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Transforming growth factor (TGF)–b1 is a key mediator of lung
remodeling and fibrosis. Epithelial cells are both a source of and can
respond to TGF-b1 with epithelial-to-mesenchymal transition
(EMT). We recently determined that TGF-b1–induced EMT in lung
epithelial cells requires the presenceof c-Jun N-terminal kinase ( JNK)
1. Because TGF-b1 signals via Smad complexes, the goal of the
present study was to determine the impact of JNK1 on phosphory-
lation of Smad3 and Smad3-dependent transcriptional responses in
lung epithelial cells. Evaluation of JNK1-deficient lung epithelial cells
demonstrated that TGF-b1–induced terminal phosphorylation of
Smad3 was similar, whereas phosphorylation of mitogen-activated
protein kinase sites in the linker regions of Smad3 was diminished, in
JNK1-deficient cells compared with wild-type cells. In comparison to
wild-type Smad3, expression of a mutant Smad3 in which linker
mitogen-activatedproteinkinasesiteswereablatedcausedamarked
attenuation in JNK1 or TGF-b1–induced Smad-binding element
transcriptional activity, and expression of plasminogen activator
inhibitor–1, fibronectin-1, high-mobility group A2, CArG box–binding
factor–A, and fibroblast-specific protein–1, genes critical in the pro-
cess of EMT. JNK1 enhanced the interaction between Smad3 and
Smad4, which depended on linker phosphorylation of Smad3. Con-
versely, Smad3 with phosphomimetic mutations in the linker domain
further enhanced EMT-related genes and proteins, even in the
absence of JNK1. Finally, we demonstrated a TGF-b1–induced in-
teraction between Smad3 and JNK1. Collectively, these results dem-
onstrate that Smad3 phosphorylation in the linker region and Smad
transcriptional activity are directly or indirectly controlled by JNK1,
and provide a putative mechanism whereby JNK1 promotes TGF-b1–
induced EMT.
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The cytokine, transforming growth factor (TGF)–b, has been
identified as one of the ‘‘master regulators’’ in induction of
fibrosis in many tissues, including the lung (1). TGF-b can act
upon many different cell types, including epithelial cells, wherein
it was demonstrated to induce epithelial-to-mesenchymal transi-
tion (EMT). EMT represents the process whereby fully differ-
entiated epithelial cells undergo transition to a mesenchymal
phenotype, giving rise to fibroblasts and myofibroblasts, and has
recently emerged as a process that is potentially critical in the
development of fibrosis, including pulmonary fibrosis (2, 3).

TGF-b signals through two types of transmembrane serine/
threonine (Ser/Thr) kinase receptors. Upon TGF-b binding, the
type II receptor phosphorylates the type I receptor (4, 5).
Subsequently, the receptor-activated Smads (R-Smads), Smad2
and -3, are phosphorylated by the activated TGF-b type I
receptor on the C-terminal SSXS motif (6). The activated R-
Smads form a complex with the common partner, Smad4, and
are translocated into the nucleus (4), where they interact with
other transcription factors to regulate the transcription of TGF-
b–responsive genes, including connective tissue growth factor,
a–smooth muscle actin (a-SMA), collagen1A, and plasminogen
activator inhibitor (PAI)–1 (7, 8).

c-Jun N-terminal kinases (JNKs) are a member of a larger
group of Ser/Thr protein kinases known as the mitogen-
activated protein (MAP) kinase (MAPK) family, which can
be activated by TGF-b through TGF-b–activated kinase 1 (9,
10). Besides a C-terminal phosphorylation region, Smad2 and
Smad3 contain a proline- and serine-rich linker region, which
contains phosphorylation sites for the MAPKs extracellular
signal–regulated kinase (ERK) (PX(S/T)P), and the non-ERK
MAPK sites (XX(S/T)P) for JNK and p38 MAPK (11). The
functional implications of phosphorylation of the Smad2/3 in
linker region by MAPKs, and the consequences for Smad
transcriptional activity and gene expression remain unclear.
For example ERK-mediated Smad2 linker phosphorylation
resulted in nuclear export and subsequent reduced transcrip-
tional activity (11–13). On the other hand, JNK-mediated
phosphorylation in the linker region of Smad3 resulted in an
enhanced hetero-oligomerization with Smad4, and enhanced
nuclear translocation of the complex (14, 15).

Recent work in our laboratory identified JNK1 as a crucial
mediator of TGF-b1–induced EMT (16) and lung fibrosis (17),
and the importance of Smad3 in the development of tissue fibrosis
is well established (18, 19). These collective findings led us to hy-
pothesize that JNK activation induced by TGF-b causes Smad3
linker phosphorylation, and that this promotes Smad3/4-dependent
transcriptional activation of genes associated with EMT.

MATERIALS AND METHODS

Cell Culture

Primary mouse tracheal epithelial (MTE) cells were isolated and
cultured according to previously published methods (16, 20). A line
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of spontaneously transformed mouse alveolar type II epithelial cells
(C10) (21) was cultured in CRML-1066 medium, containing 50 U/ml
penicillin–50 mg/ml streptomycin, 2 mM L-glutamine, and 10% FBS, all
from GIBCO-BRL (Carlsbad, CA). When applicable, in both culture
systems, recombinant human TGF-b1 (R&D Systems, Minneapolis,
MN) was added for the indicated time points. All chemicals used were
purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise
noted.

