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Transforming growth factor-g1 (TGF-B1) has been implicated as a
major negative regulator of lung branching morphogenesis. Since
connective tissue growth factor (CTGF) is adownstream mediator of
TGF-B1 effects on mesenchymal cells, we hypothesized that TGF-pB1
induces CTGF expression in mouse embryonic lung explants and
that CTGF mediates TGF-f1 inhibition of branching morphogenesis.
We show that addition of TGF-B1 to the serum-free medium of
embryonic day (E)12.5 lung explant cultures inhibited branching
morphogenesis and induced CTGF mRNA expression in time- and
dose-dependent manners. In contrast to basal endogenous CTGF
protein, which was exclusively localized in the distal airway epithe-
lium, TGF-B1-induced CTGF protein was localized in both the
epithelium and the mesenchyme. Addition of exogenous CTGF to
culture medium directly inhibited branching morphogenesis. To
identify the signal transduction pathway through which TGF-B1
induces CTGF, we used SB431542, a specific inhibitor for TGF-B
type | receptor (TRRI)/ALK-5 to block TGF-B1-induced Smad2/3
phosphorylation. Consequently, SB431542 stimulated normal
branching morphogenesis and blocked TGF-B1 inhibition of
branching. Furthermore, SB-431542 blocked both endogenous and
TGF-B1-induced expression of CTGF mRNA and protein. These re-
sults demonstrate for the first time that TGF-B1 induces CTGF ex-
pression in mouse embryonic lung explants, that CTGF inhibits
branching morphogenesis, and that both endogenous and TGF-
B1-induced CTGF expression are mediated by the TPRRI/ALK-5-
dependent Smad2 signaling pathway.
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Normal lung development is highly coordinated by autocrine/
paracrine signaling, and by cell-extracellular matrix (ECM) and
cell-cell interactions between the epithelium and mesenchyme
(1-3). Peptide growth factors and transcriptional factors play an
important role during the processes of lung branching morpho-
genesis (4). Small changes in the temporal or spatial expression
of growth factors or transcriptional factors can lead to significant
alterations in the final architecture of the lung and severe defects
in the pulmonary function.

Multiple lines of evidence have indicated that TGF-Bs are key
negative regulators for lung branching morphogenesis. TGF-Bs
belong to a family of closely related peptides, including TGF-31,
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CLINICAL RELEVANCE

This research will enhance our knowledge of the regulation
of lung branching morphogenesis. It may also provide bet-
ter understanding of lung diseases that are caused by abnor-
mal development and repair processes.

TGF-B2, and TGF-B3. TGF-B1, often referred to simply as
TGF-B, is the most extensively studied member of the family
(5-7). TGF-Bs initiate their cellular action by binding to the
two cell membrane receptors termed type I (TBRI) and type 1T
(TBRII) receptors. Activin receptor-like kinase 5 (ALK-5) is
the principal TBRI that mediates most cellular responses to
TGF-Bs (6-8). Upon ligand binding, constitutively active TBRIT
kinase phosphorylates TBRI/ALK-5 which, in turn, activates
the downstream signal transduction cascades. ALK-5-activated
Smad2 and Smad3 phosphorylation is the most prominent path-
way (7). Once activated, Smad2/3 associate with Smad4 and
translocate to the nucleus, where the complex transcriptionally
regulates the expression of the target genes.

TGF-Bs and their receptors are expressed in the developing
lung (9-12). In situ hybridization studies have demonstrated
prominent expression of TGF-B1 mRNA in the mesenchyme
during embryonic lung development (9, 12). Abrogation of
TBRII or Smad2 and Smad3 signaling pathways stimulates
branching morphogenesis in cultured mouse embryonic lung
explants, suggesting that endogenous TGF-f signaling negatively
regulates lung branching (13, 14). Studies using embryonic lung
explant cultures have demonstrated that addition of exogenous
TGF-Bs to the culture medium inhibits branching morphogenesis
(15, 16). In a transgenic mouse model, overexpression of TGF-1
in the distal lung epithelial cells with the surfactant protein C
(SP-C) promoter arrests lung development at the late pseudoglan-
dular stage (17, 18). In both embryonic lung explant culture and
transgenic mouse models, TGF-B1 increases production of ECM
and results in ectopic accumulation of a smooth muscle actin
(a-SMA), a marker for myofibroblast differentiation in the distal
mesenchyme (12, 17). These molecular alterations are thought to
play a role in TGF-B inhibition of branching morphogenesis.

Connective tissue growth factor (CTGF) is a member of the
CCN (CTGF/Fisp12, Cyr61/Cef10, Nov, WISP-1, WISP-2, and
WISP-3) family of early gene products with a high degree of
amino acid sequence homology and 38 conserved cysteine resi-
dues (19-21). The CCN family members exhibit multiple activi-
ties including stimulation of extracellular matrix (ECM) produc-
tion, fibroblast proliferation and migration, and myofibroblast
differentiation (22-24). Studies have suggested that CTGF plays
an important role during embryogenesis. CTGF is expressed in
a variety of tissues and organs during development (25-27).
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Disruption of the CTGF gene in the mouse embryo results in
skeletal dysmorphisms and death shortly after birth due to respi-
ratory distress, suggesting lung developmental defect (28). We
have studied the role of CTGF in mouse embryonic lung mor-
phogenesis (29). Our results demonstrated that CTGF expresses
in the epithelial cells of terminal buds during the pseudoglan-
dular stage and that peak expression of CTGF correlates with
the termination of branching and induction of sacculation at
embryonic day (E)16.5. The lungs of CTGF-null mice presented
with sacculation defect (unpublished data). Using in vitro embry-
onic lung explant cultures, we showed that addition of recombi-
nant CTGF to the culture medium reduces branching morpho-
genesis (29). Our data suggest that CTGF may play an important
role in the termination of branching morphogenesis.

