat3 phosphorylation. In the lungs of Hes1 gene-deficient mice, Stat3
phosphorylation was not markedly different from wild-type mice, the expression of CCSP
and CGRP was enhanced, and the treatment of IL-6 or cucurbitacin I induced similar effects
on mouse lung epithelial differentiation regardless of Hes1 expression status. Stat3 signaling
acts in fetal mouse lung development, and seems to regulate Clara cell differentiation
positively. Hes1 could regulate Clara cell differentiation in a manner independent from Stat3
signaling.
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I. Introduction

Signal transducer and activator of transcription (Stat)
3 is one of the main intracellular signaling molecules that
mediate proinflammatory interleukin 6 (IL-6) [1, 5, 13, 26];
it plays critical roles in several biological functions, in-
cluding proliferation, migration, survival and differentiation
[13]. The significance of Stat3 signaling in development
and differentiation has been reported in various organs and
cells, including kidney [23], mammary gland [4], skin kera-
tinocytes [15] and embryonic stem cells [27]. However,
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direct studies of Stat3 in lung development and lung epithe-
lial cell differentiation remain limited. A high concentration
of IL-6, an activator of Stat3, has been reported to promote
lung branching morphogenesis [19], and leukemia inhibi-
tory factor inhibits lung branching morphogenesis accom-
panied by the downregulation of Stat3 phosphorylation
[20]. In addition, Stat3 signaling is reported to be important
in the process of repair of injured bronchiolar epithelium as
defect of Stat3 gene disturbs bronchiolar epithelial cell
proliferation [11]. Important molecular pathways for lung
development are recaptured during injury and regeneration
[12], and, the pathways such as Stat3 for lung regeneration,
vice versa, should be important during development.

Lung branching morphogenesis and epithelial cell
differentiation during the fetal developmental period pro-
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ceed with epithelial-mesenchymal interaction regulated by
many secreted factors and their downstream effectors [3,
17, 18]. One of the critical systems determining lung
epithelial cell differentiation is a network of differentiation-
promoting and -suppressing basic helix-loop-helix transcrip-
tion (bHLH) factors [6, 7]. In mice lacking the gene for
mammalian homologue of achaete scute complex (Mash) 1,
one of the differentiation-promoting bHLHs, pulmonary
neuroendocrine (PNE) cells are not detected, while in mice
lacking the gene for hairy/enhancer of split (Hes) 1, one
of the recessive bHLHs, many PNE cells appear in the lung
at the expense of Clara cells [7]. The latter observation sug-
gests that Hes1 can suppress the neuroendocrine differen-
tiation of lung epithelial cells and could play roles in Clara
cell differentiation. Hes1 expression is regulated positively
by Notch signaling [8]. Using various Notch receptor gene-
deficient mice, Morimoto et al. [16] found that Notch2
makes a dominant contribution to Clara cell fate determina-
tion and Notch1 and Notch3 make modest contributions to
Clara cell selection. On the other hand, Foxj1-positive cili-
ated cells are increased in Notch gene-deficient conditions,
and so Notch signaling could contribute to Clara cell/ciliated
cell selection [16]. According to Xing et al. [29], trans-
forming growth factor beta signaling via ALK5 positively
regulates Hes1 expression by suppressing PTEN, and could
promote Clara cell differentiation. And, Notch1 is required
to regeneration of Clara cells after naphthalene injury with
stimulation of Hes5 and Pax6 [28].

Kamakura et al. [9] presented that Hes1 and Hes5 are
associated with Janus-activated kinase (Jak) 2 and Stat3
and promote Stat3 activation in neuroepithelial cells. In
addition, direct protein-protein interactions that coordinate
cross-talk between the Notch1-Hes1 and Jak-Stat pathways
are suggested [9]. Moreover, in neural tissues, Hes1 is
reported to be coupled with Stat3 activation during neural
differentiation [14, 15, 30]. However, relationship between
Notch1-Hes1 and Stat3 signaling pathways has not been
studied in lung development.