Western Blotting

MTE or C10 whole-cell lysates were prepared by the addition of lysis
buffer (20 mM Tris, 150 mM NaCl, 1% [vol/vol] Nonidet P-40, 1 mM
DTT, 1% [vol/vol] Protease Inhibitor Cocktail, 1% [vol/vol] Phospha-
tase Inhibitor Cocktail). Total protein was assessed by the Bio-Rad DC
Protein Assay kit (Bio-Rad, Hercules, CA), according to manufacturer’s
instructions and 5–30 mg of protein was loaded. a-SMA antibody was
purchased from Sigma. Full-length JNK1/2, Smad3, C-terminal phospho-
Smad3, histone H3 (all from Cell Signaling Technology, Danvers, MA)
S208Linker Pospho-Smad3 (kindly provided by Dr. F. Liu), E-cadherin
(Invitrogen, Carlsbad, CA), Smad4, a-tubulin, fibroblast-specific pro-
tein (FSP)–1, and b-actin (all Santa Cruz biotechnology, Santa Cruz,
CA) protein abundance was evaluated by western blotting.

a-Smad3, 4 and a-Phospho-Serine Immunoprecipitation

Wild-type (WT) or JNK1-deficient (2/2) cells were lysed in 50 mM
Tris, 150 mM NaCl, 10% (vol/vol) glycerol 0.5% (vol/vol) Nonidet
P-40, 1 mM EDTA, 1 mM DTT, 1% (vol/vol) Protease Inhibitor
Cocktail, 1% (vol/vol) Phosphatase Inhibitor Cocktail, 500 mM NaF,
100 mM b-glycerophosphate, 100 mM sodium–pyro-PO4, 10 mg/ml
leupeptin, and 1% (vol/vol) aprotinin. An input of 100 mg of total
protein was precleared with protein G-sepharose (Invitrogen), and
subsequently incubated with 1 mg anti-Smad3, 2 mg of anti-Smad4, 1 mg
of anti–phospho-serine (Biocompare, San Francisco, CA) or IgG
control (Jackson ImmunoResearch Laboratories, Westgrove, PA),
followed by the addition of protein G-sepharose. Western blotting
was used as described previously here to assess Smad3, S208 linker
pospho-Smad3, and Smad4 levels.

JNK1 and Smad3 siRNA

C10 cells were incubated with Dharmacon SMARTpool control non-
targeting small interfering (si)RNA (100 nM) or Dharmacon SMART-
pool siRNA specific against JNK1, Smad2, or Smad3 (100 nM)
(Dharmacon, Lafayette, CO), and subsequently transfected, and exposed
to TGF-b1 for the indicated time points for evaluation by Western
blotting or Taqman analysis.

Transfections and Plasmids

Transient transfections were performed using Nanofectin (PAA,
Pasching, Austria) according to manufacturer’s instructions. Smad-
binding element (SBE) 4–luciferase (0.25 mg) was kindly provided by

Dr. B. Vogelstein (Johns Hopkins Kimmel Cancer Center, Baltimore,
MD). Plasmids encoding Smad3, Smad4, and DSmad4 (1–514) were
kindly provided by Dr. J. Massague (Memorial Sloan-Kettering
Cancer Center, New York, NY). Plasmids encoding Smad3–Erk/Pro-
directed kinase site mutant (EPSM), and Smad3-phosphomimetic (PM;
containing mutations of T179E, S204D and S208D) were kindly provided
by Dr. K. Matsuzaki (Kansai Medical University, Osaka, Japan) and Dr.
F. Liu (Center for Advanced Biotechnology and Medicine, State
University of New Jersey, Piscataway, NJ), respectively. pSV–b-gal
(0.25 mg) was employed to correct for transfection efficiency. Luciferase
(Promega, Madison, WI) and b-galactosidase (Tropix, Bedford, MA)
were measured according to manufacturer’s instructions.

Gene Expression

Total RNA was isolated from C10 cells using the RNeasy mini-kit
(Qiagen, Valencia, CA), subjected to reverse transcription and DNase
treatment to produce cDNA for Taqman gene analysis using SYBR
green or Assays on Demand for the individual target genes (Applied
Biosystems, Foster City, CA). Primer sequences are provided in Table
1. Sequences were taken from Genbank. All accession numbers are
denoted.

Statistical Analysis

Data were evaluated by one-way ANOVA using the Tukey Honestly
Significant Difference test to adjust for multiple comparisons. Results
with a P value less than 0.05 or smaller were considered statistically
significant.

RESULTS

Smad3 Linker Phosphorylation in Lung Epithelial Cells

Stimulated with TGF-b1 Requires JNK1

We recently elucidated the importance of JNK1 in TGF-b1–
induced EMT (16). Specifically, we demonstrated that TGF-
b1–induced Smad DNA-binding activity and induction of
mesenchymal genes associated with EMT were diminished in
JNK12/2 MTE cells compared with WT cells. We first sought to
extend upon those observations in WT and JNK12/– MTE cells.
Data in Figure 1A confirm the JNK12/2 genotype. Note that
two isoforms of JNK1 and JNK2 are expressed in WT MTE
cells and C10 cells (data not shown). Hereafter, only the major
bands of JNK1 and -2 will be indicated. We next analyzed
mRNA expression of the EMT transcriptional regulators, high-
mobility group A2 (HMGA2) (22), and CArG box-binding
factor-A (CBF-A) (23), and the EMT marker, FSP-1 (23),
comparatively in WT and JNK12/2 MTE cells. Results in
Figure 1B demonstrate that TGF-b1–induced expression of
HMGA2 was substantially decreased in JNK12/2 MTE cells
compared with WT counterparts, consistent with our previous

TABLE 1. PRIMER SEQUENCES

Gene Accession No. Sequences (59 / 39) Amplicon (bp)

