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Transforming growth factor-p1 (TGF-B1) has a distinct role in renal fibrosis associated with epithelial-
mesenchymal transition (EMT) of the renal tubules and synthesis of extracellular matrix. Smad3 plays
an essential role in fibrosis initiated by EMT. Phosphorylation of Smad3 in the C-terminal SSXS motif by
type I TGF-B receptor kinase is essential for mediating TGF-p response. Smad3 activity is also regulated
by phosphorylation in the linker region. However, the functional role of Smad3 linker phosphorylation
is not well characterized. We now show that Smad3 EPSM mutant, which mutated the four phosphoryla-
tion sites in the linker region, markedly enhanced TGF-B1-induced EMT of Smad3-deficient primary renal
tubular epithelial cells, whereas Smad3 3S-A mutant, which mutated the C-terminal phosphorylation sites,
was unable to induce EMT in response to TGF-B1. Furthermore, immunoblotting and RT-PCR analysis
showed a marked induction of fibrogenic gene expression with a significant reduction in E-cadherin in
HK2 human renal epithelial cells expressing Smad3 EPSM. TGF-B1 could not induce the expression of o-
SMA, vimentin, fibronectin and PAI-1 or reduce the expression of E-cadherin in HK2 cells expressing Smad3
3S-Ain response to TGF-B1. Our results suggest that Smad3 linker phosphorylation has a negative regula-
tory role on Smad3 transcriptional activity and TGF-B1/Smad3-induced renal EMT. Elucidation of mecha-
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nism regulating the Smad3 linker phosphorylation can provide a new strategy to control renal fibrosis.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

TGF-B1 has been long considered as a key mediator in renal
fibrosis and induces renal scarring largely by activating its down-
stream Smad signaling pathway [1,2]. Smad signaling has an
important role in the regulation of TGF-B1-induced epithelial-
mesenchymal transition (EMT) that is primarily dependent on
the positive or negative regulation [3]. EMT has been long consid-
ered as a process contributing to renal fibrosis and is a process in
which renal tubular epithelial cells lose their epithelial phenotype
and acquire new characteristic features of mesenchyme, which in-
cludes disruption of polarized tubular epithelial cell morphology,
de novo a-smooth muscle actin («-SMA) expression and actin reor-
ganization, loss of cell-cell adhesions through downregulation of
E-cadherin, destruction of basement membrane, and increased cell
migration and invasion [4,5].
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It has been shown that Smad3 is a key molecule that mediates
TGF-B1-induced renal fibrosis. Smad3 phosphorylation by TGF-B1
activates p38 MAPK signaling promoting extracellular matrix pro-
duction in myofibroblast [6]. Many studies reported that a number
of fibrogenic genes (collagens) and EMT markers (o-SMA and
E-cadherin) are Smad3-dependent and Smad3 directly binds to the
DNA sequences to regulate these target genes [7]. Knockdown of
Smad3 blocks EMT and Smad3 deficiency attenuated renal fibrosis,
inflammation, and apoptosis after UUO [8,9]. These results suggest
that Smad3 is essential in the TGF-B1-induced EMT process during
renal fibrosis, but the detailed mechanisms are not known.

Smad3 contains two conserved polypeptide segments, the MH1
and MH2 domains, joined by a less conserved linker region. The
Smad3 linker region is serine/threonine-rich and contains four
phosphorylation sites for proline-directed kinases. It can be phos-
phorylated by MAPKs, CDKs, JNK and p38, and GSK3, and can pos-
itively or negatively regulate Smad3-mediated responses in a cell
context-dependent manner [10-22]. The Smad3 linker contains a
transcriptional activation domain, which is necessary for Smad3
to activate transcription [23,24].

