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Sustained Smad2 Phosphorylation Is Required for
Myofibroblast Transformation in Response to TGF-b

To the Editor:

Idiopathic pulmonary fibrosis (IPF) is a progressive, fatal disease
characterized by parenchymal fibrosis and structural distortion of
the lungs. IPF is believed to be a disorder of abnormal wound
healing, wherein the initial trigger to the fibrotic response is injury to
the alveolar epithelial cells, followed by an exuberant, nonresolving
wound-healing response (1). Injury of alveolar epithelial cells
results in the elaboration of a fibrinous matrix and activation
of several profibrotic mediators, of which transforming growth
factor b (TGF-b) is the most established (2). Lung-targeted
overexpression of TGF-b results in the development of lung
fibrosis in animals (2). Conversely, inhibition of TGF-b can inhibit
in vivo fibrogenesis (3).

TGF-b drives the transformation of resident fibroblasts
to myofibroblasts characterized by de novo expression of
cytoskeletal proteins, including smooth muscle a-actin (SMA),
the most established marker for myofibroblast differentiation (4).
Myofibroblast transformation is also associated with secretion of
extracellular matrix proteins (cellular fibronectin [FN], collagen
isoforms, etc.), liberation of profibrotic factors (e.g., connective
tissue growth factor [5, 6]), and an increased resistance to apoptosis
(7), thus perpetuating ongoing tissue fibrosis. Myofibroblasts are
invariably found in histologic sections of lung specimens from
patients with pulmonary fibrosis, and they represent an important
pathogenic mechanism for the progressive nature of IPF. Therefore,
understanding the cellular and molecular mechanisms of myofibroblast
transformation in response to TGF-b is of great importance for
understanding the pathogenesis of the disease.

In this study, we used primary cultures of human lung
fibroblasts (HLFs) at passages 3-9. TGF-b1 and specific inhibitor
of Smad3 (SIS3) were obtained from Calbiochem. SB4321542
was obtained from Cayman. The following antibodies were used:
SMA (A2547) and tubulin (T6074) from Sigma-Aldrich, Col1A1
(sc-8784-R) from Santa Cruz Biotechnology, FN (610077) from BD
Transduction, and Smad2 (L1603) and phospho-Smad2 (13804)
from Cell Signaling Technology.

TGF-b signals through activation of TGF-b receptors
and subsequent phosphorylation and activation of Smad2/3
transcription factors driving the transcription of target genes. We
and other investigators have previously demonstrated that in HLFs,
maximal phosphorylation of Smad2 occurs at 30–60 minutes and
then declines after 3 hours of TGF-b treatment (8). In the present
study, the extended kinetics analysis revealed that Smad2 remained
partially phosphorylated (by z50%) at 3–48 hours, as compared
with the maximum phosphorylation observed at 1 hour after
TGF-b treatment of HLFs (Figure 1A). With this finding
in mind, we asked whether the sustained partial Smad2
phosphorylation is important for myofibroblast differentiation
induced by TGF-b, using a specific inhibitor of TGF-b receptor

kinase activity, SB431542. As shown in Figure 1B, pretreatment
of HLFs with SB431542 eliminated Smad2 phosphorylation and
resulted in a substantial decrease of TGF-b–induced SMA, collagen 1
(Col1A1), and FN expression as expected. However, addition of
SB431542 to HLFs 3 hours or 6 hours after TGF-b treatment had a
similar effect on myofibroblast differentiation occurring through
the 48-hour treatment with TGF-b (Figure 1B). When applied
24 hours after TGF-b treatment for an additional 24 hours (total
48 h), SB431542 had no significant effect on TGF-b–induced
expression of SMA, Col1A1, or FN (Figure 1B). Delayed application
of SB431542 also resulted in inhibition of TGF-b–induced increases
in Col1A1, FN, and SMA (ACTA2 gene) mRNA levels (Figure 1C).
To assess the role of Smad3 activity in this process, we used a specific
Smad3 inhibitor, SIS3 (9). As shown in Figure 1D, SIS3, applied
either before or 6 hours after TGF-b treatment, drastically reduced
expression of SMA, FN, and Col1A1 in response to TGF-b.
Interestingly, although it had no effect on the initial Smad2
phosphorylation (indicating intact TGF-b receptor activation), SIS3
abolished sustained Smad2 phosphorylation in response to TGF-b
(Figure 1E).