Hmga2 NM_010441 Forward AAGGCAGCAAAAACAAGAGC 121

Reverse GCAGGCTTCTTCTGAACGAC

CBF-A L36663 Forward GGGAAAAATGTTCGTTGGTG 130

Reverse CCCTCTTGATCGTCCAGTGT

Fsp-1 NM_0113111 Forward CTGGGGAAAAGGACAGATGA 109

Reverse TGCAGGACAGGAAGACACAG

E-cadherin NM_009864.2 Forward AGCCATTGCCAAGTACATCC 133

Reverse AAAGACCGGCTGGGTAAACT

PAI-1 NM_008871 Forward AGTCTTTCCGACCAAGAGCA 105

Reverse GACAAAGGCTGTGTGGAGGAAG

Fn1 NM_010233 Forward GTGTAGCACAACTTCCAATTACGAA 90

Reverse GGAATTTCCGCCTCGAGTCT

Primer sequences for quantitative PCR cycling conditions with similar efficiencies to obtain simultaneous amplification in the

same run. Sequences were taken from GeneBank; all accession numbers are denoted.
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data (16). Evaluation of mRNA expression of the EMT
regulator, CBF-A, and the EMT marker protein, FSP-1, also
demonstrated significant attenuations in response to TGF-b1 in
JNK12/2 cells as compared with WT groups (Figure 1B). These
findings demonstrate that, in cells lacking JNK1, expression of
EMT regulatory genes is markedly attenuated. To address
further the mechanisms whereby JNK1 exerts its role in pro-
moting EMT, we evaluated the impact of Smad3 phosphoryla-
tion in WT cells, or cells lacking JNK1. After stimulation with
TGF-b1, Smad3 terminal phosphorylation was equal in JNK12/2

MTE cells compared with WT cells (Figure 1C), in agreement
with our previous work (16). Because TGF-b1 can also result in
phosphorylation of R-Smads at their linker regions, which was
reported to depend on JNK (14), we examined the magnitude of
the linker phosphorylation of Smad3 in WT and JNK12/2 MTE
cells. Immunoprecipitation of serine-phosphorylated proteins,
followed by assessment of Smad3 linker phosphorylation by
Western blot analysis, revealed that TGF-b1–induced phos-
phorylation of Smad3 in the linker region was significantly
attenuated in JNK12/2 MTE cells compared with cells isolated
from WT mice, which showed robust linker phosphorylation of
Smad3 in response to TGF-b1 (Figure 1D). To exclude the
possibility that the observed reduction of Smad3 linker phos-
phorylation in JNK12/2 MTE cells originated from a compen-

satory mechanism due to a chronic lack of JNK1, we ablated
JNK1 acutely in a line of lung alveolar epithelial cells using an
siRNA-mediated approach (Figure 2A). Similar to the findings
in MTE cells, TGF-b1–induced Smad3 terminal phosphoryla-
tion was largely unaffected in cells treated with siRNA for
JNK1 compared with siRNA control cells (Figure 2B). In
contrast, SiRNA-mediated knockdown of JNK1 diminished
TGF-b1–induced Smad3 linker phosphorylation significantly
compared with control siRNA groups (Figure 2C), in agree-
ment with the observations in JNK12/2 MTE cells (Figure 1D).
These results demonstrate that Smad3 phosphorylation in the
linker region is increased in response to TGF-b1 and requires
the presence of JNK1.

Expression of a MKK7/JNK1 Fusion Protein Enhances SBE

Transcriptional Activity in a Smad4-Dependent Manner

Mitogen-activated protein kinase kinase 7 (MKK7) is a specific
activator of JNK (24), and fusion of MKK7 to JNK1 causes
constitutive activation of JNK. Indeed, overexpression of an
MKK7/JNK1 fusion protein in various cells, including lung
epithelial cells, results in a significant increase of c-jun tran-
scriptional activity (Ref. 25, and data not shown). To assess the
role of JNK1 in the Smad signaling pathway, transactivation of
an SBE promoter reporter construct, which preferentially
recognizes Smad3/4 heterodimers (26), was evaluated. Expres-
sion of MKK7/JNK1 alone slightly increased SBE promoter
transactivation compared with control transfected cells (Figure
3A). Expression of MKK7/JNK1, together with Smad4, signif-
icantly increased SBE transcriptional activity, which was further
increased in the presence of TGF-b1. In contrast, expression of
MKK7/JNK1, together with a transcriptionally inactive variant

Figure 1. Epithelial-to-mesenchymal transition (EMT) gene expression,

Smad 3 terminal and linker phosphorylation in wild-type (WT) and c-
Jun N-terminal kinase (JNK) 1–deficient (2/2) mouse tracheal epithelial

(MTE) cells after exposure to transforming growth factor (TGF)–b1. (A)

Confirmation of the JNK12/2 genotype in MTE cells by Western blot
analysis of total JNK. Lysates were prepared from WT, JNK12/2, and

JNK22/2 MTE cells for comparative evaluation of JNK1 and -2 isoforms;

b-actin was used as loading control. (B) Assessment of TGF-b1–

mediated increases of EMT regulatory genes in WT and JNK12/2 MTE
cells. WT or JNK12/2 MTE cells were cultured in the presence or

absence of 5 ng/ml of TGF-b1 for 24 hours, and total RNA was isolated

for evaluation of CArG box–binding factor-A (CBF-A), fibroblast-specific

protein (FSP)–1, and high-mobility group A2 (HMGA2) by real-time
PCR analysis. mRNA abundance was normalized to b-actin. Results are

expressed as fold change compared with WT sham controls, and reflect

mean values (6SEM) (n 5 3). *P , 0.05 (ANOVA) compared with WT
sham control groups; †P , 0.05 compared with TGF-b1–exposed WT

cells. (C ) Assessment of Smad3 C-terminal phosphorylation induced by

TGF-b1 in WT or JNK12/2 MTE cells. Cells were exposed to 5 ng/ml

TGF-b1 for the indicated time points, cell lysates were prepared, and
equal amounts of protein (20 mg) were separated by SDS-PAGE and

subjected to Western blot analysis to assess C-terminal phosphorylated

and total Smad3 content. (D) Evaluation of Smad3 linker phosphory-

lation in WT or JNK12/2 MTE cells exposed to TGF-b1 (5 ng/ml) for the
indicated times. Phospho-serine–containing proteins were immuno-

precipated from cells at the indicated times, and immunoprecipitates

subjected to Western blot analysis to assess Smad3 phosphorylation of

serine 208 in the linker region. IgG: control sample wherein preim-
mune IgG was used in the immunoprecipitation. Total Smad3 content

in whole-cell lysates (WCL) was used as a loading control. Shown is

a representative example of three independent experiments. con,
control; IB, Immunoblot; IP, immunoprecipitated.