In the present study, we applied immunohistochemical
staining to determine the distribution of phosphorylated
Stat3-positive cells in the developing lung epithelium of
fetal mice, and the involvement of Stat3 signaling in Clara
cell differentiation, by observing cultured fetal mouse lungs
treated with Stat3 activator (IL-6) or inhibitor (cucurbitacin
I). Stat3 is phosphorylated at various phosphorylated sites,
and we studied phosphorylation at Tyr705 as phosphryla-
tion at Tyr705 regulates STAT3 dimerization, nuclear
translocation and DNA binding [22, 24]. Furthermore, we
cultured the fetal lungs of Hes1 gene-deficient mice treated
with these Stat3 modulators in order to reveal the relation-
ship between Hes1 and Stat3 signaling in mouse lung
development.

II. Materials and Methods
Animals

ICR mice were purchased from Japan SLC (Shizuoka,
Japan). They were kept with free access to water and food,
and were maintained on a 12-hr light/dark cycle under
pathogen-free conditions. This study was approved by
the Animal Care Committee of Kumamoto University
(#25-076). To obtain fetal lungs, mice were mated during
the night, and the day of discovery of a vaginal plug was
counted as fetal day (e)0. In this study, lungs of ICR mice
from fetal days 12.5–18.5 (e12.5, e14.5, e16.5, e18.5) were
used, and for organ culture, lungs from e12.5 mice were
used and cultured for 72 hr.

Western blotting for Stat3
For the Western blotting analysis, lung samples were

obtained from five fetuses at e14.5 and one fetus each at
e16.5 and e18.5, and three sets of lung tissues for Western
blotting analyses were made from 9 pregnant mice. The
fetal lungs of ICR mice at e14.5, e16.5 and e18.5 were
homogenized on ice with ice-cold homogenizing buffer [5
mM Tris, 0.25 M sucrose, 2 mM EDTA, 2 mM ethylene
glycol bis(2-aminoethyl ether)-tetraacetic acid (EGTA)]
containing the protease inhibitors phenylmethane sulfonyl
fluoride (PMSF, 0.5 mM), dithiothreitol (DTT, 0.5 mM)
and leupeptin (5 μg/ml), clarified by centrifugation and
resuspended in lysate buffer (50 mM Tris, 150 mM NaCl,
25 mM NaF, 25 mM glycerophosphate, 2 mM EDTA,
2 mM EGTA, 0.3% NP-40, 0.5 mM PMSF, 0.5 mM DTT,
5 μg/ml leupeptin). The lysate was centrifuged and the
concentration of the supernatant protein extract was deter-
mined using the Bio-Rad protein assay kit (Bio-Rad Labo-
ratories, CA, USA). Aliquots of 30 μg of protein were
subjected to SDS-PAGE (in 8–12% gels), and the protein
was then transferred to nitrocellulose membranes. The blots
were blocked with 5% non-fat milk in phosphate-buffered
saline solution. Rabbit antibodies against Stat3 (Cell Sig-
naling, Beverly, MA) and phosphorylated Stat3 (Tyr705;
Cell Signaling) were used for the Western blotting analysis.
The filters were incubated with each primary antibody and
then with horseradish peroxidase-conjugated secondary
antibody, and the stained proteins were visualized with an
enhanced chemiluminescence detection kit (Amersham
Pharmacia Biotech, Uppsala, Sweden). β-actin was also
detected in each sample. Comparative quantitation of phos-
phorylated Stat3 protein in the cultured fetal lung tissues
and Hes1-gene deficient mouse lungs was performed by
densitometric analysis of blotting bands using an image
analysis software (CS Analyzer, ATTO Corporation,
Tokyo), and the ratio values of phosphorylated Stat3 were
determined relative to values obtained for Stat3. Each of
the ratio values was tested by oneway ANOVA using
GraphPad Prism statistical software, and the significance
was determined using Newman-Keuls method at the 0.05
level.
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Immunohistochemistry
Fetal lungs at e14.5, e16.5 and e18.5 (6 on each day)