The biological importance of CTGF as a downstream me-
diator of TGF-B effects on mesenchymal cells is highlighted by
numerous observations. TGF-B1 selectively up-regulates CTGF
gene expression in mesenchymal cell types such as fibroblasts
via a unique TGF-B response element present in the CTGF
promoter (30-32). TGF-B1 stimulation of fibroblast prolifera-
tion, collagen synthesis, and myofibroblast differentiation is me-
diated via a CTGF-dependent pathway (24, 32-34). Although
TGF-B1 is one of the major inducers of CTGF expression in
cultured fibroblasts, regulation of CTGF expression by the
TGF-B1 in the embryonic lungs has not yet been studied.

The objective of this study was to investigate whether TGF-31
induces CTGF expression in mouse embryonic lung explants
and to identify the downstream signaling pathway involved in
the endogenous and TGF-B1-induced CTGF expression during
branching morphogenesis. We demonstrate that TGF-p1 inhibits
branching and induces CTGF expression in mouse E12.5 lung
explants. Furthermore, inhibition of TBRI/ALK-5 activity by a
specific synthetic inhibitor, SB431542 (35), blocks endogenous
and TGF-Bl-induced CTGF expression. We propose that ALK-
S—-dependent Smad?2 activation plays a key role in endogenous
and TGF-Bl-induced CTGF expression in lung development.

MATERIALS AND METHODS

Materials

ICR strain mice were purchased from Harlan (Indianapolis, IN). F12/
Dulbecco’s modified Eagle’s medium (DMEM) tissue culture media,
bovine serum albumin (BSA), gentamicin, transferrin, Trizol reagents,
and first-strand cDNA synthesis kits were obtained from Invitrogen
(Carsbad, CA). Recombinant CTGF was prepared using a baculovirus
expression system as previously described (33). Recombinant TGF-1
was purchased from R&D Systems (Minneapolis, MN). SB431542 was
from Tocris Bioscience (Ellisville, MO). PCR kits for semiquantitative
RT-PCR were purchased from Applied Biosystems (Foster City, CA).
Primers and reagents for quantitative real-time RT-PCR were obtained
from Supperarray Bioscience Corp. (Frederick, MD). Cycloheximide
and a mouse monoclonal anti-B-actin antibody were from Sigma (St.
Louis, MO). A rabbit polyclonal anti-CTGF antibody was from Torrey
Pines Biolabs (Houston, TX). Rabbit polyclonal anti-pro-SP-C and
anti-phosphospecific Smad2 (p-Smad2) antibodies were from Chemicon
(Temecula, CA). Goat polyclonal anti-CTGF and total anti-Smad2/3
antibodies were obtained from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA). Biotinylated anti-rabbit IgG, horseradish peroxidase
(HRP)-conjugated anti-rabbit and anti-goat IgGs, streptavidin—alkaline
phosphatase reagent, and Vector Red substrate were obtained from
Vector Laboratories (Burlingame, CA). Enhanced chemiluminescence
(ECL) reagents were from Amersham (Piscataway, NJ).

Breeding of Mice, Embryonic Lung Dissection, and
Explant Culture
The study protocol was reviewed and approved by the Animal Care

and Use Committee of the University of Miami. Eight-week-old female
mice were mated to males. Noon on the day of vaginal plug formation

was set as E0.5. On E12.5, pregnant females were killed by cervical
dislocation after receiving CO, narcosis. Embryos were obtained by
hysterectomy. Lungs were dissected under dissection microscope and
placed individually on 8-wm nucleopore membranes floating on 0.5 ml
of chemical-defined serum-free medium in each well of a 24-well plate.
The medium consisted of 1:1 mixture of Ham’s F12 and DMEM with
1 pg/ml of BSA, 10 pg/ml of transferrin, and 50 pg/ml of gentamicin
(15). Recombinant CTGF (5-250 ng/ml) or TGF-B1 (1-100 ng/ml) was
added to the culture medium of lung explants. Cycloheximide (5 nM)
or SB43152 (0.2-20 uM) was added to culture medium 1 h before
the addition of TGF-B1. The cultures were maintained at 37°C in a
humidified 5% CO, incubator for 248 h.

Quantification of Branching Morphogenesis

Branching morphogenesis was measured as the number of the terminal
sacs around the circumference of the lung explants. Terminal sacs were
counted under the microscope before administration of inhibitors or
growth factors (baseline) and daily after treatment for 48 h. Lung
explants in culture on the nucleopore membranes were photographed
daily using an Olympus digital camera (Olympus Optical Co., Tokyo,
Japan) attached to an inverted microscope for permanent imaging anal-
ysis. Five to six lung explants were used for each condition, and individ-
ual experiments were repeated at least three times.

