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ABSTRACT: The Smad2/3 pathway plays a key role in mediating
TGF-�1 inhibition of branching morphogenesis and induction of
connective tissue growth factor (CTGF) expression in embryonic
lungs. Because a number of cell-specific interactions have been
described between TGF-�1-driven Smad signaling and the c-Jun
N-terminal kinase (JNK) pathway, we have investigated the effects of
JNK inhibition on TGF-�1 activation of Smad2, inhibition of branch-
ing, induction of CTGF expression, and apoptosis in mouse embry-
onic lung explants. Mouse embryonic day 12.5 (E12.5) lung explants
were treated with TGF-�1 in the presence or absence of a specific
pharmacologic JNK inhibitor (SP600125) and a specific JNK peptide
inhibitor (JNKI). We found that TGF-�1 activated the JNK pathway
by stimulating c-Jun phosphorylation, which was blocked by JNK
inhibitors. Treatment with SP600125 stimulated Smad2 phosphory-
lation and enhanced TGF-�1-induced Smad2 phosphorylation. Treat-
ment with JNK inhibitors also decreased normal branching morpho-
genesis and induced CTGF expression as well as augmented TGF-�1
inhibition of branching and induction of CTGF expression. Further-
more, JNK inhibition-induced apoptosis. Our results demonstrate that
inhibition of the JNK pathway promotes TGF-�1-driven Smad2
responses in lung branching morphogenesis. These data suggest that
the JNK pathway may antagonize TGF-�1 dependent Smad2 signal-
ing during mouse embryonic lung development. (Pediatr Res 65:
381–386, 2009)

TGF-�1 is a multifunctional cytokine that regulates diverse
biologic processes, including cell proliferation, differen-

tiation, and apoptosis during development and tissue injury
repair (1,2). Both in vivo studies in transgenic mice and in
vitro studies in embryonic lung organ culture have demon-
strated that TGF-�1 is a key negative regulator for embryonic
lung branching morphogenesis (3–7). However, the molecular
mechanisms mediating TGF-�1 cellular responses in lung
development are not well understood.
TGF-�1 initiates its cellular action by inducing het-

erodimerization of type I (T�RI) and type II (T�RII) trans-
membrane TGF-� receptors (8,9). On ligand-induced dimer-
ization, constitutively active T�RII kinase phosphorylates
T�RI that, in turn, activates the downstream signal transduc-
tion cascades. Smad2 and Smad3 phosphorylation is the most
prominent pathway (10,11). Smad7 is an inducible intracellu-
lar inhibitor that decreases Smad2/3 phosphorylation by

blocking their access to TGF-� receptors (12). Once activated,
Smad2/3 associates with Smad4 and translocates to the nu-
cleus, where the complex transcriptionally regulates expres-
sion of target genes.
Besides the Smad2/3 pathway, TGF-� can also activate the

c-Jun NH2-terminal kinase (JNK) signaling pathway (13–16).
The activation of the c-Jun N-terminal kinase (JNK) pathway
by TGF-�1 is mediated through sequential phosphorylation
and activation of mitogen-activated protein kinase (MAPK)
kinase 1, then MAPK kinase (MKK) 4 or MKK 7 and finally
JNK. JNK then translocates to the nucleus where it phos-
phorylates c-Jun. Activated c-Jun homodimerizes with the
members of the Jun family or heterodimerizes with the
members of the Fos family. Such complexes named acti-
vating-protein-1 (AP-1) bind to AP-1 sites and can control
the expression of a number of genes (17–19). There is
growing evidence that the JNK pathway can cross talk with the
TGF-�-dependent Smad signaling at multiple sites and both
positively and negatively modulate TGF-� induced gene expres-
sion and cellular responses (20,21).
We and others have previously demonstrated the critical

role of the Smad2/3 pathway in mediating TGF-�1 inhibition
of branching morphogenesis in mouse embryonic lung ex-
plants (22,23). Connective tissue growth factor (CTGF) is a
member of a family of immediate-early gene products that
coordinate complex biologic processes during differentiation
and tissue repair (24,25). TGF-�1 is a major inducer of CTGF
expression in mesenchymal type cells and many of the
TGF-�1 effects on mesenchymal cells, including stimulation
of fibroblast proliferation; ECM production and myofibroblast
differentiation are mediated by CTGF (26–29). We have
provided evidence that endogenous and TGF-�1-induced
CTGF expression in embryonic lung explants is mediated by
the Smad2 pathway (22). Moreover, like TGF-�, CTGF in-
hibits branching morphogenesis (22).
Because the JNK pathway cross talks with the Smad2/3