were isolated, fixed in phosphate-buffered 4% parafor-
maldehyde solution and embedded in paraffin. Paraffin-
embedded sections were rehydrated through xylene and
graded ethanol solutions. After treatment with 0.3% hydro-
gen peroxide, the sections were heated at 95°C for 40 min
in antigen retrieval solution (pH 8; Nichirei, Tokyo, Japan).
After treatment with 4% Blockace in PBS (Dai-Nippon-
Pharmaceutical, Suita, Japan) for 20 min, the sections were
treated with goat anti-Clara cell secretory protein (CCSP;
Santa Cruz Biotech, Santa Cruz, CA), mouse anti-Foxj1
(Santa Cruz), goat anti-calcitonin gene-related peptide
(CGRP; Abcam, Cambridge, MA), rabbit anti-Hes1 (Santa
Cruz) or rabbit anti-phosphorylated Stat3 (Tyr705) (Cell
Signaling) antibody overnight at 4°C. After washing, the
sections were treated with anti-goat, -rabbit or -mouse IgG
conjugated with HRP-polymer (ImmPress Reagent; Vector
Laboratories, Burlingame, CA) for 30 min at room
temperature. The sections were further treated with
diaminobenzidine-hydrogen peroxide solution, and coun-
terstained with hematoxylin.

Double immunostaining for phosphorylated Stat3 and either
CCSP or Foxj1, and for Hes1 and either CCSP or Foxj1

Paraffin-embedded sections were rehydrated through
xylene and graded ethanol solutions. After treatment with
0.3% hydrogen peroxide, the sections were heated at 95°C
for 40 min in antigen retrieval solution (Nichirei) for phos-
phorylated Stat3 immunostaining or Hes1 immunostaining.
After treatment with 4% Blockace in PBS (Dai-Nippon-
Pharmaceutical) for 20 min at room temperature, the sec-
tions were treated with either rabbit anti-phosphorylated
Stat3 (Tyr705, Cell Signaling) or rabbit anti-Hes1 (Santa
Cruz) antibody overnight at 4°C. After washing, the sec-
tions were treated with the secondary antibodies conjugated
with HRP polymer for the corresponding animal IgGs
(ImmPress Reagent, Vector) for 30 min at room tempera-
ture. For phosphorylated Stat3 or Hes1 immunostaining,
diaminobenzidine-hydrogen peroxide solution was applied.

After washing in PBS three times, the sections were
again heated at 95°C for 20 min in the antigen retrieval
solution for CCSP immunostaining (DAKO REAL Target
Retrieval Solution, pH6; DAKO, Carpinteria, CA) or in the

solution (pH8, Nichirei) for Foxj1. After treatment with 4%
Blockace in PBS (Dainippon Pharmaceutical) for 20 min at
room temperature, the sections were treated with either
goat anti-CCSP (Santa Cruz) or mouse anti-Foxj1 (Santa
Cruz) antibody for 1 hr at room temperature.

After washing, the sections were treated with sec-
ondary antibodies conjugated with HRP polymer or AP
polymer for the corresponding animal IgGs (ImmPress
Reagent, Vector) for 30 min at room temperature. For
CCSP immunostaining, Vulcan FastTM Red Chromogen
Kit (Biocare Medical, Concord, CA) was applied, and for
Foxj1 immunostaining, Vina GreenTM Chromogen Kit
(Biocare Medical) was applied, and counterstained with
hematoxylin.