RT-PCR

Total RNA was isolated from pooled lung explants by using Trizol
reagent. Two micrograms of total RNA was reverse-transcribed in a
20-pl reaction by using a first-strand cDNA synthesis kit according to
manufacture’s protocol (Invitrogen). PCR was performed using 1 pl
of first-strand cDNA and gene-specific primers. Using mouse CTGF
forward primer 5'-CTGGACGGCTGCGGCTGCTG-3" (positions
285-304) and reverse primer 5'-GGTCCTTGGGCTCGTCACAC-3’
(positions 629-648) yielded a CTGF fragment of 363 bp. As an internal
control, GAPDH primers were also included in each PCR reaction.
GAPDH primers were: forward, 5'-ACCACAGTCCATGCCATCAC-3’
(position 593-613); reverse, 5'-TCCACCACCCTGTTGATGTA-3’
(1090-1110) that produce a GAPDH fragment of 497 bp. The reactions
included denaturing for 30 s at 94°C, annealing at 55°C for 30 s, and
extension for 30 s at 72°C for 30 cycles followed by further extension for
5 min at 72°C. The 30 cycles were chosen to be in the linear amplification
phase. DNA contamination was excluded by performing PCR on each
sample without first transcribing mRNA with reverse transcriptase.
Negative control was performed by substituting 1 pl of H,O for cDNA
in a PCR reaction. The amplified cDNA fragments were then separated
on 2% agarose gels and visualized by ethidium bromide staining. The
intensity of the cDNA products was determined by Quantity One Im-
aging Analysis Program (Bio-Rad, Hercules, CA). The relative mRNA
levels of CTGF were determined after normalization to GAPDH.

Quantitative Real-Time RT-PCR

The real-time RT-PCR was performed on a Light-cycler (Roche, Indian-
apolis, IN). Each reaction included diluted first-strand cDNA generated
as above, mouse CTGF or mouse GAPDH primers, and RT? Real-
Time PCR SYBR Green master mix according to the manufacturer’s
instruction (Superarray Bioscience). Real-time RT-PCR conditions
were 95°C for 15 min, followed by 40 cycles of 95°C for 30 s, 55°C for
30 s, and 72°C for 30 s. RNase-free water was used as a negative control.
For each target gene, a standard curve was established by performing
a series of 2-fold dilutions of the first-strand cDNA. The mRNA expres-
sion levels of CTGF or GAPDH were determined from the standard
curve. The relative CTGF mRNA levels were normalized to GAPDH.

Western Blot Analysis

Total protein was extracted from pooled lung explants with a lysis
buffer from Active Motif according to manufacturer’s protocol (Carlsbad,
CA). The protein concentrations were measured by BCA protein assay
using a commercial kit from Pierce Biotechnology, Inc. (Rockford, IL).
Seventy-five micrograms of total protein was fractionated by SDS-
PAGE on a 10% Tris-glycine precast gel (Bio-Rad, Richmond, CA)
and then transferred to a nitrocellulose membrane (Amersham). The
membrane was incubated with a goat anti-CTGF antibody (Santa Cruz),
a mouse anti—B-actin antibody (Sigma), a rabbit anti-p-Smad2 antibody
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(Chemicon) or a goat anti-total Smad2/3 antibody (Santa Cruz) over-
night at 4°C and then incubated for 1 h at room temperature with an
HRP-conjugated secondary antibody raised against respective primary
antibodies. Antibody-bound proteins were detected using ECL chemi-
luminescence methodology. The intensities of protein bands were quan-
tified by Quantity One Imaging Analysis Program. The relative protein
levels of CTGF were normalized to B-actin, and p-Smad?2 levels were
normalized to total Smad2/3.

Immunohistochemistry

Lung explants were fixed with 4% paraformaldehyde in PBS at 4°C
for 16 h, then dehydrated through series of methanol and embedded
in paraffin, and 5-wm sections were prepared. Expression of CTGF
protein was localized by immunostaining with a rabbit anti-CTGF anti-
body (Torrey Pines Biolabs). A rabbit anti-pro-SP-C antibody was used
to detect the epithelial cells of distal lung buds. Nonimmune rabbit IgG
was used as a negative control. Tissue sections were deparaffinized in
xylene and rehydrated through graded ethanol into PBS. The sections
were incubated with blocking buffer (2% milk plus 10% horse serum)
for 1 h at room temperature. The blocking buffer was removed from
the slides, and the tissue sections were then incubated with either the
primary antibodies or the negative control antibody for 16 h at 4°C.
The slides were washed with Tris-buffered saline (TBS), and incubated
with biotinylated secondary IgGs for 1 h at room temperature. After
washing with TBS, the slides were incubated with a streptavidin-biotin-
alkaline phosphatase complex for 45 min at room temperature. The
slides were then washed with TBS again, and incubated with Vector
Red alkaline phosphatase substrate, mounted and coverslipped.

Data Presentation and Statistical Analysis
Results are expressed as means + SD. Comparison was performed by

one-way ANOVA followed by Student-Newman-Keuls test. P < 0.05
was considered significant.