Our data suggest that sustained Smad2 phosphorylation in
response to TGF-b is dependent on Smad3 activity and is required
for myofibroblast differentiation. While acknowledging the role of
a canonical immediate Smad2/3-dependent gene transcription in
response to TGF-b, we propose that this is not sufficient for a
complete myofibroblast differentiation, as Smad2 phosphorylation
has to be sustained through at least 6 hours of TGF-b stimulation.
The fundamental importance of this finding may relate to the
mechanism of other TGF-b–induced cellular responses, such as
epithelial-to-mesenchymal transition, which should be assessed in
future studies. The practical application of our finding may relate to
studying the mechanisms of antifibrotic interventions: unchanged
short-term Smad2 phosphorylation in response to TGF-b by a given
intervention may not necessarily indicate the Smad2-independent
mechanism, as exemplified by the comparison of the short-term and
long-term effects of SIS3 in HLFs (Figure 1E).

The mechanism underlying sustained Smad2 signaling in
response to TGF-b represents another important fundamental
question. Zi and colleagues demonstrated through mathematical
and experimental models that TGF-b–induced acute and long-
term Smad2 signaling responses in HaCaT keratinocytes have
different consequences for gene transcription (10). They reported
that sustained Smad signaling leads to an “ultrasensitive or switch-
like” phenotype, wherein even a small increase in TGF-b results in
large changes in gene transcription. Translating this idea to our
study, the sustained Smad2 phosphorylation in response to TGF-b
that we observed may suggest that fibroblasts acquire a switch-
like response, which could be a crucial step for myofibroblast
differentiation. Possible mechanisms for this sustained Smad2
activation may include positive-feedback regulation of TGF-b
signaling, for example, through the expression and/or matrix-
dependent liberation of TGF-b (11, 12). The data we obtained
using SIS3 suggest that Smad3-dependent gene transcription is
required for sustained Smad2 phosphorylation (Figure 1E). This
may also point to potentially distinct mechanistic functions of
Smad2 and Smad3 in the context of myofibroblast differentiation.
The mechanism and relative contributions of a sustained Smad2
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Figure 1. Sustained Smad2 phosphorylation is required for transforming growth factor b (TGF-b)–induced myofibroblast differentiation. Primary cultured
human lung fibroblasts were treated with 1 ng/ml TGF-b, 5 mM SB431542, or 10 mM specific inhibitor of Smad3 (SIS3) applied at the times indicated. The
cells were then lysed and analyzed for expression or phosphorylation of the desired proteins by Western blotting, or the desired mRNAs by real-time qPCR.
(A) Time course of TGF-b–induced Smad2 phosphorylation relative to smooth muscle a-actin (SMA) and collagen 1 (Col1A1) expression. (B) Effect of
SB431542 applied 0.5 hour before or 3 hours, 6 hours, and 24 hours after TGF-b treatment on TGF-b–induced Smad2 phosphorylation, and SMA, Col1A1,
and fibronectin (FN) expression at 48 hours. (C) Effect of SB431542 applied 0.5 hours before or 3 hours after TGF-b treatment on TGF-b–induced mRNA
levels of SMA, Col1A1, and FN at 48 hours. (D) Effect of SIS3 applied 0.5 hours before or 6 hours after TGF-b treatment on TGF-b–induced SMA, Col1A1,
and FN expression at 48 hours. (E) Effect of SIS3 applied 0.5 hours before or 6 hours after TGF-b treatment on TGF-b–induced Smad2 phosphorylation at
48 hours or 1 hour of TGF-b treatment as indicated. Data represent the results of at least three independent experiments. *P, 0.01. RLU= relative light units;
p-SMAD2= phospho-SMAD family member 2.
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and Smad3 activation to myofibroblast differentiation in response
to TGF-b will be examined in future studies. n
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