pathway and the Smad2/3 pathway is crucial in mediating
TGF-� inhibition of branching and induction of CTGF ex-
pression, we postulated that the JNK pathway would play a
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pivotal role in branching morphogenesis and CTGF expres-
sion in embryonic lung explants. Hence, we investigated the
effect of blocking the JNK pathway with SP600125, a specific
pharmacologic inhibitor (30) and with a specific peptide in-
hibitor of JNK (JNKI) (31), on Smad2 phosphorylation, CTGF
induction, branching inhibition, and apoptosis. Our results dem-
onstrate that inactivation of the JNK pathway enhances TGF-
�-dependent Smad2 signaling and induces apoptosis in em-
bryonic lung explants.

MATERIALS AND METHODS

CD1 mice were purchased from Harlan (Indianapolis, IN). Trizol reagents
and first strand cDNA synthesis kits were obtained from Invitrogen (Carlsbad,
CA). Recombinant TGF-�1 and a pan TGF-� neutralizing antibody (clone
1D11) were purchased from R&D Systems (Minneapolis, MN). SP600125, a
chemical inhibitor of JNK with IC50 of 0.04 (30) was obtained from EMD
Chemicals (San Diego, CA). JNKI and JNKC (control peptide for JNKI) were
obtained from Alexis Biochemicals (San Diego, CA). Primers and reagents
for quantitative real-time RT-PCR were purchased from Applied Biosystems
(Foster City, CA). A rabbit polyclonal antibody for phosphorylated smad2
(p-Smad2) was from Chemicon (Temecula, CA). Rabbit polyclonal antibod-
ies for phosphorylated c-Jun (p-c-Jun) and total c-Jun (t-c-Jun), and a MAb
for cleaved caspase 3 were obtained from Cell Signaling Technology (Denver,
MA). Goat polyclonal antibodies for CTGF and total Smad2/3 (t-Smad2/3)
were obtained from Santa Cruz Biotechnology Inc (Santa Cruz, CA). A
mouse MAb for �-actin was obtained from Sigma Chemical Co. (St. Louis,
MO). Horseradish peroxidase conjugated anti-mouse, anti-rabbit and anti-
goat IgGs and enhanced chemiluminescence reagents were obtained from
Amersham (Piscataway, NJ).

Embryonic lung 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, and noon on the day of vaginal plug
formation was set as E0.5. On E12.5, pregnant mice were killed by cervical
dislocation after receiving CO2 narcosis. Embryos were obtained by hyster-
ectomy. Lungs were dissected under a dissection microscope and placed on
8-�m nucleopore membranes floating on 0.5 mL of chemical defined serum-
free medium in each well of a 24-well plate as previously described (22). The
lung explants were preincubated with inhibitors, JNKC, or TGF-� neutraliz-
ing antibodies for 1 h and then treated with TGF-�1. Cultures were main-
tained at 37°C in a humidified 5% CO2 incubator for 2–48 h. The lung
explants exposed to medium alone served as controls.

Quantification of branching morphogenesis. Branching morphogenesis
was measured as the number of the terminal sacs around the circumference of
the lung explants as previously described (22). Lung explants in culture on the
nucleopore membranes were photographed at 48 h using an Olympus digital
camera attached to an inverted microscope for permanent imaging analysis.

RNA isolation and quantitative real-time RT-PCR. Total RNA was
isolated from pooled lung explants as described (22). Two �g of total RNA
was reverse-transcribed in a 20 �L reaction by using a first-strand cDNA
synthesis kit according to manufacturer’s protocol (Invitrogen). The Real-
time RT-PCR was performed on an ABI Fast 7500 System (Applied Biosys-
tems). Each reaction included diluted first-strand cDNA, mouse CTGF,
TGF-�1, TGF-�2, TGF-�3, T�RI, T�RII, or GAPDH primers, and master
mix containing TaqMan probes according to the manufacturer’s instruction
(Applied Biosystems). Real-time RT-PCR conditions were 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s, and 60°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 dilutions of the first-strand cDNA. The
mRNA expression levels of target genes were determined from the standard
curve and normalized to GAPDH.