RESULTS

TGF-B1 Inhibits Branching Morphogenesis
in E12.5 Lung Explants

Previous studies have demonstrated that addition of TGF-B1
to the culture medium of mouse E11.5 lung explants inhibits
branching morphogenesis (15). In this study, E12.5 lung explants
were used to assess the effect of TGF-B1 on branching morpho-
genesis. TGF-B1 decreased lung size and inhibited terminal
branching in a dose- and time-dependent manner. TGF-B1 at
concentration 1 or 10 ng/ml did not affect lung size, but did
decrease lung size at concentrations of 50 and 100 ng/ml. While
the decrease in lung size was apparent at 24 h (data not shown),
maximal reductions were seen at 48 h (Figures 1A-1E). TGF-B1
at concentration 1 and 10 ng/ml did not cause branching inhibi-
tion at 24 or 48 h. However, at concentrations 50 and 100 ng/ml,
TGF-B1 significantly decreased terminal branching by 17% and
27% at 24 h (data not shown), and by 45% and 50% at 48 h,
respectively (Figure 1F).

CTGF mRNA Is Induced in the Presence or
Absence of TGF-p1

To determine endogenous expression of CTGF mRNA and the
effect of TGF-B1 on CTGF mRNA expression, E12.5 lung ex-
plants were cultured for 2-48 h in the presence or absence of
TGF-B1 (100 ng/ml). Expression of CTGF mRNA was detected
by semiquantitative RT-PCR and quantitative real-time RT-
PCR. The semiquantitative RT-PCR and quantitative real-time
RT-PCR with different sets of primers yielded similar results.
As shown in Figures 2A and 2B, CTGF mRNA was detected
with increasing levels in control E12.5 lung explants in a time-
dependent manner. When compared with 2 h control, endoge-
nous CTGF mRNA was increased 2.1-fold at 24 h and more
than 3-fold at 48 h. These results indicate that as lung explants
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Figure 1. TGF-B1 reduces branching morphogenesis in mouse E12.5
lung explants. E12.5 lung explants were treated with increasing concen-
tration of TGF-B1 for 48 h as described in MATERIALS AND METHODS.
Photomicrographs were taken under the same magnification at 48 h.
(A) Control lung explant; lung explants treated with TGF-31 1 ng/ml
(B), 10 ng/ml (C), 50 ng/ml (D), and 100 ng/ml (E). (F) Graphical
representation of the quantification of terminal branching after cultured
for 48 h. Each bar represents the mean = SD from six lung explants.
TGF-B1 dose-dependently inhibited branching morphogenesis. *P <
0.001 compared with control.

undergo branching morphogenesis in culture, they increase their
endogenous CTGF mRNA expression. Treatment with TGF-1
induced a time-dependent greater CTGF mRNA expression in
the E12.5 lung explants. Compared with 2 h control, treatment
with 100 ng/ml of TGF-B1 up-regulated CTGF mRNA expres-
sion 5.1- to 6.8-fold from 24 to 48 h. To determine the dose—
response of TGF-B1 induction of CTGF mRNA expression,
E12.5 explants were treated with different concentrations
(1-100 ng/ml) of TGF-B1 for 24 h. Expression of CTGF mRNA
was increased 1.9- to 6.8-fold by 1-100 ng/ml of TGF-B1 (Figure
2C). The maximal induction was achieved by the highest dose
(100 ng/ml) tested. Thus, TGF-B1 induced rapid and sustained CTGF
mRNA expression during early embryonic lung development.

CTGF Protein Is Induced in the Presence
or Absence of TGF-p1

To determine whether CTGF mRNA expression is correlated
with CTGF protein expression, total proteins were extracted
from control and TGF-B1 (100 ng/ml)-treated lung explants at
48 h. Expression of CTGF protein was analyzed by Western
blot. Compared with control where low level of CTGF protein
was detected, treatment with TGF-B1 up-regulated CTGF pro-
tein nearly 2.5-fold (Figure 3A).

Localization of CTGF protein was examined by immunohisto-
chemistry with an anti-CTGF antibody in control and 100 ng/ml
TGF-B1-treated lung explants at 48 h. Staining with an anti-
pro-SP-C antibody was used to help identify the distal airway
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Figure 2. Endogenous and TGF-B1-induced CTGF mRNA expression in
E12.5 lung explants. E12.5 lung explants were incubated with medium
(control) or with 100 ng/ml TGF-B1 for 2 to 48 h. CTGF and GAPDH
mRNA were detected by (A) semiquantitative RT-PCR and (B) quantita-
tive real-time RT-PCR. Relative CTGF mRNA expression levels were deter-
mined after normalization to GAPDH. Data are expressed as mean =
SD from three separate experiments. Endogenous CTGF mRNA was
induced in control lung explants after cultured for 24-48 h. *P < 0.04
compared with 2 h control. TGF-B1 time-dependently induced CTGF
mRNA expression in E12.5 lung explants. **P < 0.001 compared with
corresponding controls. Triangles, TGF; squares, control. (C) E12.5 lung
explants were treated with 1-100 ng/ml TGF-B1 for 24 h. CTGF mRNA
levels were analyzed and quantified as described above. TGF-B1 dose-
dependently induced CTGF mRNA expression in E12.5 lung explants.
*P < 0.05 compared with control; **P < 0.001 compared with control.

epithelial cells. In control lung explants, CTGF was exclusively
detected in the distal airway epithelial cells (Figure 3B), which
were also positively stained by pro-SP-C antibody (Figure 3C).
In TGF-Bl-treated lung explants, CTGF was strongly detected
in the epithelial cells and mesenchymal cells (Figure 3D). Thus,
endogenous CTGF protein is expressed in the distal airway epi-
thelium, but TGF-B1 induces CTGF protein in both epithelial
and mesenchymal cells.