Quantitative RT-PCR analysis
mRNA from the fetal lungs of ICR mice at e12.5,

e14.5, e16.5 and e18.5 was isolated using the ISOGEN
reagent (Nippon Gene, Tokyo, Japan) according to the
manufacturer’s instructions. Sample lungs were analyzed
from one fetus on fetal days e12.5, e14.5, e16.5 and e18.5.
The experiments were repeated using three sets of fetal
lungs. cDNA was synthesized using the PrimeScript® RT
reagent Kit (Takara-Bio, Shiga, Japan). Quantitative RT-
PCR was performed on a LightCycler Nano Real-Time
PCR System (Roche Diagnostics, Mannheim, Germany),
using a Fast Start Essential DNA Green Master (Roche) for
CCSP, Foxj1, CGRP, Hes1, Mash1, Notch1, Notch2,
Notch3 and β-actin. Data analysis was performed using the
LightCycler Nano software, version 1.0 (Roche). All reac-
tions were normalized to β-actin. Results were plotted as
relative expression compared with the result of e12.5,
which was scaled to 1. The PCR primer pairs used in this
study are listed in Table 1. The mean ± SD for each experi-
mental group is expressed in the bar graphs. Differences
between the means were tested by oneway ANOVA fol-
lowed by Newman-Keuls method for multiple comparisons
using GraphPad Prism statistical software. P value, 0.05
was considered significant.

Organ culture
The e12.5 embryos were dissected from pregnant

mice. The lungs with the trachea were isolated from each
embryo and cultured on a 6-well tissue culture plate, with

Table 1. Target gene primer sequence (5'–3') 

CCSP TACCATGAAGATCGCCATCACAAGGCTTCAGGGATGCCACATAAC
Foxj1 CACGTGAAGCCACCCTACTCCTAGAGGCACTTTGATGAAGCACTTG
CGRP GTGCAGGACTATATGCAGATGAAAGCACAGGTGGCAGTGTTGCAG
Hes1 AAAGACGGCCTCTGAGCACGGTGCTTCACAGTCATTTCCA
Mash1 AAGAGCTGCTGGACTTTACCAACTGATTTGACGTCGTTGGCGAGA
Notch1 TGCCTTGAGTGTGCTGGAATGATTCTGCCACAGGCGTATACTTGA
Notch2 CCCATTCAAGTTCACTGAATCAACAAGCTTTAGGGCAGACAGTCACCA
Notch3 TCCTCACTTCACTGCATTCCAGATGGAGTTGAGGCTTTGAGCAGA
β-actin CATCCGTAAAGACCTCTATGCCAACATGGAGCCACCGATCCACA
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an 8-μm pore size cell culture insert (Falcon/Becton
Dickinson, NJ). Cultures were maintained in serum-free,
chemically defined Fitton-Jackson modification BGJb
medium (Life Technologies, Grand Island, NY) containing
50 units/ml penicillin and 50 μg/ml streptomycin. For
experimental treatments, the medium was supplemented
with one of the following: recombinant mouse IL-6 (R&D,
Minneapolis, MN, USA) at 10 ng/ml or 50 ng/ml, or
curcubitacin I (Calbiochem, San Diego, CA) at 1 μM or 5
μM. Control explants with IL-6 or cucurbitacin I treatment
were incubated in medium containing dimethyl sulfoxide
(DMSO, Sigma) at 2.5 μl/ml. A total of 16–18 pairs of
lungs were used for each experimental group, and each
insert supported up to 6 pairs of lung explants. Each
medium was changed every 24 hr. We performed 3 inde-
pendent studies.

To clarify the effects of IL-6 and cucurbitacin I, phase
contrast micrographs were taken at the beginning (day0)
and at the end (day3) of culture. The number of the termi-
nal buds in the left lung was counted on each day, and the
branching ratio (the number of buds at the end of the
culture/the number of buds at the beginning of the culture)
was calculated. The mean ± SD for each experimental
group is expressed in the graphs.

Differences between the means were tested by oneway
ANOVA using GraphPad Prism statistical software, and the
significance was determined using Newman-Keuls method
at the 0.05 level.

