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a b s t r a c t

Matricellular proteins play a critical role in the development of tubulointerstitial fibrosis and renal dis-
ease progression. Connective tissue growth factor (CTGF/CCN2), a CCN family member of matricellular
proteins, represents an important mediator during development of glomerular and tubulointerstitial
fibrosis in progressive kidney disease. We have recently reported that oncostatin M (OSM) is a potent
inhibitor of TGF-b1-induced CTGF expression in human proximal tubular cells (PTC). In the present study
we examined the role of TGF-b1- and OSM-induced signaling mechanisms in the regulation of CTGF
mRNA expression in human proximal tubular HK-2 cells. Utilizing siRNA-mediated gene silencing we
found that TGF-b1-induced expression of CTGF mRNA after 2 h of stimulation at least partially depends
on SMAD3 but not on SMAD2. In contrast to TGF-b1, OSM seems to exert a time-dependent dual effect on
CTGF mRNA expression in these cells. While OSM led to a rapid and transient induction of CTGF mRNA
expression between 15 min and 1 h of stimulation it markedly suppressed basal and TGF-b1-induced
CTGF mRNA levels thereafter. Silencing of STAT1 or STAT3 attenuated basal CTGF mRNA levels indicating
that both STAT isoforms may be involved in the regulation of basal CTGF mRNA expression. However,
knockdown of STAT3 but not STAT1 prevented OSM-mediated suppression of basal and TGF-b1-induced
upregulation of CTGF mRNA expression. Together these results suggest that the inhibitory effect of OSM
on TGF-b1-induced CTGF mRNA expression is mainly driven by STAT3, thereby providing a signaling
mechanism whereby OSM may contribute to tubulointerstitial protection.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Matricellular proteins are known to modulate the activity and
bioavailability of other extracellular matrix (ECM) components
such as growth factors, cytokines and extracellular enzymes and
to regulate cell function through direct binding to cell surface
receptors [1,2]. Their expression is highly sensitive to environmen-
tal perturbations including mechanical stress, inflammation, tissue
injury and repair. Connective tissue growth factor (CTGF/CCN2)
represents a member of the CCN family of matricellular proteins,
modulates adhesion, migration, ECM production and plays a criti-
cal role in many fibrotic conditions including kidney fibrosis
[2,3]. Several studies have reported increased CTGF expression in
renal disorders associated with kidney fibrosis such as diabetic
nephropathy [2,4,5]. Glomerular podocytes, mesangial cells and
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proximal tubular epithelial cells have been shown to express ele-
vated levels of CTGF in human and experimental models of diabetic
nephropathy [6–11]. Antisense oligonucleotides targeting CTGF in
mouse models of type 1 and type 2 diabetes, for example, attenu-
ated progression of nephropathy [11], while CTGF overexpression
in podocytes of mice worsened proteinuria and mesangial expan-
sion [12]. Furthermore, increased urinary excretion as well as ele-
vated plasma levels of CTGF have been observed in type 1 diabetic
patients [13–17]. In a large cross-sectional study of patients with
type 1 diabetes, increased urinary CTGF levels were associated
with urinary albumin excretion and correlated with the rate of de-
cline in glomerular filtration rate (GFR) [16].

