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in phosphorylation of JNK1 and JNK2, which were apparent after
1 hour and further increased after 4 hours of exposure (Fig. 3C).
These findings demonstrate that TGF-β1 is capable of inducing JNK
and Smad pathway activation in airway epithelial cells.

JNK1 is required for TGF-β1-induced EMT in MTEC
Two isoforms of JNK, JNK1 and 2 are expressed in airway
epithelial cells. To elucidate the respective roles of JNK1 or JNK2
in TGF-β1-induced EMT, MTEC were isolated from wild-type,
JNK1–/– or JNK2–/– mice and evaluated comparatively for a TGF-
β1-induced loss in TER (Fig. 4A), as an indication of dissolution
of tight junctions and barrier function (Lee et al., 2006). As expected,
TGF-β1 caused a decrease in TER in wild-type MTEC cultures.
Although JNK2–/– cells were protected from TGF-β1-induced loss
of TER between 3 and 6 days, at later time points a similar loss in
TER was observed in JNK2–/– cells compared to wild-type cells
(Fig. 4A). By contrast, JNK1–/– MTEC were markedly protected
against the decrease in TER induced by TGF-β1 at all time points
evaluated. Consistent with these findings, TGF-β1 enhanced
expression of the mesenchymal protein α-SMA in wild-type and
to a slightly lesser extent in JNK2–/– MTEC, but failed to do so in
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JNK1–/– MTEC (Fig. 4B). Western blot analysis for total JNK
confirmed that MTEC from JNK1–/– and JNK2–/– mice indeed
lacked JNK1 or JNK2, respectively (Fig. 4C). These data indicate
that the TGF-β1-induced EMT in MTEC is JNK1-dependent, and
appears to be largely independent of JNK2.

Wild-type and JNK1–/– MTEC display similar phenotypes in
culture
The failure of JNK1–/– MTEC to undergo EMT may be due to an
intrinsic inability of these cells to differentiate. We therefore further
characterized the phenotype of JNK1–/– MTEC compared to wild-
type cells. Although JNK1–/– MTEC plated at a higher density, the
rate of growth was similar between wild-type and JNK1–/– cells
(Fig. 5A, Fig. 4B). JNK1–/– and wild-type MTEC appeared
phenotypically similar (Fig. 5B). When cultured on ALI in the
presence of retinoic acid, JNK1–/– and wild-type MTEC also
produced similar levels of mucins, a characteristic of differentiation
of airway epithelial cells (Fig. 5C) (Gray et al., 2001). These data
strongly suggest that JNK1–/– MTEC are not intrinsically incapable
of differentiation, but have a selective defect in plasticity towards
EMT.

Fig. 2. Assessment of effects of TGF-β1 in MTEC on expression of mesenchymal and epithelial markers. (A) Evaluation of collagen type 1a1, fibronectin and E-
cadherin via immunofluorescence. MTEC were exposed to 5 ng/ml TGF-β1 every other day for 14 days, and prepared for immunofluorescence. Magnification
400�. DAPI illustrates nuclei. (B) MTEC were exposed to 5 ng/ml TGF-β1, and expression of PAI-1 was assessed in cell culture media 24 hours later. α-SMA
protein expression was determined in cell lysates following exposure to 0.5 or 5 ng/ml of TGF-β1 for 6 days. Smad3 represents loading control. Different lanes
shown represent results from independent samples. (C) Evaluation of mRNA levels of mesenchymal or epithelial genes in MTEC exposed to TGF-β1 treatment (5
ng/ml, every other day for 10 days). To evaluate reversibility of TGF-β1 responses, MTEC were maintained in culture for 6 additional days in the absence of TGF-
β1. mRNA expression was evaluated by real-time PCR analysis, and data normalized to the housekeeping gene HPRT. Results are expressed as fold changes from
controls. * P<0.05, ANOVA versus control-treated, ** P<0.05, ANOVA versus TGF-β1-treated.
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JNK1 promotes TGF-β1-induced gene expression
To determine whether JNK1 affected TGF-β1-induced
transcriptional responses in primary lung epithelial cells, gene
expression profiles were evaluated comparatively in MTEC from
wild-type and JNK1–/– mice by microarray analyses. TGF-β1
caused marked increases in expression of mesenchymal genes and
a loss of epithelial specific transcripts in wild-type cells, consistent
with the induction of EMT (Table 1). By contrast, MTEC derived
from JNK1–/– mice showed markedly blunted responses to TGF-
β1 when evaluating global gene expression profiles, in addition to
genes that reflect EMT (Table 1, Fig. 6A). Real-time PCR analyses
of mesenchymal (collagen type 1a1, fibronectin 1, plasminogen
activator inhibitor 1) and epithelial (CCSP) genes (Fig. 6B),
confirmed that the presence of JNK1 is required for a maximal TGF-
β1-induced EMT transcriptional program in MTEC. Several
transcription factors involved in the induction of EMT have been
identified (Lee et al., 2006; Thiery and Sleeman, 2006; Venkov et
al., 2007). TGF-β1 induced the EMT regulators HMGA2, Ets-1
and Jagged 1 in a JNK1-dependent manner (Fig. 6C). Collectively,
these data highlight a crucial requirement of JNK1 in the causation
of TGF-β1-induced EMT in isolated primary airway epithelial cells.
To confirm that the lack of EMT in JNK1–/– primary MTEC cells
is due to ablation of JNK1 instead of other compensatory changes,
we used a generic JNK1 inhibitor. MTEC cells treated with 10 μM
SP600125 demonstrated marked protection against TGF-β1-induced
Fn and PAI-1 mRNA expression (supplementary material Fig. S1).
Lastly, SiRNA-mediated knockdown of JNK1 in a line of epithelial
cells also diminished TGF-β1-induced mRNA expression of PAI-