In this study, we investigated the role of Smad3 linker phos-
phorylation in TGF-B1-induced EMT. We found significant levels
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of constitutive linker phosphorylation for Smad3 in renal tubular
epithelial cells in the absence of any TGF-B1 stimulation. Introduc-
tion of Smad3 linker phosphorylation mutant called Smad3 EPSM,
which has a serine to alanine substitutions at positions 204, 208,
and 213 and threonine to valine substitution at position 179 [20]
into renal tubular epithelial cells resulted in the induction of
EMT even in the absence of TGF-B1 stimulation. Based on our find-
ings, we conclude that Smad3 linker phosphorylation negatively
regulates TGF-B1 driven EMT in renal tubular epithelial cells and
suggest a check and balance between linker and C-tail phosphory-
lation that regulates the distinct role of Smad3 in TGF-B1 signaling.

2. Materials and methods
2.1. Cell culture

HK-2 cells were obtained from ATCC. HK-2 cells are an immor-
talized proximal tubule epithelial cell line from normal adult hu-
man kidney. Cells were grown in DMEM F12 media (Gibco BRL,
Grand Island, NY) supplemented with 10% FBS at 37 °C in a humid-
ified incubator (5% CO,, 95% air). All experiments were performed
in serum-free conditions.

2.2. Primary culture of mouse renal tubular epithelial cells

Primary cell culture of mouse renal tubular epithelial cells was
carried out as previously described [9]. Minced kidneys were
washed with three changes of cold PBS containing 1 mM EDTA
and were digested in 0.25% trypsin solution (Gibco BRL) in a shak-
ing incubator at 37 °C for 2 h. This study was conducted under per-
mission IACUC (110017) of CHA laboratory animal research center.

2.3. Western blot analysis

Cell extracts were separated by SDS-PAGE followed by electro-
transfer to PVDF membranes and probed with: anti-E-cadherin,
-Vimentin, and -fibronectin (BD Farmingen, Heidelberg); anti-o-
SMA (Abcam, Cambridge); anti-PAI-1 (C-19) (Santa Cruz, CA);
anti-o-tubulin (Clone B-6-1-2) (Sigma Aldrich, Beverly, MA).
HRP-conjugated anti-mouse/rabbit antibodies (Millipore, Temecu-
la, CA) were used as secondary antibodies. The reaction was visu-
alized by WESTZOL (Intron, SeongNam). All signals were detected
by ImageQuant LAS 4000 (GE Healthcare Life Sciences).

2.4. Microscopic analysis

HK-2 cells plated on LabTek Il eight-well glass slides (Nalge Nunc
International) were fixed in 4% paraformaldehyde for 30 min at RT.
Slides were viewed with Confocal Laser Scanning Microscope
(LSM-510; Carl Zeiss, Jena) for bright-field and fluorescence applica-
tions, and were processed with ZEN software (Carl Zeiss).

2.5. RT-PCR analysis

Total RNA from cultured HK-2 cells was extracted using TRIzol
reagent (Invitrogen) according to the manufacturer’s instructions.
The RNA was converted into cDNA using M-MLV Reverse Trans-
criptase (Promega, Madison, WI).

2.6. Statistical analysis

All experiments were conducted with a minimum of three sam-
ples, and the data are presented as the mean * S.D. Statistical anal-
ysis was performed using an unpaired parametric Student’s t-test,
unless otherwise indicated in the text.

3. Results

3.1. Smad3 linker phosphorylation negatively regulates TGF-S1-
induced EMT in mouse renal primary tubular epithelial cells

Smad3 is known as a mediator in TGF-B1-induced fibrosis in
kidney as well as liver and radiation-induced fibrosis. We cultured
mouse renal primary tubular epithelial cells isolated from wild-
type or Smad3-deficient mouse kidneys. Treatment of these cells
with TGF-B1 resulted in a phenotypic change from cells exhibiting
an epithelial-like cobblestone appearance to cells with spindle-
shaped, fibroblastic appearance in Smad3 wild-type cells but not
in Smad3 deficient cells. In situ immunostaining analysis also
showed that TGF-B1 stimulation in the wild-type Smad3 primary
renal epithelial cells increased a-SMA expression but no change
in Smad3-deficient epithelial cells (Fig. 1A), suggesting that Smad3
mediates TGF-B1-induced EMT in mouse renal primary tubular
epithelial cells.