A total of 10–12 pairs of lungs were harvested for
Western blotting analysis for phosphorylated Stat3
(Tyr705), three pairs of lungs were obtained for detecting
CCSP, FoxJ1, CGRP and Hes1 mRNAs by quantitative RT-
PCR, and three to four pairs were used for immunohisto-
chemistry for CCSP, FoxJ1, Hes1 and phosphorylated Stat3
(Tyr705) after 4% paraformaldehyde fixation and paraffin
embedding.

To determine the relationship between Stat3 phosphor-
ylation and Hes1 gene expression, Hes1 gene knockout
mice were used for the following studies. First, the phos-
phorylation of Stat3 expressed in E18.5 fetal mouse lungs
from wild-type and Hes1 knockout mice was analyzed by
Western blotting. Moreover, E12.5 fetal lungs from wild-
type and Hes1 knockout mice were used for organ culture
studies. The genotyping of Hes1 in the mice was as
described in our previous study [7]. The lungs were
applied to organ culture for 3 days with IL-6 treatment at a
concentration of 50 ng/ml or cucurbitacin I treatment at a
concentration of 5 μg/ml. After cultivation, three pairs of
lungs were obtained for detecting CCSP, FoxJ1, CGRP and
Hes1 mRNAs by quantitative RT-PCR.

III. Results
Modulation of expression patterns in fetal mouse lungs

In the present study, immunohistochemistry for CCSP
was used for detecting Clara cells, FoxJ1 for ciliated cells

and CGRP for neuroendocrine cells [10, 21].
Immunohistochemically, CCSP-positive Clara cells

appeared on e14.5 and increased with development, and
FoxJ1-positive ciliated cells showed similar staining pattern
to CCSP-positive cells (Fig. 1A). CGRP-positive neuro-
endocrine cells were fewer than CCSP- or FoxJ1-positive
cells, and often formed clusters (Fig. 1A). Quantitative RT-
PCR analysis supported the immunohistochemical study,
and revealed that the expression of differentiation markers,
such as CCSP, Foxj1 and CGRP, generally increased with
the growth of the lungs (Fig. 1B).

Regrading to Stat3 expression in the fetal lungs, West-
ern blotting analyses revealed that the expression of Stat3
did not vary markedly, but phosphorylated Stat3 (Tyr705)
was decreased with development (Fig. 1C). Immunohisto-
chemically, cells positive for phosphorylated Stat3 (Tyr705)
were detected among developing epithelial cells and mes-
enchymal cells in e14.5 lungs, and were scattered among
developing airway cells thereafter (Fig. 1D). Double immu-
nostaining for phosphorylated Stat3 (Tyr705) with CCSP or
Foxj1 was also attempted. Developing Clara cells showed
positive staining for phosphorylated Stat3 (Tyr705), but
ciliated cells showed negative staining for it (Fig. 1D).

Meanwhile, the immunohistochemical study revealed
that Hes1 was positive in bronchiolar epithelial cells, and
more distinct on e18.5 (Fig. 1E). Double immunostaining
for CCSP and Hes1 or Foxj1 and Hes1 revealed that both
cell types were positive for Hes1 (Fig. 1E). Hes1 mRNA
did not change remarkably until e18.5, and Notch1 and 2
mRNAs increased with growth (Fig. 1F).

Organ culture
To reveal the significance of Stat3 in lung develop-

ment, fetal lung tissue explants were treated with Stat3
activator (IL-6) or inhibitor (cucurbitacin I). The culturing
of explant lung tissues showed progressive branching mor-
phogenesis. IL-6 treatment enhanced branching morpho-
genesis, but cucurbitacin I suppressed branching of the lung
explants (Fig. 2A).

Western blotting study of the cultured lungs revealed
that the phosphorylated form of Stat3 (Tyr705) was
increased with the treatment of IL-6 and decreased with
cucurbitacin I (Fig. 2B). Immunohistochemical studies
revealed that the nuclear expression of phosphorylated
Stat3 (Tyr705) increased with the treatment of IL-6, but
Cucurbitacin I decreased the immunostaining for phos-
phorylated Stat3 (Tyr705) (Fig. 2B).