Western blot analysis. Total protein was extracted from pooled lung
explants with a lysis buffer from Active Motif (Carlsbad, CA), according to
manufacturer’s protocol as previously described (22). The protein concentra-
tions were measured by BCA protein assay using a commercial kit from
Pierce Biotechnology (Rockford, IL). Seventy-five microgram samples of
total protein were fractionated by SDS–PAGE on 4–12% Tris-glycine precast
gradient gels (Invitrogen) and then transferred to nitrocellulose membranes
(Amersham, Piscataway, NJ). The membranes were incubated overnight at
4°C with primary antibodies specific to proteins of interest and then incubated
for 1 h at room temperature with HRP-conjugated secondary antibodies.
Antibody-bound proteins were detected using ECL chemiluminescence meth-
odology. Membranes were then stripped with 0.2 N NaOH and reincubated

with primary antibodies reactive with normalization proteins. The intensities
of protein bands were quantified by Quantity One Imaging Analysis Program
(Bio-Rad, Hercules, CA). The relative protein levels of CTGF and cleaved
caspase 3 were normalized to �-actin, p-Smad2 levels were normalized to
t-Smad2 and p-c-Jun levels were normalized to t-c-Jun.

DNA fragmentation assay. DNA was isolated from pooled lung explants
as described (32). The DNA (1 �g/lane) was electrophoresed on a 1.5%
agarose gel. The gel was stained with ethidium bromide and photographed
under transmitted UV light.

Data presentation and statistical analysis. Results are expressed as
means � SD. Comparisons were performed by one-way ANOVA followed by
Student-Newman-Keuls test. A p � 0.05 was considered significant.

RESULTS

JNK inhibitors effectively block TGF-�1 stimulation of
c-jun phosphorylation. We first examined c-Jun phosphory-
lation to determine if TGF-�1 can activate the JNK pathway
and whether SP600125 and JNKI can block the JNK pathway.
As demonstrated in Figure 1, treatment with TGF-�1 resulted
in c-Jun phosphorylation. However, preincubation with
SP600125 or JNKI abolished TGF-�1 induced c-Jun phos-
phorylation. These results demonstrate that TGF-�1 activates
the JNK pathway, which can be effectively blocked by JNK
inhibitors.
Blocking the JNK pathway augments endogenous and

TGF-�1-induced Smad2 phosphorylation. To determine
whether cross talk occurs between the JNK and Smad2
pathways in response to TGF-�1, we examined the effect of
JNK inactivation on Smad2 phosphorylation. As we have
demonstrated previously, treatment with TGF-�1 induces
sustained Smad2 phosphorylation (Fig. 2). Interestingly,
treatment with SP600125 alone induced Smad2 phosphor-
ylation and treatment with SP600125 plus TGF-�1 induced
a greater Smad2 phosphorylation (Fig. 2). Treatment with
JNKI or JNKC did not affect TGF-�1 phosphorylation of
Smad2 (data not shown).
Blocking the JNK pathway inhibits branching morpho-

genesis and enhances TGF-�1 inhibition of branching. We
have previously shown that inactivation of the Smad2 path-
way increases normal branching morphogenesis and blocks
TGF-�1 inhibition of branching in E12.5 lung explants (22).
We hypothesized that the JNK pathway antagonizes the
Smad2 pathway. Therefore, blocking the JNK pathway would
enhance Smad2 signaling that results in branching inhibition.
As demonstrated in Figure 3, treatments with a low-dose of
SP600125 or TGF-� did not affect branching morphogenesis;

Figure 1. TGF-�1 activates the JNK pathway by inducing c-Jun phosphoryla-
tion. A: E12.5 lung explants were treated with 10 �M SP600125, 100 ng/mL
TGF-�1 or their combination for 48 h. B: E12.5 lung explants were treated with
10 �M JNKI, 10 �M JNKC, 100 ng/mL TGF-�1 or their combination for 48 h.
Western blot was performed to analyze expression of p-c-Jun and t-c-Jun. The
relative p-c-Jun expression levels were normalized to t-c-Jun.
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however, the combination of the two decreased branching by
30%. Treatment with 10 �M SP600125 or JNKI alone de-
creased normal branching morphogenesis by 55 and 35%. The
combination of a high-dose of TGF-�1 with SP600125 or
JNKI resulted in further decrease of branching up to 75%.
Treatment with low-dose of JNKI (1 �M) did not affect normal
branching or TGF-�1 inhibition of branching (data not shown).