To determine the contribution of Smad3 linker and C-terminal
region phosphorylation in TGF-B1-induced EMT in mouse renal
primary tubular epithelial cells, we infected Smad3-deficient
mouse primary renal tubular epithelial cells with adenoviruses
expressing wild-type Smad3, Smad3 C-terminal phosphorylation
mutant called 3S-A, or Smad3 linker phosphorylation mutant
called Smad3 EPSM (Fig. 1B). In the adenovirus-Smad3 infected
cells, TGF-B1 induced a morphological change as shown in
Fig. 1A, but Ad-Smad2 did not induce any morphological changes
(Fig. 1C), suggesting that Smad3 mediates TGF-B1-induced EMT.
In the Smad3 3S-A infected cells, TGF-B1 was unable to induce a
morphological change. However, the expression of Smad3 EPSM
was sufficient to induce a morphological change even without
TGF-B1 stimulation, but TGF-1 stimulation further induced a mor-
phological change, suggesting that Smad3 linker phosphorylation
negatively regulates TGF-p1-induced EMT, which is mediated
through the Smad3 C-terminal phosphorylation in primary renal
tubular epithelial cells (Fig. 1C).

The downregulation of E-cadherin expression and induction of
o-SMA expression results in EMT. To determine whether Smad3
EPSM was more effective than wild-type Smad3 in suppressing
the expression of E-cadherin and inducing the expression of
o-SMA in the presence of TGF-B1 in mouse renal primary tubular
epithelial cells, adenovirus infected cells were incubated in the
absence or presence of TGF-B1 for 24 h. The expression of Smad3
EPSM induced the morphological change even without TGF-p1
stimulation (Fig. 2A). However, expression of Smad3 3S-A sup-
pressed the TGF-B1-induced EMT, suggesting that TGF-B1-induced
EMT is mediated through the Smad3 C-terminal phosphorylation.
In cells infected with adenovirus-GFP, wild-type Smad3, or Smad3
EPSM, the stimulation of TGF-B1 induced o-SMA expression and
suppressed E-cadherin expression. However, no reduction of
E-cadherin expression or induction of o-SMA expression was
detected in Smad3 3S-A infected cells in the presence of TGF-B1
by dual immunofluorescence (Fig. 2B), suggesting that Smad3
C-terminal phosphorylation is necessary for TGF-p1-induced EMT
in primary renal tubular epithelial cells.

3.2. Constitutive linker phosphorylation of Smad3 in human kidney
epithelial cells

As reported previously, Smad3 is also regulated by phosphory-
lation at its linker region. To examine whether the Smad3 linker re-
gion is phosphorylated in HK2 human kidney epithelial cells in the
presence or absence of TGF-B1, we performed immunoblotting
using polyclonal antibodies against specific phospho-amino acids
in the linker region of Smad3. As shown in Fig. 3A, in the absence
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Fig. 1. Smad3 linker phosphorylation negatively regulates TGF-p1-induced EMT in Smad3-deficient mouse primary renal tubular epithelial cells. (A) Primary mouse kidney
tubular epithelial cells were cultured from Smad3-null and wild-type mice and stimulated with TGF-B1 for 24 h, Scale bar: 10 pm. Immunofluorescence of E-cadherin (green)
and o-SMA (red). Nuclei were visualized by staining with DAPI (blue). Scale bar: 20 um. (B) Schematic representation of Smad3 phosphorylation site. (C) Phase-contrast
microscopy of epithelial cells from Smad3-deficient mice were infected with adenovirus and stimulated with TGF-p1 (10 ng/ml) for 24 h. Scale bar: 10 um. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of TGF-B1 stimulation, HK-2 cells have a high level of Smad3 phos-
phorylated at Linker. The level of Smad3 linker phosphorylation
was enhanced upon TGF-B1 stimulation.