Induction of CTGF mRNA Expression Is Independent
of New Protein Synthesis

To determine whether the CTGF gene is directly controlled by
TGF-B1 or secondarily induced by other TGF-B1-regulated gene
products, we examined the effect of a protein synthesis inhibitor,

cycloheximide, on TGF-B1 induction of CTGF mRNA expres-
sion. E12.5 lung explants were pretreated with cycloheximide
(5 pM) for 1 h and then cultured in the presence or absence of
100 ng/ml TGF-B1 for 24 h. Expression of CTGF mRNA was
analyzed by quantitative real-time RT-PCR. As shown in Fig-
ure 4, compared with control, exposure to cycloheximide alone
dramatically up-regulated CTGF mRNA expression. Compared
with TGF-B1 alone, incubation with cycloheximide plus TGF-B1
superinduced CTGF mRNA expression. These results demon-
strate that induction of CTGF mRNA by TGF-B1 does not
require de novo protein synthesis, thereby suggesting that the
increase in CTGF mRNA is directly regulated by TGF-B1.

CTGF Inhibits Branching Morphogenesis
in E12.5 Lung Explants

To link the inhibitory effect of TGF-B1 on branching morpho-
genesis to the observed induction of CTGF by TGF-B1 in lung
explants, E12.5 lung explants were incubated directly with re-
combinatant CTGF for 48 h. As shown in Figure 5, CTGF inhib-
ited branching morphogenesis in dose- and time-dependent man-
ners similar to those observed for TGF-B1. CTGF at concentration
5 ng/ml did not affect lung size or branching formation. However,
CTGF at concentrations of 50-250 ng/ml did decrease lung size
(Figures SA-5D) and significantly inhibited branching 37-45%
(Figure SE). These results strongly suggest that CTGF mediates
TGF-B1 inhibition of branching morphogenesis.

Inhibition of ALK-5 Activity Stimulates Branching
Morphogenesis and Blocks TGF-B1 Inhibition
of Branching Morphogenesis

Since TGF-B1 predominantly signals via the TRRI/ALK-5-
dependent pathway, we hypothesized that TGF-B1 inhibition of
branching morphogenesis and induction of CTGF expression
are also mediated by TBRI/ALK-5 activity. To test this hypothe-
sis, we used an inhibitor strategy in the embryonic lung explant
culture. SB431542 is a novel imidazole compound with selectivity
for the ALK4, ALKS, and ALK7 that mediate signaling for the
TGF-B/Activin/Nodal branch of the TGF-f superfamily (35).
This inhibitor has been shown to effectively abrogate Smad2
phosphorylation and has no effect on other, more divergent
ALK family type I receptors that bind BMPs, or on other kinases
including ERK, JNK, and P38 MAPK. To determine the effect
of SB431542 on branching morphogenesis, E12.5 lung explants
were incubated with different concentration of SB431542 (0.2—
20 pM) for 48 h. SB431542 stimulated branching 14-28% with
concentrations of 2 and 20 pM (data not shown). To block
TGF-B1 activity, E12.5 lung explants were preincubated with
20 pM SB431542 for 1 h and then cultured in the presence of
100 ng/ml TGF-B1 for 48 h. Compared with control (Figure 6A),
when SB431542 was added to the culture in the absence of
TGF-B1, it significantly increased branching, ~20% (Figure 6C).
Compared with TGF-B1 treatment (Figure 6B), pre-incubation
with SB431542 completely blocked TGF-B1 inhibition of termi-
nal branching (Figure 6D). In fact, branching was significantly
increased 23% in the presence of both SB431542 and TGF-B1
when compared with control explants. These results demonstrate
that blocking TBRI/ALK-5 activity stimulates branching, indi-
cating that the ALK-5 activity modulated by endogenous TGF-
signaling plays a negative role in terminal branching formation.
Furthermore, inhibition of branching morphogenesis by exoge-
nous TGF-B1 is also mediated by TBRI/ALK-5 activity.

ALK-5 Activity Is Required for Endogenous and
TGF-B1-Induced CTGF mRNA Expression

We next examined the effects of SB431542 on endogenous and
TGF-B1-induced CTGF mRNA expression in the above-described
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Figure 4. Effect of cycloheximide on TGF-B1 induction of CTGF
mRNA expression. E12.5 lung explants were pretreated with 5 uM
cycloheximide or vehicle for 1 h, followed by incubating in the presence
or absence of 100 ng/ml TGF-B1 for 24 h. Quantitative real-time
RT-PCR was performed to detect CTGF and GAPDH mRNA. The relative
CTGF mRNA levels were normalized to GAPDH. Data are expressed
as mean = SD from three separate experiments. TGF-B1 up-regulated
CTGF mRNA expression in the presence and absence of cyclo-
heximide. *P = 0.001 compared with control; fP < 0.001 compared
with control; **P < 0.001 compared with TGF-B1 treatment. CHX,
cycloheximide.