Blocking the JNK pathway induces endogenous CTGF
gene expression and enhances TGF-�1-induced CTGF gene
expression. In a previous study, we showed that endogenous
and TGF-�1-induced CTGF expression in embryonic lung
explants is Smad2-dependent (22). We analyzed the effect of
SP600125 and JNKI on endogenous and TGF-�1 induced
CTGF gene expression. As demonstrated in Figure 4, com-
pared with the control, treatment with TGF-�1 increased
CTGF mRNA expression by nearly 5-fold. Lung explants
treated with SP600125 also showed a 4-fold increase of CTGF
mRNA expression. However, the combination of SP600125
and TGF-�1 treatment resulted in a 14-fold increase of CTGF
mRNA expression (Fig. 4). Consistent with CTGF mRNA
expression, treatment with SP600125 or TGF-�1 alone in-
duced 1.6- and 2-folds increase in CTGF protein expression,
and treatment with SP600125 plus TGF-�1 induced more than
a 3-fold increase in CTGF protein expression (Fig. 4). Treat-
ment with JNKI resulted in similar changes of CTGF mRNA
expression (Fig. 4). These results demonstrate that blocking

Figure 3. JNK inhibitors decrease normal branching and augment TGF-�1 inhibition of branching. A: E12.5 lung explants were treated with SP600125
(5, 10 �M), TGF-�1 (10, 100 ng/mL), or their combinations for 48 h. B: E12.5 lung explants were treated with 10 �M JNKI, 10 �M JNKC, 100 ng/mL
TGF-�1, or their combination for 48 h. The number of terminal sacs was counted. Each bar represents mean � SD from six to eight lung explants (open
bar, absence of TGF-�1; gray bar, TGF-�1 10 ng/mL; black bar, TGF-�1 100 ng/mL). *p � 0.001 compared with medium control; **p � 0.001
compared with corresponding TGF-�1.

Figure 4. JNK inhibitors induce endogenous CTGF expression and enhance TGF-�1-induced CTGF expression. E12.5 lung explants were treated with 10 �M
SP600125, 10 �M JNKC, 10 �M JNKI, 100 ng/mL TGF-�, or their combination for 48 h. A, B: CTGF mRNA expression determined by quantitative real-time RT-PCR
and normalization to GAPDH. Open bar, medium; Solid bar, TGF-�1. C: CTGF protein expression determined by Western blot and (D) normalization to �-actin. Each
bar represents mean � SD from three independent experiments. *p � 0.01 compared with medium control; **p � 0.001 compared with TGF-�1.

Figure 2. Treatment with SP600125 induces endogenous Smad2 phos-
phorylation and enhances TGF-�1 phosphorylation of Smad2. A: E12.5
lung explants were treated with 100 ng/mL of TGF-� for 2–48 h. B: E12.5
lung explants were treated with 10 �M SP600125, 100 ng/mL TGF-�1 or
their combination for 48 h. Western blot was performed to analyze
p-Smad2 and t-Smad2 expression. C: The relative p-Smad2 expression
levels were normalized to t-Smad2. Data are mean � SD from three
separate experiments. *p � 0.001 compared with the control. **p � 0.001
compared with TGF-�1.
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the JNK pathway induces endogenous CTGF gene expression
and also enhances TGF-�1-induced CTGF gene expression in
embryonic lung explants.
Blocking the JNK pathway does not affect TGF-� gene

expression and TGF-� binding to its receptors. To determine
whether blocking the JNK pathway in mouse embryonic lung
explants triggers TGF-� autoregulation, we measured mRNA
expression of TGF-�1, 2, 3, T�RI, and T�RII. Treatment with
either TGF-�1 or SP600125 or their combination did not
significantly change mRNA expression of these genes (data
not shown). To determine whether enhanced branching inhi-
bition and CTGF mRNA expression caused by JNK inhibition
is mediated by increased TGF-� binding to its receptors, lung
explants were pretreated with a TGF-� neutralizing antibody
and then treated with TGF-�1 or SP600125. As demonstrated
in Figure 5, pretreatment with the antibody significantly
blocked TGF-�1 inhibition of branching. However, the anti-
body had no effect on branching inhibition caused by
SP600125. Correlating with branching morphogenesis,
TGF-� antibody abolished TGF-�1-induced CTGF mRNA
expression, but had no effect on SP600125-induced CTGF
mRNA expression (Fig. 5).
Blocking the JNK pathway induces apoptosis. To investi-