We next investigated the role of Smad3 linker phosphorylation
on TGF-B1-induced EMT in HK-2 cells. Treatment of HK2 cells with
TGF-B1 resulted in a phenotypic change from exhibiting an epithe-
lial-like appearance to a spindle-shaped, fibroblastic appearance
(Supplementary Fig. 1). Expression of wild-type Smad3 and Smad3
EPSM induced the morphological change in the presence of TGF-p1,
whereas expression of Smad3 3S-A blocked TGF-B1-induced mor-
phological change just like the primary renal epithelial cells. To
determine the contribution of Smad3 linker and C-terminal region
phosphorylation in TGF-B1-induced EMT in HK2 cells, we infected
HK2 cells with adenoviruses expressing wild-type Smad3, Smad3
3S-A, or Smad3 EPSM. We first examined expression of these pro-
teins and levels of their phosphorylation after incubation of cells in
the absence or presence of TGF-B1 for 60 min. Infection of HK2
cells with adenovirus expressing Smad3 3S-A and Smad3 EPSM
completely blocked TGF-B1-induced Smad3 C-terminal phosphor-
ylation and TGF-Bl-induced Smad3 linker phosphorylation,
respectively. TGF-B did not increase linker phosphorylation in ade-
novirus-Smad3 infected HK-2 cells (Fig. 3B). This may be due to too
much expression of the Smad3 protein. Even constitutive C-termi-
nal phosphorylation of endogenous Smad3 was completely inhib-
ited by the overexpression of Smad3 3S-A, suggesting that
overexpression of Smad3 3S-A may function as a dominant nega-
tive form of Smad3.

TGF-B1-induced transcriptional regulation is controlled by nu-
clear accumulation of Smad3. Therefore, to determine whether
Smad3 linker phosphorylation influences Smad3 transcriptional
activity we first examined the subcellular localization of Smad3

phosphorylated at Thr179, Ser204, and Ser208 in the absence or
presence of TGF-B1 in HK2 cells. We performed confocal micros-
copy using polyclonal antibodies against specific phospho-amino
acids in the linker region of Smad3. As reported previously, Smad3
phosphorylated at Ser423/425 is almost absent without TGF-B1
stimulation, but upon TGF-B1 stimulation, Smad3 phosphorylated
at Ser423/425 is found in the nucleus of HK2 cells (Fig. 3C). Smad3
phosphorylated at Thr179 was observed in the perinuclear region
without TGF-B1 treatment, whereas endogenous Smad3 phosphor-
ylated at Ser204 and Ser208 was found in the nuclear compart-
ment regardless of TGF-B1 treatment. After TGF-p1 treatment,
Smad3 phosphorylated at Thr179 translocated to the nucleus and
levels of Smad3 phosphorylated at Ser204 and Ser208 were mark-
edly increased. These findings suggest that each phosphorylation
site at Smad3 linker region may be phosphorylated by different
kinases.

HK2 cells display an epithelial morphology, but TGF-p1 treat-
ment of HK2 cells resulted in a loss of epithelial characteristics
by decreasing E-cadherin expression (Fig. 4A and B). Over-expres-
sion of Smad3 EPSM resulted in a complete loss of E-cadherin
mRNA as well as protein expression in the presence of TGF-p1,
whereas TGF-B1-induced suppression of E-cadherin expression
was completely blocked by expression of Smad3 3S-A. TGF-B1-in-
duced mRNA and protein expression of extracellular matrix
(ECM) components, including vimentin and fibronectin, was abol-
ished in HK2 cells expressing Smad3 3S-A. However, over-expres-
sion of Smad3 EPSM markedly enhanced TGF-B1-induced mRNA
and protein expression of ECM components. Interestingly, besides
ECM components, the expression of plasminogen activator inhibi-
tor 1 (PAI-1) was markedly enhanced in HK2 cells expressing
Smad3 EPSM. PAI-1 is a powerful fibrogenic factor that promotes
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Fig. 2. Smad3 C-terminal phosphorylation is necessary for TGF-p1-induced EMT in mouse primary renal tubular epithelial cells. (A) The cells were infected Smad3 mutant
adenovirus upon stimulation of TGF-B1 for 24 h. Green fluorescent protein (GFP) has been described as a means to assess gene expression and infection efficiency (small
panel). Scale bar: 10 pm. (B) Dual immunofluorescence of E-cadherin (green) and o-SMA (red) and nuclei stained with DAPI (blue). Scale bar: 20 um. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