In diabetic nephropathy renal CTGF expression is likely to be in-
duced by high levels of glucose, mechanical strain, advanced glyca-
tion end product proteins, reactive oxygen species and by different
soluble mediators such as transforming growth factor-b1 (TGF-b1)
[18]. Indeed, CTGF was shown to mediate many of the profibrotic
actions of TGF-b1 [19–21] and both CTGF and TGF-b1, act synergis-
tically to promote tissue fibrosis [4]. In the remnant kidney of sub-
total nephrectomized, TGF-b1 transgenic mice intravenous
administration of CTGF antisense oligonucleotide inhibited both
CTGF expression in proximal tubular cells (PTC) and interstitial
fibrogenesis despite sustained levels of TGF-b1 mRNA [22]. In this
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context, we have recently reported that in human PTC TGF-b1
leads to a strong induction of the expression of four matricellular
proteins including CTGF, secreted protein acidic and rich in
cysteine (SPARC), tenascin C (TNC) and thrombospondin-1
(TSP-1) [23]. In addition, we were able to show that oncostatin
M (OSM), an IL-6 type cytokine, acts as a potent inhibitor of basal
and TGF-b1-induced expression of CTGF regardless of the sequence
of ligand administration [23]. Our results utilizing receptor-block-
ing molecules suggested that the inhibitory effect of OSM on
TGF-b1-induced CTGF mRNA expression occurs independently of
SMAD2/3 signaling and may be driven by OSM receptor-activated
STAT1 and/or STAT3 signaling pathways [23]. In the present study
we thus investigated the specific contribution of these two STAT
isoforms to OSM‘s inhibitory effect on basal and TGF-b1-driven
CTGF mRNA expression. Furthermore, we studied time course
and early signaling mechanisms of TGF-b1-induced CTGF mRNA
expression in human PTC.
2. Materials and methods

2.1. Cell culture

Proximal tubular human kidney 2 (HK-2) cells were cultured in
Keratinocyte-Serum Free Medium (KSFM) containing 10% fetal bo-
vine serum (FBS), 5 ng/ml recombinant epidermal growth factor
(rEGF), 0.05 mg/ml bovine pituitary extract (BPE), 100 U/ml peni-
cillin and 100 lg/ml streptomycin. Cells were grown at 37 �C in a
humidified 5% CO2 atmosphere and split at a 1:5 ratio once a week.
After growth to subconfluent state, cells were washed once, made
quiescent by incubation in serum- and supplement-free medium
for 48 h, and then used for experiments. Stimulations with onco-
statin M (OSM) or with transforming growth factor-b1 (TGF-b1)
were performed in the absence of serum and any other growth
supplements. Cell culture reagents were obtained from Gibco (Life
Technologies, Lofer, Austria). OSM was purchased from Sigma (St.
Louis, MO), TGF-b1 from PeproTech (PeproTech Austria, Vienna)
all other reagents were obtained from Sigma (St. Louis, MO).

2.2. siRNA transfection

HK-2 cells were cultured under serum- and supplement-free
conditions at 60–70% confluency and transfected with SMAD2,
SMAD3, STAT1, STAT3 ON-TARGETplus SMART pool siRNA con-
structs (Thermo Scientific, Lafayette, CO) or negative control siRNA
(ON-TARGETplus non-targeting pool siRNA, Thermo Scientific,
Lafayette, CO) at a concentration of 50 nM utilizing DharmaFect 1
Transfection Reagent (Thermo Scientific, Lafayette, CO) according
to the manufacturer‘s instructions. 72 h post-transfection cells
were left untreated or stimulated with 10 ng/ml OSM or with
10 ng/ml TGF-b1 and utilized for Western blot or real-time PCR
analysis.

2.3. Western blot analysis

Cells were washed with ice-cold phosphate buffered saline
(PBS) and lysed in RIPA lysis buffer as previously described [23].
The protein content of the samples was determined using a micro-
bicinchoninic acid assay (Pierce, Fisher Scientific, Vienna). Cell ly-
sates were matched for protein, separated on 10% SDS–PAGE, and
transferred to a polyvinylidene difluoride microporous membrane.
Subsequently, membranes were probed with one of the following
antibodies: Smad2 (L16D3), P-SMAD2 (Ser465/467), SMAD3
(C67H9), P-SMAD3 (Ser423/425), STAT1, P-STAT1 (Tyr701), STAT3,
P-STAT3 (Tyr705) (Cell Signaling Technology, Danvers, MA), ERK2
(C-14) (Santa Cruz Biotechnology, Santa Cruz, CA). After extensive
washing of the sheets in TBS, 0.1% Tween-20, the primary antibod-
ies were detected using horseradish peroxidase conjugated goat
anti-rabbit IgG or rabbit anti-goat IgG (Santa Cruz Biotechnology,
Santa Cruz, CA) and visualized by LumiGLO Western Blot Detection
system (Cell Signaling Technology, Danvers, MA).