1 (supplementary material Fig. S2), demonstrating that acute
disruption of the JNK pathway attenuates TGF-β1-regulated EMT.

Altered TGF-β1 pathway activation in JNK1–/– epithelial cells
The attenuated TGF-β1-induced transcriptional responses in
JNK1–/– cells could potentially be explained by attenuated Smad
signaling in JNK1–/– MTEC. Results shown in Fig. 7A demonstrate
that TGF-β1 caused increases in phospho-Smad2/3 and Smad4 in
nuclear extracts to similar extents to those in wild-type and JNK1–/–

MTEC (Fig. 7A), indicating that TGF-β1-receptor-driven
phosphorylation of receptor Smads and recruitment of Smad4 to
the nucleus were not different between wild-type and JNK1–/–

MTEC. However, increases in the binding of Smad3/4 to the SBE
induced by TGF-β1 were attenuated in JNK1–/– epithelial cells,
demonstrating that the presence of JNK1 is essential for maximal
TGF-β1-induced Smad DNA binding (Fig. 7B). As expected, TGF-
β1-stimulated increases in nuclear phospho-Jun levels were
diminished in JNK1–/– cells compared with wild-type counterparts.

Fig. 3. Evaluation of Smad and JNK signaling in MTEC exposed to TGF-β1.
(A) Assessment of Smad2 phosphorylation and Smad4 nuclear localization in
MTEC in response to TGF-β1. Phospho-Smad2 and Smad4 were analyzed by
western blot of nuclear extracts, after 120 or 240 minutes of exposure to 5
ng/ml TGF-β1. Note that samples were run on the same gels, but irrelevant
lanes were deleted for consistency of presentation. (B) Electrophoretic
mobility shift assay evaluating binding of nuclear proteins to the consensus
SBE in response to TGF-β1 (10 ng/ml) for the indicated times.
(C) Assessment of phosphorylation of JNK1 and JNK2 following stimulation
of MTEC with TGF-β1 (5 ng/ml) for the indicated times. The upper band
indicates predominantly JNK2, whereas the lower band mainly reflects JNK1.
Fold change denotes differences in signal compared to sham controls based
upon densitometric evaluation. The lower panel represents total JNK1 and 2
western blot as loading control. Duplicate lanes in panels A, B and C represent
results from independent samples.

Table 1. Microarray analysis of TGF-β1-modulated genes in
wild-type or JNK1–/– MTECs 

Gene name/symbol Wild type JNK1–/–

Extracellular matrix and adhesion
TNFR superfamily 11b 9.92 4.72
Fibronectin 1 6.92 2.38
Serine peptidase inhibitor clade I 1 4.56 2.35
Latent TGF-β binding protein 1 3.23 1.59
Cadherin 6 3.14 2.11
Cadherin 10 2.83 1.27
Plasminogen activator inhibitor 1 2.53 1.96
Procollagen type 5a2 2.51 1.54
Protocadherin α1 2.06 –1.01
Procollagen 2 oxoglut. 5-dioxygen. 2 2.01 1.20
Tissue inhibitor metalloproteinase 3 –2.20 –1.17

Cytoskeleton
Lactate dehydrogenase b 2.51 1.33
Myosin light chain kinase 2.33 –1.02
α-actin 1 2.22 2.97
Palladin 2.10 1.52
Anillin –2.00 –1.27
Myozenin 2 –2.07 –1.27
Small proline-rich protein 1b –2.58 –1.39
Keratin 16 –3.73 –1.49
Keratin 13 –8.94 –3.94

Cell division and growth
Colony stimulating factor 2 4.66 1.87
Vascular endothelial growth factor C 2.17 1.24
Death associated kinase 2 2.14 1.54
Colony stimulating factor 1 2.13 1.39
Cell division cycle 20 –2.10 –1.21
Cyclin D1 –2.17 –1.62
Cyclin A2 –2.45 –1.16
Topoisomerase 2a –2.48 –1.59

Cell motility
Secreted phosphoprotein 1 5.31 2.16
Roundabout homolog 1 3.71 1.83

EMT regulators
Jagged 1 2.03 –1.22
Wnt5a 1.97 1.12
HMGA2 1.84 1.03

Data are grouped by gene ontology, and fold expression changes are shown
(positive value for increased, – for decreased compared with sham controls).
All genes listed showed a significant interaction with the presence of JNK1
(P<0.05) and were changed at least twofold compared with sham controls,
with the exception of the EMT-regulatory genes.
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These data suggest a role of JNK1 in modulating TGF-β1 signaling
at the level of DNA binding and transcriptional activation.