Figure 3. Endogenous and TGF-B1-induced CTGF protein
expression in E12.5 lung explants. E12.5 lung explants
were treated with 100 ng/ml TGF-B1 for 48 h. Western
blot was performed to analyze CTGF and B-actin proteins.
(A) The relative CTGF protein levels were normalized to
B-actin. Treatment with TGF-B1 resulted in a 2.5-fold in-
crease in CTGF protein expression. Immunhistochemistry
was performed to localize CTGF and pro—SP-C. Red precipi-
tation indicates positive staining. (B) In control lung ex-
plant, CTGF was localized in the distal airway epithelium
(arrow). (C) In control lung explant, pro-SP-C was also
localized in the distal airway epithelium (arrow). (D) In
TGF-B1-treated explant, CTGF was strongly detected in
both epithelial cells (arrow) and subsets of mesenchymal
cells (arrowhead). Images were taken under X400 magnifi-
cations.

culture system. Expression of CTGF mRNA was determined by
quantitative real-time RT-PCR (Figure 7). Compared with con-
trol, SB43152 alone decreased CTGF mRNA expression. Com-
pared with TGF-B1 treatment, pre-incubation with SB431542
completely blocked TGF-B1-induced CTGF mRNA expression.
These results suggest that ALK-5 activity is required for endoge-
nous and TGF-B1-induced CTGF mRNA expression.

Endogenous and TGF-B1-Induced CTGF Protein Expression
Depends on ALK-5 Activity

To determine whether the effect of SB431542 on CTGF mRNA
expression is correlated with CTGF protein expression, E12.5
lung explants were cultured as described above. Expression of
CTGF protein was analyzed by Western blot. Compared with
TGF-B1 treatment, pre-incubation with SB431542 completely
abolished TGF-B1 up-regulation of CTGF protein expression
(Figure 8A). Thus, the effect of SB431542 on CTGF protein
expression correlates with its effect on CTGF mRNA expression.
Localization of CTGF protein was detected by immunostaining
with a CTGF antibody. Compared with control, where CTGF
protein was extensively detected in the distal airway epithelium
(Figure 8B), incubation with SB431542 markedly decreased
CTGF protein expression (Figure 8D). In contrast, in TGF-
Bl-treated lung explant, CTGF protein was strongly detected
in the epithelium and mesenchyme (Figure 8C), while in
SB431542 plus TGF-B1-treated lung explant, CTGF protein was
weakly detected in the epithelium but not in the mesenchyme
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Figure 5. CTGF inhibits branching morphogenesis in E12.5 mouse em-
bryonic lung explants. E12.5 lung explants were treated with CTGF
(5-250 ng/ml) for 48 h and photomicrographs were taken under the
same magpnification at 48 h. (A) Control lung explant; lung explants
treated with CTGF 5 ng/ml (B), 50 ng/ml (C), and 250 ng/ml (D). (E)
Graphical representation of the quantification of terminal branching
after culture for 48 h. Each bar represents mean = SD from six lung
explants. CTGF dose-dependently inhibited branching morphogenesis.
*P < 0.001 compared with control.

(Figure 8E). These data indicate that TBRI/ALK-5 activation is
crucial for endogenous as well as TGF-B1-induced CTGF pro-
tein expression.

Inhibition of ALK-5 Activity Abolishes Endogenous and
TGF-B1-Induced p-Smad2 Expression

Finally, we evaluated the effect of SB431542 on expression of
p-Smad2. E12.5 lung explants were cultured for 48 h as described
above. Expression of p-Smad2 was determined by Western blot
and normalization to total Smad2/3 (Figure 9). Expression of
p-Smad2 was detected in the control lung explants. Exposure
to SB431542 alone completely abolished endogenous p-Smad2
expression compared with control. Treatment with TGF-B1
alone up-regulated p-Smad2 expression 2.8-fold when compared
with control. However, pre-incubation with SB431542 com-
pletely blocked TGF-Bl-induced p-Smad2 expression. These
findings imply that ALK-5 activity mediates endogenous and
TGF-B1l-induced Smad2 phosphorylation.

DISCUSSION

In this study, we demonstrate for the first time that TGF-B1
induces rapid and sustained CTGF expression in mouse E12.5
lung explants. Inhibition of ALK-5 activity by a specific inhibitor
abolished endogenous and TGF-B1 up-regulation of Smad2 phos-
porylation, blocked endogenous and TGF-B1-induced CTGF