2.4. RNA isolation and real-time PCR analysis

Total RNA was isolated using the RNeasyx Mini Kit (Qiagen,
Valencia CA). For each sample 1 lg RNA was reverse transcribed
into cDNA with the High Capacity cDNA reverse Transcription kit
(Applied Biosystems, Foster City, CA). Samples were analyzed by
using one of the following TaqMan� Gene Expression
Assays:GAPDH (Hs99999905_m1), CTGF (Hs00170014_m1),
SMAD2 (Hs00183425_m1), SMAD3 (Hs00969210_m1), STAT1
(Hs01013996_m1), STAT3 (Hs01047580_m1). Reactions were
prepared in duplicate for each sample and analyzed on the
7500 Fast Real-Time PCR System (Applied Biosystems) under
the following conditions: 50 �C for 2 min, 95 �C for 10 min fol-
lowed by 40 cycles of 95 �C for 15 s and 60 �C for 1 min. Relative
quantification method was used to analyze real-time PCR data.
The fractional cycle number at which the amount of amplified
target reached a threshold is the CT number, the mean CT for
each gene was determined and the relative amounts of
transcripts for each gene was normalized to the reference gene
GAPDH as follows: DCT = CT (gene of interest) � CT (GAPDH).
The DCT was linearized according to the formula 2�dCT to
determine the relative expression of each gene of interest.

2.5. Statistical analysis of quantitative real-time PCR

All values are expressed as mean ± SE. Comparison of two
groups was made by t-test. Multiple group comparisons were
made by analysis of variance (ANOVA). P values <0.05 were consid-
ered significant.
3. Results

3.1. Time-dependent effects of TGF-b1 and OSM on CTGF mRNA
expression

We have recently reported that OSM, a member of the IL-6 type
cytokine family, represents a novel and potent inhibitor of basal
and TGF-b1-stimulated CTGF expression in human proximal
tubular cells (PTC) [23]. This inhibitory action of OSM was effective
after 2 h and not affected by inhibition of DNA methylation [23]. To
be able to study the underlying early mechanisms of these ligand-
dependent effects on CTGF mRNA expression, we first investigated
the time course of CTGF mRNA expression in the presence of
TGF-b1 alone and OSM alone when compared with a combination
of these two cytokines in human proximal tubular HK-2 cells
(Fig. 1). CTGF mRNA levels in the absence of any of these ligands
remained unchanged during the experimental period of 4 h (data
not shown). Treatment of the cells with 10 ng/ml TGF-b1 alone
led to a time-dependent induction of CTGF mRNA expression,
which started as early as 15 min after stimulation (Fig. 1), was
5.1-, 4.6-, and 5.3-fold after 2, 3 and 4 h, respectively (Fig. 1), and
lasted for at least 24 h [23]. Interestingly, when administered
alone, 10 ng/ml OSM initially led to a similar time-dependent
upregulation of CTGF mRNA levels between 15 min and 1 h
(Fig. 1). However, after 2 h of incubation OSM inhibited basal and
TGF-b1-induced CTGF mRNA expression (Fig. 1). These results
suggest that in contrast to TGF-b1, which represents a strong
stimulator of CTGF mRNA expression in human PTC, OSM seems
to have a dual effect. Whereas it stimulates CTGF mRNA expression
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Fig. 1. Time-dependent differential effects of TGF-b1 and OSM on CTGF expression in human PTCs. HK-2 cells were serum- and supplement-starved for 48 h, and were then
stimulated with 10 ng/ml TGF-b1 alone, 10 ng/ml OSM alone or with the combination of the two cytokines for the indicated periods of time. Data are presented as fold
induction above unstimulated CTGF mRNA control levels after normalizing to GAPDH mRNA expression. CTGF mRNA expression in the absence of any ligand remained
unchanged during the experimental period of 4 h (1.03-fold after 4 h; n = 4). Each data point indicates the average of 4 independent experiments with error bars
corresponding to SE (⁄P < 0.05, ⁄⁄P < 0.01 vs. control).
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at very early time points (in between 15 min and 1 h), it leads to a
strong and long-lasting inhibition of basal and TGF-b1-induced
CTGF mRNA levels thereafter (Fig. 1) [23].
3.2. SMAD3 but not SMAD2 is a mediator of early TGF-b1-induced
CTGF mRNA expression