gate the potential mechanisms of the decreased branching
morphogenesis caused by JNK inhibition and TGF-�1, apo-

ptosis was examined by DNA fragmentation assay and ex-
pression of cleaved caspase 3, a crucial effector of apoptosis
cascades (33). Treatment with SP600125 resulted in DNA
internucleosomal cleavage as demonstrated by ladder appear-
ance of low molecular weight DNAs on agarose gel electro-
phoresis (Fig. 6). Treatment with SP600125 also induced
expression of cleaved caspase 3 (Fig. 6). In contrast, treatment
with TGF-� did not induce apoptosis.

DISCUSSION

The Smad family of proteins is thought to be the primary
intracellular mediators of TGF-� signaling. However, increas-
ing evidence indicates that TGF-� can also activate MAPK
cascades and that cross talk between the Smad pathway and
MAPKs determines the overall cellular responses to TGF-�.
Among the MAPKs, the best characterized is the JNK signal-
ing pathway, but its role in embryonic lung development is
largely unknown. Thus, we have investigated the effects of
JNK inhibition on TGF-� responsiveness during embryonic
lung development. We focused our investigations on branch-
ing morphogenesis and CTGF gene expression because our
previous study showed that these two responses are Smad2-
dependent (22). The data from this study demonstrate for the
first time that TGF-� activates the JNK pathway, inhibition of
this pathway enhances TGF-�1-Smad2 responses in mouse
embryonic lung explants.
In this study, we investigated whether TGF-�1 activates the

JNK pathway and showed that TGF-�1 induces c-Jun phos-
phorylation in mouse embryonic lung explants. Moreover,
SP600125 and JNKI, two well-characterized JNK inhibitors
(30,31), were found to effectively abolish TGF-�1-induced
c-Jun phosphorylation, confirming that TGF-�1 activates the
JNK pathway leading to c-Jun phosphorylation.
Multiple mechanisms have been reported by which the JNK

pathway interacts with the Smad pathway to provide a nega-
tive feed back loop to control TGF-� responses. In human
hepatoma cell line HepG2, activation of the JNK pathway

Figure 5. Anti-TGF-� antibody does not block SP600125 inhibition of
branching morphogenesis and induction of CTGF expression. E12.5 lung
explants were preincubated with medium (open bar) or an anti-TGF antibody
(solid bar) for 1 h and then treated with 100 ng/mL TGF-�1 or 10 �M
SP600125 for 48 h. A: Branching morphogenesis. Each bar represents
mean � SD from six lung explants. *p � 0.001 compared with control; **p �
0.001 compared with TGF-�1. B: CTGF mRNA expression determined by
quantitative real-time RT-PCR and normalization to GAPDH. Each bar
represents mean � SD from three independent experiments. *p � 0.001
compared with control; **p � 0.05 compared with TGF-�1.

Figure 6. JNK inhibition induces apoptosis. E12.5 lung explants were
treated with 10 �M SP600125, 100 ng/mL TGF-�, or their combination for
48 h. A: DNA fragmentation analyzed by agarose gel electrophoresis. m, 100
bp DNA molecular weight markers. B: Western blot analysis of cleaved
caspase 3 (C Casp 3) expression.
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negatively regulates TGF-� induced Smad signaling via c-Jun
interacting with Smad2/3 corepressors such as TGIF and Ski
(34,35). In human dermal fibroblasts, 5-fluorouracil induces
c-Jun phosphorylation and activation of AP-1 that inhibits
Smad3/4 specific transcription and formation of Smad/DNA
complex induced by TGF-� (36). Furthermore, over-
expression of JNK inhibits Smad2 phosphorylation, but lack
of JNK induces Smad2 phosphorylation in fibroblasts (37). In
previous studies, we demonstrated that TGF-�1 induces
Smad2 phosphorylation in mouse embryonic lung explants
(22). In this study, we investigated whether JNK inhibition
affects Smad2 phosphorylation. We showed that SP600125
induces endogenous Smad2 phosphorylation and enhances
TGF-�1-induced Smad2 phosphorylation. However, we did
not observe any effect of JNKI on Smad2 phosphorylation.
One possible explanation for the differential effect of
SP600125 and JNKI on Smad2 phosphorylation may be that
SP600125 and JNKI act differently to inhibit the JNK path-
way. SP600125 inhibits JNK phosphorylation of c-Jun (IC 50
of 0.04), and to a lesser degree inhibits MKK4 phosphoryla-
tion of JNK (IC50 of 0.4) (30). In contrast, JNKI blocks the
interaction between JNK and c-Jun, but has no effect on
MKK4 phosphorylation of JNK (31). These may explain why
SP600125 and JNKI both inhibited c-Jun phosphorylation but
only SP600125 induced Smad2 phosphorylation in this study.
The biologic significance of the Smad2/3 pathway in reg-