b
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of Smad4 (DSmad4), failed to enhance further SBE transcrip-
tional activity over levels observed after expression of MKK7/
JNK1, and attenuated the ability of TGF-b1 to increase SBE
transcriptional activity. Similar results were obtained using an
artificial PAI-1 promoter luciferase construct (data not shown).
Collectively, these results show that active JNK1 controls
Smad3/4-dependent transcriptional activity. To evaluate further
the role of JNK1 in the regulation of Smad3/4, we evaluated, in
the same experiment, nuclear translocation of the Smad4
binding partner, Smad3 (Figure 3B). Expression of MKK7/
JNK1 (lane 7) or Smad4 alone (lane 3) led to a moderate
increase in nuclear Smad3, compared with sham controls (lane
1), as assessed via Western blotting of nuclear fractions (Figure
3B). However, expression of MKK7/JNK1 together with Smad4
resulted in a significant increase of nuclear Smad3 (lane 9),
which was further increased in the presence of TGF-b1 (lane
10). In contrast, expression of MKK7/JNK1 together with
DSmad4 failed to enhance Smad3 nuclear translocation (lane
11), and, in the presence of TGF-b1, no further increases in
nuclear Smad3 were observed (lane 12). On the contrary, the
increases in nuclear Smad3 observed in MKK7/JNK1-express-
ing cells that were stimulated with TGF-b1 (lane 8) were not
observed in the presence of DSmad4 (lane 12). Bottom panels
of Figure 3B confirm expression of the various constructs. In
aggregate, these results demonstrate that active JNK1 regu-
lates Smad3/4 nuclear translocation, and enhances the stimu-
latory effects on Smad3/4 transcriptional responses induced
by TGF-b1.

Expression of a Smad3 Linker Mutant Ablates JNK1-Dependent

SBE Transcriptional Activity

The respective roles of Smad2 and -3 in TGF-b1–induced EMT
remain to be fully elucidated. Primarily Smad3 has been
associated with regulating EMT and tissue fibrosis (19). How-
ever, Smad2 has also been linked to EMT (27). To examine the
relative importance of the different receptor Smads, Smad2 or
-3 were ablated using an siRNA approach. Results in Figure 4A
demonstrate that ablation of Smad3 (top), but not Smad2
(bottom), attenuated the TGF-b1–induced mRNA expression
of the EMT regulators HMGA2, CBF-A, and FSP-1. Further-
more, siRNA-mediated ablation of Smad3, but not Smad2,
attenuated the TGF-b1–induced down-regulation of E-cadherin
mRNA compared with cells transfected with control siRNA.
These findings confirm the functional importance of Smad3, but
not Smad2, in TGF-b–induced EMT transcriptional program in
C10 lung epithelial cells. Based upon our findings so far,
demonstrating the importance of Smad3 and JNK1 in EMT,
the requirement of JNK1 in augmenting Smad3 linker phos-
phorylation after TGF-b1, the stimulatory effect of active
MKK7/JNK1 on Smad4-dependent transcription, and nuclear
translocation of Smad3, we chose to evaluate further the role of
JNK1 in regulating Smad3-dependent transcriptional activity
and EMT. Results in Figure 4B demonstrate that TGF-
b–induced SBE transcriptional activity was significantly atten-
uated by ablation of JNK1 in lung epithelial cells using an
siRNA compared with control siRNA transfected cells. In-
terestingly, the ability of Smad3 to induce SBE transcriptional
activity was also markedly decreased after siRNA-mediated
ablation of JNK1 (Figure 4B), highlighting the role of endog-
enous JNK1 in regulating Smad3-dependent transcriptional
responses. To investigate further the role of JNK1 in this
context, we expressed MKK7/JNK1 together with Smad3.
Coexpression of MKK7/JNK1 and Smad3 resulted in a syner-
gistic increase of SBE transcriptional activity compared with
expression of individual constructs (Figure 4C). However,
coexpression of MKK7/JNK1 and a mutant form of Smad3
(Smad3-EPSM), which cannot be phosphorylated in the linker
region (14), failed to activate SBE transcriptional activity
robustly compared with vector control transfected cells. More-
over, TGF-b1–induced SBE transcriptional activity was also
markedly attenuated after overexpression of Smad3-EPSM
(Figure 4C), and similar results were obtained using a PAI-1
promoter construct (data not shown). Western blot analyses
verified depletion of Smad2, Smad3, and JNK1 after siRNA
(Figures 4A and 4B, insets), expression of MKK7/JNK1, and
Smad3 constructs (Figure 4D). Collectively, these data suggest
that JNK1 plays a role in TGF-b1–induced SBE transcriptional
activity through Smad3 linker phosphorylation.

Requirement for Smad3 Linker Phosphorylation in the

Induction of TGF-b1–Induced Expression of Genes

Important in EMT

Several transcriptional regulators involved in the induction of
EMT have been identified (23, 28). Because we recently

demonstrated the requirement of JNK1 in the induction of

EMT (16), and that JNK1 controls Smad3-dependent transcrip-
tional activity, we next verified the requirement of Smad3 linker

phosphorylation in the induction of EMT regulators in lung
epithelial cells. We expressed a WT Smad3, Smad3-EPSM, or

a Smad3 construct with PM mutations in the linker region

(Smad3-PM) in the presence or absence of MKK-7/JNK1 and
stimulation with TGF-b1. Results in Figure 5A demonstrate

slight increases in mRNA expression of PAI-1, fibronectin

Figure 2. Smad3 terminal and linker phosphorylation after acute
ablation of JNK1 in C10 cells. C10 cells transfected with control or