Immunohistochemically, CCSP- and Foxj1-positive
cells appeared more with the treatment of IL-6, but Hes1
immunostaining was not altered (Fig. 2C). Cucurbitacin I
decreased the immunostaining for CCSP, Foxj1, and Hes1
(Fig. 2C). Quantitative RT-PCR study revealed that IL-6
enhanced mildly the expression of CCSP mRNA, but
CGRP and Hes1 mRNAs were not altered (Fig. 2D). On the
other hand, cucurbitacin I decreased CCSP, Foxj1 and Hes1
mRNAs in a dose-dependent manner (Fig. 2D).
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Expression of lung epithelial markers, Stat3, and Notch-related molecules in the developing lungs of fetal mice. A: Immunohistochemically, Clara
cell secretory protein (CCSP)-positive cells and Forkhead box protein J1 (Foxj1)-positive cells appear on e14.5 and then increase. Calcitonin gene-
related peptide (CGRP)-positive cells are a few. Counterstained with hematoxylin. Bar = 20 mm. B: Real-time PCR analysis reveals that CCSP, Foxj1
and CGRP mRNAs increase with development. C: Western blotting reveals that phosphorylated Stat 3 (Tyr 705; p-Stat3) decreases over the develop-
mental period. D (upper column): Immunohistochemically, p-Stat3-positive epithelial cells are abundant in e16.5 and e18.5. Bar = 20 mm. D (lower
column): Double immunostaining for p-Stat3 (brown) with CCSP (red) or Foxj1 (green) reveals that p-Stat3 is evident in Clara cells (arrows), but not in
ciliated cells. Counterstained with hematoxylin. Bar = 20 μm. E: Double immunostaining for Hairy and enhancer of split 1 (Hes1; brown) with CCSP
(red) or Foxj1 (green) reveals that Hes1 is positive in both Clara cells (arrows) and ciliated cells (arrows). Counterstained with hematoxylin. Bar = 20
μm. F: Real-time PCR analysis reveals that Hes1 and mammalian achaete scute complex homolog 1 (Mash1) mRNAs do not vary markedly in the fetal
lungs. Notch1 mRNA increases gradually over the development period, and Notch2 mRNA increases remarkably in the late fetal period.

Fig. 1. 
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Effects of IL-6 and cucurbitacin I on the growth pattern, p-Stat3, lung epithelial markers and Hes1 in cultured embryonic lungs (e12.5) for 3 days.
A: Serial photographs of the same explants at 0 day and 3 days of cultivation. The cultured lung explants show that lung tissues grow with treatment of
IL-6 and that cucurbitacin I suppresses growth. Bar = 500 μm. B: Western blotting for p-Stat3 reveals that IL6 increases p-Stat3 and cucurbitacin I
decreases p-Stat3 in cultured fetal lung tissues. Comparative quantitation of p-Stat3 in the cultured lung explants treated with IL-6 or cucurbitacin I
compared to the control tissues is shown as a bar graph. Immunostaining for pStat-3 supports the Western blotting studies. Counterstained with hema-
toxylin. Bar = 20 μm. C: Immunostaining of the cultured lung explants reveals that CCSP-positive Clara cells and FoxJ1-positive ciliated cells increase
with the treatment of IL-6, but decrease with the treatment of cucurbitacin I. Cucurbitacin I depresses Hes1 expression in the explants. Counterstained
with hematoxylin. Bar = 20 μm. D: Real-time PCR analysis reveals that CCSP mRNA is increased but FoxJ1, CGRP and Hes1 mRNAs are not altered
with the treatment of IL-6, while CCSP, Foxj1 and Hes1 mRNAs are decreased with the treatment of cucurbitacin I.