Number of Terminal Sacs M

Control

TGF-p1 SB SB+TGF-B1
Figure 6. ALK-5 inhibitor stimulates branching morphogenesis and
blocks TGF-B1 inhibition of branching morphogenesis. E12.5 lung ex-
plants were pretreated with 20 wM SB431542 for 1 h, followed by
incubation with 100 ng/mI TGF-B1 for 48 h. Representative photomicro-
graphs of lung explants are shown: (A) control explant; (B) explant
treated with 100 ng/ml TGF-B1; (C) explant incubated with SB431542;
(D) explant incubated with both SB431542 and TGF-B1. (E) Graphical
representation of the quantification of terminal branching at 48 h. Each
bar represents mean * SD from six explants. SB431542 stimulated
branching and blocked TGF-B1 inhibition of branching. *P < 0.001
compared with control; **P < 0.001 compared with TGF-31 treatment.
SB, SB431542.
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Figure 7. ALK-5 inhibitor blocks endogenous and TGF-B1-induced
CTGF mRNA expression. E12.5 lung explants were pretreated with
20 wM SB431542 for 1 h, followed by incubation with 100 ng/ml
TGF-B1 for 48 h. CTGF and GAPDH mRNA were analyzed by quantitative
real-time RT-PCR. Relative CTGF mRNA levels were normalized to
GAPDH. Results are mean = SD from three separate experiments.
SB431542 significantly decreased endogenous CTGF mRNA expression
and blocked TGF-B1-induced CTGF mRNA expression. *P < 0.001 com-
pared with control; TP < 0.05 compared with control; **P < 0.001
compared with TGF-B1 treatment.
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mRNA and protein expression and increased branching morpho-
genesis. These data strongly suggest that the ALK-5-dependent
Smad2 pathway inhibits branching and is crucial for endogenous
as well as TGF-B1-induced CTGF expression. Our findings pro-
vide new insights into identifying mediators and elucidating the
molecular mechanisms underlying the negative effect of TGF-81
on lung branching morphogenesis.

Many studies have indicated that endogenous and exogenous
TGF-B signaling negatively regulates lung branching morpho-
genesis (12-14). It has been postulated that the inhibitory effect
of TGF-B1 on branching morphogenesis is associated with in-
creased production of ECM and accumulation of a-SMA in the
distal mesenchyme (12, 13). Thus, in light of its pivotal role as
a mediator of TGF-B1 on fibroblast proliferation, ECM produc-
tion, and myofibroblast differentiation, we hypothesized that
CTGF could be a target gene playing a role in TGF-B1 inhibition
of branching morphogenesis. And indeed, our results provide
evidence that CTGF likely is a downstream mediator of TGF-1,
because exogenous CTGF inhibits branching morphogenesis and
expression of CTGF during early mouse embryonic lung devel-
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Figure 8. ALK-5 inhibitor blocks endogenous and TGF-
B1-induced CTGF protein expression. E12.5 lung ex-
plants were pretreated with SB431542 for 1 h, followed
by incubation with 100 ng/ml TGF-B1 for 48 h. (A) CTGF
and B-actin proteins were analyzed by Western blot. The
relative CTGF protein levels were determined after nor-
malization to B-actin. Data shown are mean *+ SD from
three separate experiments. SB431542 blocked TGF-B1-
induced CTGF protein expression. *P < 0.001 compared
with control; **P < 0.001 compared with TGF-B1 treat-
ment. Immunohistochemistry was performed to localize
CTGF protein. (B) CTGF was strongly detected in the
distal airway epithelium in the control lung explant
(arrow). (C) CTGF was strongly detected in the epithelial
cells (arrow) and subsets of mesenchymal cell (arrowhead)
in TGF-B1-treated explants. (D) Incubation of lung ex-
plants with SB431542 reduced CTGF protein expression
in the epithelium (arrow). (E) Pre-incubation with
SB431542 decreased TGF-B1-induced CTGF protein ex-
pression in epithelial cells (arrow) and completely blocked
CTGF protein expression in mesenchymal cells (arrow-
head). Images were taken under X400 magpnifications.
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opment was found to be tightly controlled by a signaling pathway
common to both endogenous and exogenous TGF-.
Embryonic lung explant culture provides a useful experimen-
tal model to study branching morhopgenesis and gene regulation.
Many growth factors and their receptors such as VEGF, VEGF
receptor (F1k-1), FGF10, and BMP-4 (36), as well as transcrip-
tional factors such as N-myc (15) and Smad2/3 (14) that play a
critical role in lung morphogenesis are expressed in cultured
embryonic lung explants, suggesting that their expression is con-
trolled by autocrine or paracrine factors in the lung explant. We
have shown that when mouse E12.5 lung explants are placed in
culture under serum-free condition, CTGF mRNA expression
was induced in a time-dependent manner. This finding indicates
that CTGF is an important factor for lung branching morphogen-
esis and its expression during branching morphogenesis is con-
trolled by autocrine or paracrine factor(s) in the lung explant.
Previous studies have indicated that TGF-B1 is expressed in the
mesenchyme, particularly in the mesenchyme underlying distal
epithelial branching points of embryonic lungs (9, 11, 12) while
Smad2/3 is expressed in the distal airway epithelial cells (14).
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Figure 9. ALK-5 inhibitor abolishes endogenous and TGF-B1-induced
Smad2 phosphorylation. E12.5 lung explants were preincubated with
20 pM SB431542 for 1 h, followed by incubation with 100 ng/ml
TGF-B1 for 48 h. Expression of p-Smad2 and total Smad2/3 were ana-
lyzed by Western blot. Relative abundance of p-Smad2 was normalized
to total Smad2/3. Results are presented as mean = SD from three
separate experiments. Endogenous expression of p-Smad2 was detected
in the control lung explants. Treatment with TGF-B1 up-regulated
p-Smad2 expression without changing total Smad2/3 expression. Prein-
cubation with SB431542 completely abolished both endogenous and
TGF-B1-induced p-Smad2 expression. *P < 0.001 compared with con-
trol; TP < 0.05 compared with control; **P < 0.001 compared with
TGF-B1 treatment.