JNK1-specific small interfering (si)RNA (100 nM) were exposed to 5 ng/

ml of TGF-b1 for the indicated time points. (A) Confirmation of JNK1

knockdown evaluated by Western blotting. b-actin was used as loading
control. (B) C10 cell lysates were prepared and equal amounts of

protein (20 mg) were separated by SDS-PAGE and subjected to Western

blot analysis to assess C-terminal phosphorylated Smad3 and total
Smad 3 content. (C ) Assessment of serine 208-phosphorylated Smad3

content in cells treated with control or JNK1-specific siRNAs after

stimulation with TGF-b1 for the indicated time points. Phospho-serine

containing proteins were immunoprecipitated from cells at the in-
dicated times, and immunoprecipitates subjected to Western blot

analysis to assess Smad3 phosphorylation of serine 208 in the linker

region. IgG: control sample wherein preimmune IgG was used in the

immunoprecipitation. Total Smad3 content in whole-cell lysates (WCL)
was used as a control. Shown are representative data of three

independent experiments.
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(FN)-1, HMGA2, CBF-A, and FSP-1 in cells expressing

MMK7/JNK1, and similar increases were seen after overex-

pression of Smad3. Coexpression of MKK7/JNK1 and Smad3

led to significant increases in mRNA levels of PAI-1, FN-1,

HMGA2, CBF-A, and FSP-1, which were completely abrogated

in cells coexpressing MKK7/JNK1 and the Smad3 linker

mutant, Smad3-EPSM. Importantly, expression of Smad3-

EPSM also significantly attenuated TGF-b1–induced mRNA

expression of FN-1, HMGA2, CBF-A, and FSP-1 (Figure 5A).

As expected, mRNA content of the epithelial marker, E-

cadherin, was markedly decreased in response to TGF-b1, and

decreases in E-cadherin mRNA were also apparent in cells

expressing MKK7/JNK1. Expression of the Smad3 linker mu-

tant, Smad3-EPSM, partially restored E-cadherin levels (Figure

5A inset; compare lane 8 to lane 2 and lane 5 to lane 3),

demonstrating the importance of Smad3 linker phosphorylation

in the loss of the epithelial phenotype in response to TGF-b1, or

expression of MKK7/JNK1, respectively. Results in Figure 5B

confirm expression of various constructs. To address whether

Smad3 linker phosphorylation is sufficient in the induction of

EMT transcriptional regulators, we expressed a Smad3 con-

struct with PM mutations in the linker region (Smad3-PM).

Results in Figure 5C demonstrate that mRNA levels of

HMGA2 and CBF-A were increased in cells expressing

Smad3-PM compared with WT Smad3, whereas expression of

Smad3-EPSM failed to increase mRNA expression of these

EMT regulators above control levels, consistent with earlier

observations. These findings demonstrate a direct link between

Smad3 linker phosphorylation status and activation of an EMT

transcriptional program.

We next evaluated the role of Smad3 linker phosphorylation
and JNK1 in TGF-b1–induced nuclear translocation of Smad3.

As expected, clear increases in nuclear Smad3 content were

observed after stimulation of cells with TGF-b1, and similar

findings were observed in cells expressing Smad3 (Figure 5D).
In cells expressing Smad3-EPSM, TGF-b1–induced increases in

nuclear Smad3 were abolished. Conversely, in cells expressing

Smad3-PM, nuclear presence of Smad3 was markedly enhanced

even in the absence of TGF-b1. To confirm the role of JNK1 in

Smad3 nuclear translocation, JNK1 was ablated via siRNA.

Indeed, loss of JNK1 resulted in decreased TGF-b1–induced

nuclear translocation of Smad3, and similar results were appar-

ent in cells expressing WT Smad3 that were stimulated with

TGF-b1. In contrast, in cells expressing Smad3-PM, nuclear

content of Smad3 remained elevated, even in the absence of
JNK1. Collectively, these results demonstrate that the presence

of JNK1 is required for nuclear translocation of Smad3, and that

this requires linker phosphorylation of Smad3.
We next confirmed that TGF-b1 induces EMT in the C10

lung epithelial cell line by monitoring the content of mesen-
chymal and epithelial proteins. Indeed, results in Figure 6A
demonstrate increases in a-SMA and FSP-1 content, and
decreased expression of E-Cadherin in response to exposure
to TGF-b1, consistent with EMT. We next assessed whether
expression of Smad3 would be sufficient to drive EMT-specific
protein expression. Indeed, after overexpressing of Smad3 or
Smad3-PM, a-SMA and FSP-1 protein abundance was in-
creased (Figure 6B). In contrast, expression of Smad3-EPSM
at equivalent levels failed to increase a-SMA and FSP-1 protein
content, consistent with the differential abilities of these
constructs to induce EMT-linked gene expression (Figure 5D).

Figure 3. Expression of Mitogen-activated protein kinase

kinase 7 (MKK7)/JNK1 fusion protein enhances Smad-

binding element (SBE) transcriptional activity in a Smad4-
dependent manner. (A) SBE promoter–luciferase reporter

and b-gal (0.15 mg each) constructs were transfected in

C10 cells together with plasmids encoding MKK7/JNK1

(1 mg), Smad4 (1 mg), or DSmad4 (1 mg). After 24 hours,
cells were stimulated with TGF-b1 (5 ng/ml). At 48 hours

after transfection, cells were lysed to measure luciferase and

b-gal activities. Shown are representative graphs of three

independent experiments. Data are expressed as luciferase
units corrected for b-gal, and values are expressed as

means (6SEM) (n 5 3). *P , 0.05 (ANOVA) compared

with control (lane 1). †P , 0.05 compared with respective

Smad4 groups (lane 5 compared with lane 3, lane 6
compared with lane 4, lane 11 compared with lane 9,

and lane 12 compared with lane 10). (B) Assessment of

Smad3 in nuclear extracts via Western blot analysis.
Histone H3 was used as loading control. MKK7/JNK1

and Smad4 content was assessed in cytoplasmic extracts

to confirm expression of constructs after transfection.