Fig. 2. 
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Hes1 gene knockout mouse study
As Stat3 signaling, coupled with Notch-Hes1-

signaling pathway, is reported to work in neuroepithelial
differentiation [8], relationship between Stat3 and Hes1
was studied with use of Hes1 gene knockout mice and
organ culture of Hes1 gene knockout mouse lung was
attempted. The size of the lungs from Hes1 gene knockout
mice was smaller than that from wild-type mice at e12.5
[7]. The expression of phosphorylated Stat3 (Tyr705) in
e18.5 mouse lung did not differ markedly, regardless of the
Hes1 gene expression conditions (Fig. 3A). Similar to that
in wild-type mouse lungs, in the lung explants from Hes1
gene knockout mice, IL-6 enhanced growth and cucurbita-
cin I inhibited growth (Fig. 3B). Quantitative RT-PCR
study revealed that Hes1 gene deficiency increased CCSP
and CGRP markedly, but not Foxj1 (Fig. 3C). IL-6 induced

mildly increased expression of CCSP in wild-type mouse
lungs, but its effects on CCSP expression in Hes1 gene
knockout mouse lungs were not remarkable. In Hes1 gene
knockout mouse lungs, IL-6 did not enhance Foxj1 expres-
sion significantly. IL-6 did not alter CGRP expression in
Hes1 gene knockout mouse lungs. The effects of cucurbita-
cin I on Hes1 gene knockout mouse lungs seemed to be
similar to those on wild-type mouse lungs (Fig. 3C).

IV. Discussion
In the present study, we surveyed the modulation of

phosphorylated Stat3 (Tyr705) in developing fetal mouse
lungs; phosphorylated Stat3 (Tyr705) decreased before
birth, which was confirmed by immunohistochemistry. The
pattern of decreased phosphorylation of signaling mole-

Expression of p-Stat3 (Tyr705) in Hes1 gene-deficient (−/−) mice (e18.5), and effects of IL-6 or cucurbitacin I on the cultured embryonic lungs of
Hes1 gene-deficient (−/−) mice (e12.5) for 3 days. A: Western blotting for Stat3 and p-Stat3 in embryonic lungs from wild-type (+/+), heterozygous
(+/−) and homozygous (−/−) Hes1 gene-deficient mice (e18.5) was done. Comparative quantitation of p-Stat3 compared to Stat3 in the mouse lungs
with various Hes1 gene conditions shows no remarkable difference in phosphorylation of Stat3 among them. B: Organ culture studies reveal that Hes1
gene expression condition does not modify the effects on the cultured lung explants by IL-6 and cucurbitacin I. Bar = 500 μm. C: Real-time PCR
analysis of mRNAs. The lungs from Hes1 (−/−) mice show increased expression of CCSP and CGRP mRNAs. The effects of IL-6 or cucurbitacin I on
the cultured lung tissues seem similar, regardless of the Hes1 gene expression conditions.

Fig. 3. 
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cules and enhanced lung epithelial cell differentiation
during lung development has also been found in AKT and
ERK [25]. Immunohistochemical studies showed that phos-
phorylated Stat3 (Tyr705) was positive in immature lung
epithelial and mesenchymal cells, but after differentiation
to diverse lung epithelial cells, positive staining was local-
ized mainly to developing Clara cells. This suggests that
Clara cell differentiation might be regulated by Stat3 sig-
naling, and the progenitor function of Clara cells [10] could
be associated with Stat3 signaling. A report showing the
importance of Stat3 signaling in bronchiolar epithelial
repair and cell migration [11] suggests similar functional
significance of Stat3 in the development and reparative pro-
cesses of the lung. On the other hand, immunohistochemi-
cal study revealed that ciliated cells were negative for
phosphorylated Stat3 (Tyr705). This suggests that the dif-
ferentiation of ciliated cells from Clara cells could be
accompanied by the dephosphorylation of Stat3, and the
molecular dynamics of post-transcriptional modification of
Stat3 might act to determine the cell fate decision in the
lung epithelial systems.