inflammatory cell recruitment and extracellular matrix accumula-
tion [1,25]. Consistent with the results of the PAI-1 mRNA expres-
sion, the promoter activity of PAI-1 gene was significantly
increased in Smad3 EPSM expressing HK2 cells, but significantly
decreased in Smad3 3S-A expressing HK2 cells (Fig. 4C). It is worth
pointing out that this is not due to Ad-EPSM has higher Smad3 lev-
els. TGF-B1 also mediated a myofibroblast phenotype in HK2 cells
by inducing o-smooth muscle actin («-SMA) gene expression.
Expression of Smad3 3S-A completely inhibited TGF-p1-induced
o-SMA gene and protein expression, whereas expression of Smad3
EPSM further enhanced TGF-B1-induced o-SMA expression. Immu-
nofluorescence staining revealed an evident increase of TGF-B1-in-
duced fibronectin and o-SMA expression after infection of
adenoviruses expressing wild-type Smad3 and Smad3 EPSM com-
pared to the control GFP expression (Supplementary Fig. 2).
Expression of Smad3 3S-A resulted in a loss of the fibronectin
and o-SMA signal even in the presence of TGF-B1. These results
suggest that Smad3 C-terminal phosphorylation mediates TGF-
B1-induced renal fibrosis, whereas Smad3 linker phosphorylation
attenuates TGF-B1-induced renal fibrosis by blocking signals med-
iated by the Smad3 C-terminal phosphorylation.

4. Discussion
It is widely recognized that TGF-B1/Smad signaling plays an

essential role in renal fibrosis by stimulating fibrogenic cells to
produce ECM proteins and inducing transformation of tubular epi-

thelial cells to myofibroblasts through EMT. Studies have reported
that Smad3 is a critical mediator of TGF-f signaling in renal fibro-
sis. Many fibrogenic genes and tissue inhibitor of MMP-1 are
known to be downstream targets of TGF-B1/Smad3 signaling [7].
We have previously demonstrated that Smad3 plays an even more
essential role in fibrosis initiated by EMT, as it is also required for
the generation of the fibrogenic myofibroblasts from epithelial pre-
cursors [9]. Mice lacking Smad3 are protected against tubulointer-
stitial fibrosis following unilateral ureteral obstruction as
evidenced by blocking of EMT and abrogation of monocyte influx
and collagen accumulation. Smad3 has an essential role in fibro-
genesis, which is also confirmed by suppression of fibrogenesis in
mice with Smad3 deletion [26]. These reports suggest that Smad3
is a key mediator in renal fibrosis. A recent study demonstrated
that SIS3, a specific inhibitor of Smad3, is effective in the inhibition
of endothelial--myofibroblast transition in vitro and in vivo. SIS3
also showed renoprotective effects in streptozotocin-induced dia-
betic nephropathy [27-29], suggesting that inhibition of Smad3
function has therapeutic potential for diabetic renal disease.
Renal epithelial cells and kidney tissues undergoing renal fibro-
sis often exhibit markedly increased expression of o-SMA and
interstitial matrix components, such as collagen and fibronectin.
To determine whether Smad3 phosphorylation affects EMT, we
investigated the TGF-B1-induced EMT marker expression in the
human kidney epithelial HK-2 cells. In the TGF-B signaling path-
way, C-terminal serines at the SSXS motif of Smad3 are phosphor-
ylated by type I TGF-B receptor following TGF-B activation.
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Induction of expression of mesenchymal markers by TGF-B1 was
completely abrogated by expressing the C-terminal phosphoryla-
tion mutant. On the other hand, the expression of a Smad3 EPSM
markedly enhanced the TGF-Bl1-induced EMT and induction of
PAI-1 gene expression. Similarly, the Smad3 EPSM mutant showed
a EMT-like feature and was further increased in response to TGF-B1
when introduced into Smad3-deficient mouse primary renal tubu-
lar epithelial cells, whereas the C-terminal phosphorylation mu-
tant could not induce EMT in the absence or presence of TGF-B1.
These results suggest that phosphorylation of the Smad3 linker
region serves as an important mechanism for modulating TGF-p1-
induced renal fibrosis.