In human PTC, rapid TGF-b1-induced expression of CTGF mRNA
between 15 min and 1 h of stimulation is associated with rapid
phosphorylation of both SMAD2/3 and SMAD1/5/8 [23]. In addi-
tion, our studies utilizing small-molecule inhibitors of TGF-b1 type
I and BMP type I receptors suggested that TGF-b1-induced rapid
and long-lasting phosphorylation of SMAD2/3 but not of SMAD1/
5/8 plays an important role in the long-term induction of CTGF
mRNA in these cells [23]. Thus, we next investigated the specific
role of SMAD2 and SMAD3 for TGF-b1-induced rapid upregulation
of CTGF. To accomplish selective inhibition of these two SMAD iso-
forms, siRNA-mediated gene silencing was performed. As depicted
in Fig. 2, SMAD2-specific siRNA led to a strong and selective down-
regulation of both SMAD2 mRNA (Fig. 2A) and SMAD2 protein
(Fig. 2C) when compared with non-targeting (NT siRNA) controls.
Downregulation of SMAD2 was associated with a nearly complete
suppression of TGF-b1-induced SMAD2 phosphorylation after 2 h
of incubation (Fig. 2C) but did not impair TGF-b1-stimulated CTGF
mRNA expression at this time point (Fig. 2D). Exposure of the cells
to SMAD3 siRNA resulted in selective downregulation of SMAD3
mRNA but not SMAD2 mRNA (Fig. 2B) and diminished SMAD3
protein expression (Fig. 2C). In addition, knockdown of SMAD3
almost completely abolished TGF-b1-induced phosphorylation of
SMAD3 but not SMAD2 (Fig. 2C). In contrast to SMAD2, selective
knockdown of SMAD3 was associated with partial inhibition of
TGF-b1-stimulated CTGF mRNA expression at the 2 h time point
(Fig. 2D). These results suggest that in human proximal tubular
HK-2 cells, SMAD3 but not SMAD2 is involved in TGF-b1-mediated
early upregulation of CTGF mRNA levels.
3.3. OSM-mediated inhibition of TGF-b1-induced CTGF mRNA
expression depends on STAT3 but not on STAT1