Shown are representative data of three independent
experiments.
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To address the functional importance of JNK1 in regulating
Smad3-induced EMT, we ablated JNK1 with siRNA. Results in
Figure 6B demonstrate that the ability of Smad3 to increase
a-SMA and FSP-1 content was almost completely abrogated
after siRNA-mediated ablation of JNK1. In contrast, ablation
of JNK1 did not affect the ability of Smad3-PM to increase
levels of a-SMA and FSP-1, suggesting that PM mutations in
the linker domain of Smad3 bypass the requirement of JNK1 in
the induction of these parameters of EMT. Collectively, these
results demonstrate that JNK1 can regulate mRNA expression
and content of EMT regulators and mesenchymal markers
through linker phosphorylation of Smad3.

JNK Associates with Smad3 and Increases Binding of

Smad3 and Smad4 through Phosphorylation of Smad3

in the Linker Region

Given our findings that JNK1 controls Smad3/4 transcriptional
responses via Smad3 linker phosphorylation, we next deter-
mined whether JNK1 interacted with Smad3. Results in Figure
7A demonstrate that immunoprecipitation of JNK in WT MTE
cells resulted in pulldown of Smad3, and that after exposure to
TGF-b1, the association between Smad3 and JNK1 was en-
hanced. Immunoprecipitation of Smad4, followed by Western
blot analysis of Smad3, demonstrated marked increases in
Smad3 and Smad4 association in WT cells exposed to TGF-
b1. In contrast, the TGF-b1–induced association between
Smad3 and Smad4 was largely abrogated in MTE cells lacking
JNK1 (Figure 7B), suggesting that the Smad3 and Smad4
complex formation requires JNK1. Furthermore, expression of
MKK7/JNK1 or Smad3 alone increased Smad3 association with
Smad4 (Figure 7C). Coexpression of MKK7/JNK1 with Smad3

Figure 4. Expression of a Smad3 linker mutant cDNA ablates JNK1-

dependent SBE transcriptional activity (A) C10 cells transfected with
control, Smad3-, or Smad2-specific siRNAs (100 nM) were treated with

TGF-b1 (5 ng/ml, 24 h). Total RNA was isolated to assess mRNA

abundance of HMGA2, CBF-A, FSP-1, and E-cadherin by quantitative
PCR (Q-PCR). mRNA abundance was normalized to b-actin. Results are

expressed as fold change compared with sham controls and reflect

means (6SEM) (n 5 3). Inset: confirmation of Smad3 and Smad2

knockdown via Western blot analysis of Smad3 or Smad2. b-actin was
used as loading control. *P , 0.05 (ANOVA) compared with sham

control siRNA groups; †P , 0.05 compared with TGF-b1–exposed

control siRNA transfected groups. (B) C10 cells transfected with control

or JNK1-specific siRNAs (100 nM), followed by transfection of a SBE-
sensitive promoter–luciferase reporter, b-gal (0.15 mg), in the presence

or absence of Smad3 (1 mg), were lysed to measure luciferase and b-gal

activity. Data are expressed as luciferase units corrected for b-gal, and
values are expressed as means (6SEM) (n 5 3). *P , 0.05 compared

with pcDNA3 control; †P , 0.05 compared with respective control

siRNA groups, as determined by one-way ANOVA. Lower panel repre-

sents confirmation of expression of Smad3 via Western blot analysis.
Inset represents confirmation of JNK1 knockdown via Western Blot

analysis. (C) SBE-sensitive promoter–luciferase reporter and b-gal (0.15 mg

each) constructs were transfected in C10 cells, together with plasmids

encoding MKK7/JNK1 (1 mg), Smad3 (1 mg), or Smad3–extracellular
signal–regulated kinase (ERK)/Pro-directed kinase site mutant (EPSM)

(1 mg). At 36 hours after transfection, cells were lysed to measure

luciferase and b-gal activity. Shown are representative graphs of three

independent experiments. Data are expressed as described in (A). *P ,

0.05 compared with the control (lane 1); †P , 0.05 (lane 8 compared

with lane 5 and lane 9 compared with lane 6, as determined by one-

way ANOVA). (D) Confirmation of MKK7/JNK1, Smad3, and Smad3-
EPSM protein content in the treatment groups shown in (B) via Western

blot analysis.

b
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further increased this association, whereas coexpression with
the Smad3 linker mutant, Smad3-EPSM, reduced Smad3/Smad4
association to basal levels. Finally, expression of Smad3-PM
alone increased Smad3/Smad4 association, confirming that Smad3
linker phosphorylation is sufficient to enhance the interaction
between Smad3 and Smad4 (Figure 7C). Collectively, these
findings show that JNK1 can control phosphorylation of Smad3
in the linker region, which subsequently promotes association of
Smad3 with Smad4, leading to increased expression of genes
important in the regulation of EMT.

DISCUSSION

A number of processes and cell types have been linked to the
development of lung fibrosis, and evidence for a role for EMT
herein is accumulating (29). The profibrotic cytokine, TGF-b1,
plays a major role in fibrogenesis, and has been demonstrated to
be one of the cardinal cytokines that induces EMT (2, 3). The
molecular details whereby TGF-b regulates the EMT process
remain enigmatic. A substantial number of TGF-b1 effecter
functions require signaling via Smads, and TGF-b1–induced
tissue fibrosis requires Smad3 (18). In the present study, we
demonstrate that presence of Smad3 is required for the in-
duction of the EMT-linked genes, HMGA2, CBF-A, and FSP-1,
by TGF-b1, consistent with previous observations demonstrat-
ing the requirement of Smad3 in EMT in the eye, kidney, and
lung (30–32). Our findings do not support a causal role for
Smad2 in TGF-b1–induced EMT, which is in agreement with
another report in proximal tubular epithelial cells (33). None-
theless, in alveolar type II epithelial cells, TGF-b was shown
to induce formation of stable complexes between the tyrosine
654 phosphorylated version of b-catenin, and phosphorylated

Figure 5. Expression of Smad3 linker mutant that lacks mitogen-

activated protein kinase (MAPK) phosporylation sites reduces TGF-b1–
induced Smad3 nuclear translocation and attenuates JNK1-dependent

expression of EMT transcriptional regulators and mesenchymal genes.