Discussion
The lineages of the cells crucial to the pathogenesis of pulmonary
fibrosis have been enigmatic. Whereas circulating fibrocytes or
activation of local tissue fibroblasts have been considered as
putative sources for production of mesenchymal products
(Garantziotis et al., 2004; Schmidt et al., 2003), recent evidence
has culminated to support the causal role of epithelial cells in the
process of tissue remodeling, via the process of EMT. The findings
from the present study identify the potential importance of epithelial
cells in fibrogenesis through a number of observations and elucidate
some key signals relevant to fibrosis. First, we demonstrated that
TGF-β1 induced EMT using a well-defined model of primary lung
epithelial cells (MTEC). Next, we unraveled the significance of
JNK1 in EMT by demonstrating that JNK1–/– MTEC were markedly
protected from TGF-β1-induced EMT. Then, we showed that Smad
DNA-binding activity and induction of known EMT transcriptional
regulators were attenuated in JNK1–/– MTEC compared with wild-
type cells. Collectively, the present data highlight the functional
importance of an epithelial TGF-β1-JNK1 signaling axis in EMT,
which might be cardinal to the pathophysiology of pulmonary
remodeling, including fibrosis. It is relevant to note that with the
exception of one set of experiments our studies were conducted in
primary epithelial cells that were isolated and propagated in culture
in order to maintain their differentiated state. Our experimental
design is of significance, as the process of EMT is linked to
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transformation and carcinogenesis (Tse and Kalluri, 2007), and
experiments conducted in transformed cell lines therefore have
potential limited utility towards unraveling biochemical signals that
are regulators of EMT.

The present findings are supported by a number of previous
studies. Analysis of gene expression profiles in lungs of mice
subjected to sensitization and challenge with ovalbumin using laser
capture microdissection revealed that the most prominent induction
of mesenchymal genes occurred in airway epithelial captures, with
gene induction being less robust or absent in parenchymal regions
or captures of smooth muscle (Kelly et al., 2005). Furthermore,
lineage-tracing studies in models of kidney or pulmonary fibrosis
also provided unequivocal genetic evidence to support the notion
that epithelial cells provide a source for expansion of mesenchymal
cells and mesenchymal products (Iwano et al., 2002; Kim et al.,
2006). Lastly, fibroblastic cells that express both epithelial and
mesenchymal markers can be found in biopsies of humans with
IPF, highlighting the significance of EMT in vivo (Kim et al., 2006).
Whereas pulmonary alveolar Type II pneumocytes were shown to
undergo EMT in response to TGF-β1 in vitro and in vivo (Kasai
et al., 2005; Kim et al., 2006; Willis et al., 2005), the current study
clearly demonstrates the plasticity of epithelial cells in proximal
airways. Additional studies will be needed to identify the locales
at which EMT occurs in vivo, which are likely to be dependent on
the source and nature of the fibrogenic stimulus.

The present study, which utilizes primary tracheal epithelial cells
in vitro, unravels the importance of JNK1 in the process of EMT,
and highlights the functional interplay of JNK1 with the TGF-β1

Fig. 4. TGF-β1 induces EMT in MTEC in a
JNK1-dependent, but JNK2-independent,
manner. (A) TGF-β1-induced loss of TER,
indicative of barrier disruption, in wild-type
MTEC is abrogated in MTEC lacking
JNK1–/–, but not in JNK2–/– MTEC. Cells
were exposed to 5 ng/ml TGF-β1 every other
day for the indicated days of culture. Data are
graphed as percentage change in TER from
baseline, as recorded over a time period of 10
days. Results represent three independent
experiments. Absolute TER readings (Ohms
� cm2) before initiation of TGF-β1 exposure
were: wild type 1143.3±149.2; JNK1–/–

3521.7±161.4; JNK2–/– 2956.7±150.5
(n=6/group). (B) Comparative evaluation of
α-SMA expression in wild-type, JNK1–/– and
JNK2–/– MTEC, exposed to TGF-β1 (10
ng/ml, every other day for 8 days). α-SMA
expression (Red) was detected by
immunofluorescence. Green, Nuclear
counterstain, Sytox). The percentage of α-
SMA expressing cells was quantified by
counting the number of positive cells per
field (n>50 cells). (C) Confirmation of
genotypes of JNK1–/– or JNK2–/– MTEC by
western blot analysis of total JNK.
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