Our previously published results utilizing a function-blocking
antibody against OSM receptor subunit gp130 revealed evidence
that the inhibitory effect of OSM on TGF-b1-induced CTGF mRNA
expression may be driven by OSM receptor-mediated STAT1 and/
or STAT3 signaling pathways [23]. In order to investigate the
specific role of these two STAT isoforms in OSM‘s inhibitory ac-
tion on CTGF expression, we performed siRNA-mediated selec-
tive knockdown of STAT1 and STAT3. As shown in Fig. 3,
knockdown of the respective STAT isoforms was specific and
selective resulting in almost complete repression of STAT1 mRNA
(Fig. 3A) and STAT3 mRNA (Fig. 3B) under all experimental con-
ditions tested. Western blot analyses confirmed these results for
STAT1 and STAT3 protein expression (Fig. 3C). Furthermore, after
1 h of stimulation STAT1 siRNA led to specific inhibition of OSM-
mediated phosphorylation of STAT1 but not STAT3, while STAT3
siRNA selectively diminished OSM-induced phosphorylation of
STAT3 but not STAT1 (Fig. 3C). Interestingly, silencing of STAT1
expression or STAT3 expression significantly attenuated basal
CTGF mRNA expression (P < 0.01; n = 6) (Fig. 3D), suggesting that
both STAT1 as well as STAT3 play a role in the regulation of ba-
sal CTGF mRNA expression in HK-2 cells. More importantly, siR-
NA-mediated silencing of STAT3 abolished the inhibitory effect
of OSM on basal and TGF-b1-induced CTGF mRNA expression
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Fig. 2. SMAD3 but not SMAD2 is a mediator of early TGF-b1-induced CTGF mRNA expression in human PTCs. HK-2 cells were transfected with non-targeting siRNA (NT
siRNA), SMAD2 siRNA or SMAD3 siRNA for 72 h, followed by stimulation with 10 ng/ml TGF-b1 for additional 2 h. The efficiency and selectivity of siRNA treatments were
assessed by real-time PCR analysis as well as by Western immunoblotting. The effect of SMAD2 and SMAD3 knockdown on CTGF mRNA expression was analyzed by real-time
PCR analysis. (A) Real-time PCR analysis of SMAD2 mRNA expression in cells exposed to SMAD2 siRNA when compared with SMAD3 siRNA and NT siRNA. Each data point
indicates the average of 5 independent experiments with error bars corresponding to SE (⁄⁄⁄P < 0.001 vs. NT siRNA-treated controls). (B) Real-time PCR analysis of SMAD3
mRNA expression in cells exposed to SMAD3 siRNA when compared with SMAD2 siRNA and NT siRNA. Each data point indicates the average of 5 independent experiments
with error bars corresponding to SE (⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001 vs. NT siRNA-treated controls). (C) Western blot analysis of protein expression and phosphorylation
(P-) of both SMAD2 and SMAD3 in unstimulated and TGF-b1-stimulated cells exposed to SMAD3 siRNA or SMAD2 siRNA when compared with NT siRNA controls. Protein
expression of ERK2 shows equal protein loading. The results from one representative Western blot of n = 5 separate experiments are depicted. (D) Real-time PCR analysis of
CTGF mRNA expression in unstimulated and TGF-b1-stimulated cells exposed to SMAD2 siRNA or SMAD3 siRNA when compared with NT siRNA controls. Each data point
indicates the average of 5 independent experiments with error bars corresponding to SE (⁄P < 0.05).
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(Fig. 3D). In contrast, STAT1 knockdown did neither affect OSM-
mediated suppression of basal nor of TGF-b1-stimulated CTGF
mRNA expression (Fig. 3D). Taken together, these results provide
evidence that in human PTC the inhibitory action of OSM on
basal and TGF-b1-induced CTGF mRNA expression is primarily
mediated by STAT3.
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Fig. 3. The inhibitory effect of OSM on TGF-b1-induced expression of CTGF mRNA is STAT3 dependent. HK-2 cells were transfected with non-targeting siRNA (NT siRNA),
STAT1 siRNA or STAT3 siRNA. 72 h post-transfection cells were treated with 10 ng/ml TGF-b1 alone, 10 ng/ml OSM alone or with a combination of the two cytokines
(TGF-b1 + OSM) either for 3 h (real-time PCR analysis in A, B and D) or for 1 h (Western blot analysis in C). The efficiency and selectivity of siRNA treatments were assessed by
real-time PCR analysis as well as by Western immunoblotting. The effect of STAT1 and STAT3 knockdown on CTGF mRNA expression was analyzed by real-time PCR analysis.
(A) Real-time PCR analysis of STAT1 mRNA expression in cells exposed to STAT1 siRNA when compared with NT siRNA and STAT3 siRNA. Each data point indicates the average
of 5 independent experiments with error bars corresponding to SE (P < 0.0001 is valid for every separate treatment in STAT1 siRNA expressing cells when compared with NT
siRNA expressing controls). (B) Real-time PCR analysis of STAT3 mRNA expression in cells exposed to STAT3 siRNA when compared with NT siRNA and STAT1 siRNA. Each data
point indicates the average of 5 independent experiments with error bars corresponding to SE (P < 0.0001 is valid for every separate treatment in STAT3 siRNA expressing cells
when compared with NT siRNA expressing controls). (C) Western blot analysis of protein expression and phosphorylation (P-) of both STAT1 and STAT3 in unstimulated and
ligand stimulated cells exposed to STAT1 siRNA or STAT3 siRNA when compared with NT siRNA controls. Protein expression of ERK2 shows equal protein loading. The results
from one representative Western blot of n = 3 separate experiments are depicted. (D) Real-time PCR analysis of CTGF mRNA expression in unstimulated and ligand-stimulated
cells exposed to STAT1 siRNA or STAT3 siRNA when compared with NT siRNA controls. Each data point indicates the average of 6 independent experiments with error bars
corresponding to SE (⁄⁄P < 0.01 vs. NT siRNA control or P values as depicted).
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4. Discussion