In order to clarify the role of Stat3 signaling, IL-6 and
cucurbitacin I were applied in experiments involving organ
culture of fetal lung explants. IL-6 is one of the representa-
tive Stat3 activators [5], and Western blotting and immuno-
histochemical analyses revealed increased phosphorylated
Stat3 (Tyr705) in cultured lung tissues. According to
Nogueira-Silva et al. [19], IL-6 is expressed in the develop-
ing rat lungs in the fetal period, and the addition of exoge-
nous IL-6 enhances the branching of fetal rat lung explants,
which is true in the present mouse study. Upon the treat-
ment of IL-6, CCSP expression was enhanced, and, in vivo,
Stat3 phosphorylation appeared to be identical in CCSP-
positive cells. These observations susgest that positive
relationship between Stat3 phosphorylation and Clara cell
differentiation should occur in developing fetal lungs.
Cucurbitacin I is a highly selective inhibitor of Jak/Stat3
[2]. The present organ culture study shows that cucurbita-
cin I suppresses the phosphorylation of Stat3, delays lung
growth and also inhibits bronchiolar epithelial differentia-
tion; it also suggests that Stat3 signaling should be impor-
tant in lung growth and epithelial cell differentiation.

In our previous study, the incidence of Clara cells was
lower in the lung of Hes1 gene-deficient mice than in the
lung of wild-type mice, and we imagined that Hes1 could
play roles in Clara cell differentiation [7]. Our present
study demonstrated the enhanced expression of CCSP and
CGRP in Hes1 gene-deficient mice. Taking the findings
from these studies together, Hes1 could modulate Clara cell
differentiation as a suppressive factor, like in the case of
neuroendocrine cell differentiation. The number of Clara
cells in Hes1 gene-deficient mice appeared to be decreased
[7], but this would not always imply positive regulation of
Hes1 for Clara cell differentiation as the influx to neuro-
endocrine cell differentiation could be stronger than the
influx to Clara cell differentiation in Hes1 gene-deficient

mice. According to Kamakura et al. [9], the Notch-Hes1
pathway is associated with JAK2/Stat3 and promotes the
activation of Stat3. In Hes1 gene-deficient mouse lungs, the
phosphorylation of Stat3 (Tyr705) was not suppressed.
Exogenous IL-6 did not affect the expression of Hes1 in the
cultured lungs from wild-type mice, and the conditions of
the expression of Hes1 did not modify the effects on cell
differentiation due to IL-6. Cucurbitacin I suppresses Hes1,
but its effects on cell differentiation do not seem to differ
between the lungs from wild-type and Hes1 gene-deficient
mice. These observations suggest that Clara cell differentia-
tion could be promoted by IL-6, and the enhanced expres-
sion of CCSP seen in Hes1 gene-deficient mice could be
independent of Stat3 activation.

The present study has obtained various novel findings
concerning the involvement of Stat3 signaling and Hes1 in
mouse bronchiolar epithelial differentiation. During the
fetal development of mouse lungs, phosphorylated Stat3
(Tyr705) was seen in Clara cells. In organ culture systems,
exogenous IL-6 up-regulated Stat3 phosphorylation accom-
panied by increased CCSP expression, and cucurbitacin I
down-regulated Stat3 phosphorylation accompanied by the
decreased expression of Hes1, CCSP and Foxj1. In the
lungs of Hes1 gene-deficient mice, phosphorylated Stat3
(Tyr705) did not differ from that in the wild-type mouse
lungs, and CCSP expression was greater than in wild-type
mouse lungs. Thus, the present study suggests that Stat3
activation and Hes1 could play important roles in deter-
mining the fate of mouse bronchiolar epithelial cells, but
Stat3 and Hes1 do not seem to co-operate with each other.
Further analyses are necessary to conclude on this ob-
servation by knockdown or mutation experiments of these
molecules.
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