(A) Total RNA was isolated from C10 cells treated with TGF-b1 (24 h) or
transfected with MKK7/JNK1 (1 mg), Smad3 (1 mg), or Smad3 linker-

mutant (EPSM) (1 mg). mRNA abundance of plasminogen activator

inhibitor (PAI)–1, fibronectin (FN)-1, HMGA2, CBF-A, FSP-1, and E-

cadherin (Ecad; inset) was assessed by Q-PCR. mRNA abundance was
normalized to b-actin content. Results are expressed as fold change

compared with sham control (lane 1) and reflect mean values (6SEM)

(n 5 3). *P , 0.05 (ANOVA) compared with lane 1; †P , 0.05 lane 5

compared with lane 4, lane 7 compared with lane 6, and lane 8
compared with lane 2. (B) Confirmation of MKK7/JNK1, Smad3, and

Smad3-EPSM protein content by Western blot analysis. b-actin was

used as loading control. (C ) Assessment of mRNA abundance of
HMGA2 and CBF-A by Q-PCR in C10 cells transfected with Smad3,

Smad3-EPSM, or Smad3-phosphomimetic (PM; 1 mg each). mRNA

abundance was normalized to b-actin. Results are expressed as fold

change compared with pcDNA3 transfected controls, and reflect
means (6SEM) (n 5 3). *P , 0.05 (ANOVA) compared with pcDNA3

controls; †P , 0.05 compared with Smad3. Lower panel: confirmation

of expression of Smad3 constructs by Western blot analysis. b-actin was

used as loading control. (D) Assessment of Smad3 in nuclear extracts
via Western Blot analysis. C10 cells transfected with control or JNK1-

specific siRNAs (100 nM), followed by transfection with plasmids

encoding Smad3, Smad3 linker-mutant (EPSM), or Smad3-PM (1 mg

each). After 24 hours, cells were stimulated with TGFb-1 (5 ng/ml) for
an additional 24 hours before the isolation of nuclear extracts. Bottom

panels: nuclear content of Smad3, and Histone H3 as a loading control.

Top panels: confirmation of JNK1 knockdown via Western Blot analysis.
b-actin was used as loading control.

b
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Smad2, in association with EMT-related protein expression
(27). In contrast, other studies demonstrate that loss of Smad2
is in fact permissive for EMT (34, 35). Overall, these findings
clearly demonstrate that Smad2 and -3 clearly have non-
redundant roles in the regulation of EMT, findings that
warrant further study.

Recently, our laboratory demonstrated the pivotal impor-
tance of the JNK1 signaling pathway in augmenting the
expression of profibrotic mediators in lung fibrosis, and identi-
fied JNK1 as a crucial amplifier of TGF-b1–induced EMT (16,
17). The results presented in the current study extend those
observations, and demonstrate that JNK1 is critical in Smad3-
induced EMT, and that JNK1 promotes Smad3-dependent
transcriptional activation of genes important in the regulation
of EMT by promoting phosphorylation in the Smad3 linker
regions. These findings provide new insights into the potential
mechanisms whereby JNK1 promotes TGF-b1–induced EMT.
Numerous studies have demonstrated evidence for crosstalk
between JNK and TGF-b1 signaling pathways. For example,
TGF-b–activated kinase 1 can mediate the activation of JNK1
(14, 36). Indeed, it has been reported that JNK activation by
TGF-b occurs rapidly, and that JNK phosphorylates Smad3
outside its 2SSXS motif, which facilitates Smad3 activation by

the TGF-b receptor complex, leading to enhanced transcrip-
tional responses (9). Phosphorylation of the Smad3 linker
domain by other kinases, such as p38 and Rho-associated
protein kinase (ROCK), in addition to JNK, also has been
associated with enhanced Smad3 transcriptional activity, and
suggests that phosphorylation of R-Smads in the linker regions
plays an important role in transmitting signals from serine
receptor kinases and receptor tyrosine kinases (9, 14, 37).
Indeed, it has been reported that the Smad3 linker region
contains a transcriptional activation domain that cooperates
with the C-terminal domain of Smad3 to enhance TGF-b1–
induced transcriptional activation (15). Evidence to support the
enhanced association of Smad3 with Smad4, after Smad3 linker
phosphorylation by JNK, has been previously reported, based
upon the use of SP600125 as an inhibitor or JNK (14). Our
present studies extend those prior observations in demonstrat-
ing that cells that lack JNK1 display lowered association
between Smad3 and Smad4 after administration of TGF-b1.
Furthermore, we demonstrate here that expression of MKK7/
JNK1 is sufficient to enhance the interaction between Smad3
and Smad4, and enhances SBE transcriptional activity in
a Smad4-dependent manner, which requires linker phosphory-
lation of Smad3. Our findings, demonstrating that EMT-regu-
latory genes were also enhanced after expression of MKK7/
JNK1, and were attenuated in cells expressing a Smad3 con-
struct refractory to linker phosphorylation, strongly suggest that
JNK-dependent phosphorylation of Smad3 and subsequently
enhanced transcriptional activity of Smad3/4 complexes are
important in the regulation of EMT.

Intriguingly, Ras causes phosphorylation of Smad2 and
Smad3 in the linker domains via ERK MAPKs, which has been
demonstrated to repress Smad signaling (11, 38). Furthermore,
dephosphorylation of Smad2/3 in the linker regions by small C-
terminal domain phosphatase 1 has been demonstrated to result
in enhanced TGF-b–dependent transcriptional responses (39),
suggesting that linker phosphorylation had an inhibitory role.
These disparate effects of linker phosphorylation on Smad
signaling demonstrate that the functional outcome of linker
phosphorylation is highly context dependent, and additionally
may depend on the combinations of linker Ser/Thr sites that are
phosphorylated. Recently, these disparate effects were further
emphasized by the lack of Smad3 208/213 linker phosphoryla-
tion after TGF-b1 in human lung fibroblasts. Intriguingly
however, this study revealed an important role of JNK/Smad3
signaling pathways in TGF-b–induced up-regulation of coagu-
lation factor XII by regulating Smad3 binding to the SBE site in
the factor XII promoter (40).