A functional Smad-binding site has recently been identified in
human CTGF promoter and that is essential for TGF-f induction
of CTGF gene expression (37, 38). In this study, endogenous
CTGF protein was localized in the distal airway epithelium,
which correlates with where Smad2/3 are reportedly expressed.
We used SB431542, a specific inhibitor of TRRI/ALK-5-
mediated Smad2 phosphorylation to antagonize endogenous
TGF-B signaling. Consequently, SB431542 drastically decreased
endogenous expression of CTGF mRNA as well as CTGF pro-
tein in the distal airway epithelium. These data indicate that
endogenous TGF-B signaling via ALK-5-Smad2/3 pathway
controls CTGF expression during early mouse embryonic lung
development. We have also shown that inhibition of endogenous
ALK-5 activity increased branching morphogenesis. Thus, our
results are in agreement with previous studies showing abrogation
of TBRII and TRRI signal transduction pathways stimulates early
mouse embryonic lung branching morphogenesis in culture (13,
14), possibly through reversing the negative influence of endoge-
nous TGF-B signaling upon lung branching morphogenesis.

We have demonstrated that exogenous TGF-B1 induced
rapid and sustained CTGF expression in E12.5 lung explant
culture. To our knowledge, this is the first report of TGF-B1
induction of CTGF expression in embryonic lung explants. The
induction of CTGF expression by TGF-B1 was time- and dose-
dependent. We found that TGF-B1 induced CTGF mRNA ex-
pression peaked at 24-48 h during the 2- to 48-h study period.
This is in contrast with published data with fibroblast cell cul-
tures, which showed that the peak of CTGF mRNA induction
by TGF-B1 was at 2 to 6 h (39, 40). We have also observed that

induction of CTGF mRNA in lung explant culture required
1-100 ng/ml TGF-B1. This also contrasts with the studies in lung
fibroblast cell culture, where only 0.05-1 ng/ml of TGF-B1 was
needed to induce CTGF mRNA expression (40). Other investi-
gators have reported similar pattern for Smad7 mRNA expres-
sion by TGF- in lung cell culture and lung explant culture (41,
42). Therefore, induction of CTGF expression in lung explant
culture requires higher dose of TGF-B1 and longer exposure
than in cell culture systems. It is possible that the organ cultures
present a greater barriers to growth factor penetration than
signal layer cell cultures.

To provide insight into the molecular mechanisms of TGF-1
up-regulation of CTGF expression, we examined the effects of
cycloheximide, a protein synthesis inhibitor, on embryonic lung
explant culture. CTGF mRNA expression was superinduced by
TGF-B1 in the presence of cycloheximide. This phenomenon
has also been observed in studies with cultured fibroblasts (31,
32,39). While the phenomenon of “superinduction” has not been
specifically investigated for CTGF mRNA,, it can be explained by
three general mechanisms. First, new protein synthesis is not
required for TGF-B1 stimulation of CTGF mRNA expression.
Second, CHX can inhibit synthesis of RNA-degrading enzymes
and prevent ribosome translocation of CTGF mRNA; therefore,
CHX can increase CTGF mRNA stability and the steady-state
level of CTGF mRNA. Finally, CHX may inhibit the synthesis
of transcription factors that repress the CTGF gene promoter,
thus allowing increased transcription of CTGF mRNA.

Smad?2/3 has been reported to be predominately expressed
in the distal airway epithelium in embryonic lung explants (14).
However, ALK-5 has been found located in both epithelium and
mesenchyme in rat embryonic lungs (43) and in the mesenchymal
layers underlying the epithelium in mouse embryonic lungs (44).
Moreover, at least one previous study has demonstrated that
addition of TGF-B1 to the culture medium affects both epithelial
cells and mesenchymal cells of lung explants (12). Similarly,
our immunohistology results showed that exogenous TGF-31
induced CTGF in both epithelial cells and peripheral mesenchy-
mal cells, and our blocking experiments with SB431542 indicated
that exogenous TGF-B1 regulates CTGF expression via ALK-
S5-dependent Smad2 signaling. SB431542 completely blocked
TGF-B1-induced CTGF protein expression in the mesenchyme,
suggesting that Smad2 may be the sole signaling pathway that
mediates TGF-B1-induced CTGF expression in the mesenchyme.
However, epithelial expression of CTGF was only partially
blocked by SB431542, suggesting that additional signal transduc-
tion pathways other than Smad2 may also mediates TGF-B1-
induction of CTGF in the epithelial cells of embryonic lung
explants. In fact, MAPK signaling pathways involving ERK and
JNK have been reported to mediate TGF- induction of CTGF
expression in cell culture models (38, 45). It is unknown whether
the MAPK pathways play any role in CTGF regulation during
embryonic lung development. Future studies to investigate the
role of MAPK pathways in TGF-B induction of CTGF expres-
sion during embryonic lung development may provide new in-
sights into other molecular mechanisms regulating CTGF ex-
pression and branching morphogenesis.

We conclude that expression of CTGF during early embryonic
lung development is tightly controlled by endogenous and exoge-
nous TGF-B via the TBRI/ALK-5-dependent Smad2 singaling
pathway. CTGF inhibits branching morphogenesis and down-
regulation of CTGF expression by blocking ALK-5-Smad2 path-
way stimulates branching morphogenesis. We speculate that
CTGF may be a critical downstream responsive gene that mediates
TGF-B inhibition of lung branching morphogenesis.
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