Smad3 linker phosphorylation has various roles in a cell con-
text-dependent manner as indicated in the introduction section.
Our results suggest that for TGF-B1-induced EMT in renal epithelial
cells, the linker phosphorylation attenuates Smad3 transcriptional
activity and TGF-B1-induced EMT. A recent study shed a light into
the potential underlying mechanism for our observations. It is
shown that Smurf2, an E3 ubiquitin ligase, binds to the phosphor-
ylated Smad3 linker region and induces Smad3 mono-ubiquitina-
tion. The mono-ubiquitination occurs in the C-terminal domain
of Smad3 and prevents the formation of Smad3-Smad4 complex
and Smad3-Smad3 homotrimer, thus inhibiting Smad3 transcrip-
tional activity [30]. Future studies are necessary to determine
whether this mechanism operates in our experimental system.

Although Smad2 and Smad3 are each activated by the TGF-B
receptor, they have very different effects on gene transcription.

Smad2 and Smad3 are structurally similar with over 90% homol-
ogy in their amino acid sequences. These two proteins exert dis-
tinct functions in embryonic development. Smad2-deficient
embryos die around day 7.5 of gestation due to failure of gastru-
lation and failure to establish an anterior-posterior (A-P) axis
[31,32], whereas mice null for Smad3 survive with impaired
immunity [33]. Smad2 knockdown in tubular epithelial cells
promoted fibrosis through enhanced TGF-B1/Smad3 signaling,
evidenced by increased Smad3 phosphorylation, nuclear translo-
cation, promoter activity, and binding of Smad3 to a collagen
promoter [34]. In the present study, we also demonstrated that
Smad2 cannot substitute for the Smad3 to mediate TGF-B1-
induced fibrosis in Smad3-null renal epithelial cells, suggesting
that Smad3, but not Smad2, mediates TGF-Bl-induced renal
fibrosis (Fig. 2). Smad2 and Smad3 linker regions are serine/thre-
onine-rich and contain multiple phosphorylation sites for pro-
line-directed kinases. C-terminal phosphorylation of Smad2 and
Smad3 occurs by the type I TGF-B receptor following TGF-B stim-
ulation in almost all cell types and tissues. However, timing, ex-
tent, and functional implications of linker phosphorylation of
these proteins depend on cell type and differ by the stage of dis-
ease progression. In this study, our findings suggest that consti-
tutive Smad3 linker phosphorylation confers a selective
advantage on renal epithelial cells to maintain epithelial homeo-
stasis by blocking the Smad3 pathway, which is more character-
istic of the state of flux shown by the activated mesenchymal
cells.
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In summary, the present results show that mutation of the
C-terminal phosphorylation sites of Smad3 blocks EMT of renal
tubular epithelial cells and mutation of Smad3 linker phosphoryla-
tion sites markedly enhances TGF-B1-induced EMT. This suggests a
therapeutic rationale for the development of putative small mole-
cules that activate Smad3 linker phosphorylation. Our findings
indicate that elucidation of mechanisms regulating Smad3 linker
phosphorylation may help to develop a new strategy to control re-
nal fibrosis. Our data suggest that selective activators of the Smad3
pathway mediated through linker region may prove highly effec-
tive in a wide range of fibrotic disorders, not only obstructive
nephropathy and chronic interstitial nephritis but also pulmonary
and hepatic fibrosis.
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