Despite a growing number of studies that demonstrate
a stimulatory role of JNK in TGF-b1–induced signaling and
EMT, numerous other studies have demonstrated evidence that
JNK can abrogate the effects of TGF-b. JNK-dependent phos-
phorylation of the activator protein 1 (AP-1) family member, c-
Jun, has been shown to inhibit Smad3-dependent transcription
via the formation of a functional complex between Smad3/c-Jun,
which represses transcription (41). Furthermore, JNK-dependent
phosphorylation of c-Jun and JunB has been demonstrated to
mediate the antagonistic effects of inflammatory cytokines on
TGF-b/Smad signaling (36). These disparate results seem to sug-
gest that the functional outcome of JNK may be cell type and
context specific, and could depend on the target that is phos-
phorylated by JNK. Despite the aforementioned studies that
demonstrate an inhibitory role of the AP-1 family members, c-Jun
and JunB in TGF-b1/Smad signaling, an intriguing recent report
demonstrates that expression of the AP-1 family member, Fra2,
is sufficient to cause pulmonary fibrosis, and that expression of
Fra2 is enhanced in patients with idiopathic pulmonary fibrosis

Figure 6. Expression of EMT proteins in C10 cells exposed to TGF-b1,
and the requirement of JNK1, and Smad3 linker phosphorylation, in

Smad3-induced EMT. (A) C10 cells were treated with 5 ng/ml TGF-b1

for 48 hours. Cell lysates were prepared for assessment of a–smooth

muscle actin (SMA), FSP-1, and E-cadherin content by Western
blotting. b-actin was used as loading control. (B) C10 cells were

transfected with control or JNK1-specific siRNAs (100 nM), and 24

hours later transfected with pcDNA3, Smad3, Smad3-EPSM, or Smad3-

PM (all 1 mg). After 24 hours, lysates were prepared, and equal
amounts of protein (20 mg) were separated by SDS-PAGE and

subjected to Western blot analysis to assess a-SMA, FSP-1, JNK1/2,

and Smad3 content. b-actin was used as loading control. Shown are
data representative of three independent experiments.
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(42). Furthermore, IL-13–induced fibrosis was shown to involve
signaling through IL-13Ra2 leading to activation of the TGF-b1
promoter via a c-Jun/Fra2 site (43). Further studies to de-
termine whether Fra2 exerts these effects via regulation of
Smads and/or an EMT transcriptional program remain to be
conducted.

Smad3 plays an important role in the transcriptional control
of a large number of diverse target genes. The SBE contains
a repeated AGAC sequence (44), found in many promoters of
TGF-b target genes (45). In contrast to Smad2, Smad3 and
Smad4 can bind directly to the SBE. It has been unraveled that
these interactions are not sufficient to convey promoter selec-
tivity (5). Therefore, it is likely that Smad3–Smad4 complexes
synergize with other transcription factors and/or coactivators to
induce transcription of distinct target genes. Two recently
described transcription factors important in EMT have been
identified as HMGA2 and CBF-A. TGF-b1 has been shown to
cause induction of the HMGA2 gene in a Smad-dependent
manner, and ectopic expression of HMGA2 has been demon-
strated to be sufficient to induce a mesenchymal phenotype
characterized by a strong down-regulation of E-cadherin (22).
Similarly, overexpression of CBF-A also is sufficient to drive
EMT (23). Our present work demonstrates that TGF-b1–induced
expression of HMGA2 and CBF-A mRNAs requires JNK1, and
depends on the phosphorylation status of the Smad3 linker
region. Furthermore, we demonstrate here that expression of
a PM Smad3 linker mutant is sufficient to enhance expression of
CBF-A and HMGA2. These findings, combined with our
observations that JNK1, in cooperation with Smad3, also in-
creases expression of these critical EMT regulators, strongly
suggest a role of JNK1 in regulating EMT via phosphorylation
of Smad3 in the linker domain.

Although the present study demonstrates that Smad3 linker
phosphorylation is important in the augmentation of transcrip-
tional expression of EMT regulators, the exact mechanisms
responsible for these events remain to be unraveled. A plausible
scenario is that Smad3 phosphorylation promotes the associa-
tion with transcriptional coactivators to augment transcription

of EMT genes. In this regard, cooperation between HMGA2
and Smads in the regulation of expression of Snail-1 has been
demonstrated during the induction of EMT, which involved
a physical interaction between Smad3 and HMGA2 (28, 46).
Whether such interaction is enhanced after phosphorylation of
Smad3 in the linker domain remains to be tested further.
Whether HMGA2 or CBF-A are direct targets of phosphory-
lation by JNK1, and the impact of phosphorylation on their
activity as regulators of the EMT transcriptome, also remains to
be investigated. A recent study suggests that the role of Smad3
in epithelial transitions may be more subtle, based upon findings
that, in epithelial–myofibroblast transition, a Smad3-dependent
role exists in the early mesenchymal phase of this process,
whereas the late myogenic phase was Smad3 independent, and
that this involved the regulation of myocardin-related transcrip-
tion factor by Smad3 (47).

In summary, our present study demonstrates that the stimu-
latory role of JNK1 in TGF-b1–induced EMT requires phos-
phorylation of Smad3 in the linker region, and provides new
insights into the potential mechanism whereby JNK1 promotes
fibrosis in the lung. Additional studies will be required to address
formally the role of JNK1 and Smad3 signaling in cells of
epithelial origin in the pathogenesis of tissue fibrosis. The results
of the present study, coupled to findings demonstrating that JNK
is activated in lung tissue from patients with idiopathic pulmo-
nary fibrosis (48, 49), and in fibroblasts derived from patients with
pulmonary fibrosis (50), strongly suggest that JNK1 is a relevant
therapeutic target in patients with tissue fibrosis.
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