ulating branching morphogenesis is well documented and
multiple lines of evidence indicate that activation of the
Smad2/3 pathway inhibits branching morphogenesis (22,23).
Accordingly, we also investigated whether JNK inhibition
influences branching morphogenesis in embryonic lung ex-
plants. The results showed that blocking the JNK pathway
inhibited normal branching morphogenesis and enhanced
TGF-�1 inhibition of branching. Extensive studies have dem-
onstrated that the JNK pathway plays a critical role in mod-
ulating cell death. A recent study has shown that activation of
JNK promotes cell survival during short bursts of oxidative
stress, and that JNK inhibition accelerates caspase-3 and -9
cleavage, which triggers apoptosis in primary culture of rat
neonatal cardiomyocytes (33). Data from this study demon-
strated that JNK inhibition alone or in the presence of TGF-�1
results in apoptosis in embryonic lung explants. In contrast,
treatment with TGF-�1 alone did not cause apoptosis. The
differential effects of JNK inhibition and TGF-� on apoptosis
observed in this study suggest that the Smad-independent
mechanisms are also involved in JNK action during embry-
onic lung development. Future studies are needed to explore
the potential mechanisms by which the JNK pathway modu-
lates cell proliferation and apoptosis in embryonic lung
branching morphogenesis.
CTGF is a TGF-� responsive gene that mediates many of

the TGF-� effects on mesenchymal cell types (26–29). The
Smad2/3 pathway plays a key role in TGF-� induction of
CTGF expression (38,39). A functional Smad element is
found in the CTGF promoter and it can be potently activated
by Smad2/3 and suppressed by Smad7 (38). The JNK pathway
is implicated to play both agonistic and antagonistic roles in
TGF-�1 induction of CTGF expression. It has been reported

that induction of CTGF by TGF-� is antagonized by hyper-
active JNK and AP-1. This involves c-Jun binding to
Smad2/3, blocking its interaction with the Smad element of
the CTGF promoter (39). However, studies have also demon-
strated that TGF-� activation of Smad2 and induction of
CTGF in human lung fibroblasts is attenuated by JNK inhibi-
tion (40). Our previous studies have demonstrated that induc-
tion of CTGF expression by TGF-�1 in embryonic lung
explants is Smad-dependent (22). In this study, we investi-
gated whether inhibition of the JNK pathway induces CTGF
gene expression in mouse embryonic lung explants and found
this to be the case in both the basal and TGF-�1-induced
states. Thus, the increased Smad2 activity and decreased c-Jun
activity caused by JNK inhibition plays an agonistic role in
TGF-� induction of CTGF expression in embryonic lung
explants. This is different from what has been reported in
mature lung fibroblasts (40).
Previous studies have indicated that JNK disruption results

in TGF-� autoregulation (37). To elucidate additional poten-
tial mechanisms by which JNK inhibition enhances Smad2
signaling in embryonic lung explants, we examined TGF-�
autoregulation in this study. Our results demonstrated that
JNK inhibition does not alter expression of TGF-� ligands and
receptors. Furthermore, JNK inhibition did not affect TGF-�s
binding to their receptors. Therefore, the decreased branching
and increased CTGF gene expression caused by JNK inhibi-
tion are unlikely the results of TGF-� autoregulation.
In conclusion, our results demonstrate that blocking the

endogenous JNK pathway inhibits branching morphogenesis
and induces CTGF gene expression in embryonic lung ex-
plants. Furthermore, blocking the TGF-� 1-induced JNK path-
way enhances Smad2 phosphorylation, decreases branching
morphogenesis, and increases CTGF gene expression. These
data suggest that the JNK pathway antagonizes the Smad2/3
pathway to modulate TGF-� responses in lung branching
morphogenesis.
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