Excessive deposition of extracellular matrix (ECM) components
within the glomerulus and tubular interstitium is a characteristic
structural alteration observed during progression of different renal
diseases such as chronic glomerulonephritis, obstructive nephrop-
athy and diabetic nephropathy. Especially in diabetic nephropathy,
a growing number of studies exists showing that CTGF plays an
important role in the regulation of ECM remodeling [2].
Furthermore, CTGF has been recognized to have its own profibrotic
effects as well as to amplify some of the fibrotic actions of TGF-b1,
and thus has been proposed as an alternative therapeutic target in
diabetic nephropathy [4,5,18]. TGF-b1 is generally accepted as a
central mediator of pathological events related to renal fibrosis
as it is involved in a number of fibrogenic events including the
induction of fibroblast proliferation, epithelial-to-mesenchymal
transition (EMT) and ECM production by tubular epithelial cells
and fibroblasts [24,25]. Interestingly, we have recently found that
oncostatin M (OSM), a pleiotropic cytokine of the interleukin-6
(IL-6) family, is a strong inhibitor of TGF-b1-induced expression
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of CTGF and three additional matricellular proteins, namely of
SPARC, tenascin C and thrombospondin-1 in human PTC. Moreover,
this inhibitory effect of OSM on the TGF-b1-induced expression of
CTGF started after 2 h of cytokine administration and lasted for at
least 24 h [23]. We now show that OSM exerts a time-dependent
dual effect on the expression of CTGF mRNA in human proximal
tubular HK-2 cells. At early time-points (between 15 min and 1 h
of ligand administration) OSM leads to a significant but transient
induction of CTGF mRNA expression followed by a strong and
long-lasting inhibition of basal and TGF-b1-mediated upregulation
of CTGF mRNA levels. This is in contrast to TGF-b1, which mediates
rapid and long-lasting mRNA expression of CTGF [23]. Of the
canonical signaling pathways induced by TGF-b1, activation of
SMAD2/3 plays a central role. Although SMAD2 and SMAD3 are
highly similar in their structure and although TGF-b1 activates
both SMAD2 and SMAD3 in most cell types, it seems likely that
these SMAD isoforms mediate different transcriptional responses
and thus exert distinct (patho)physiological functions [26–28]. In
this context, SMAD3 has been suggested to be pathogenic and a
mediator of fibrotic responses while SMAD2 might possess a pro-
tective role [24,26–28]. Our present results demonstrate that
TGF-b1-mediated early induction of CTGF mRNA (2 h after cyto-
kine administration) occurs independently of SMAD2. In contrast,
ablation of SMAD3 significantly attenuated TGF-b1-induced upreg-
ulation of CTGF mRNA at this time point, suggesting that SMAD3 is
involved in TGF-b1-dependent rapid induction of CTGF mRNA lev-
els. Interestingly, SMAD3 siRNA treatment resulted in approxi-
mately 42% reduction of basal SMAD3 mRNA but in complete
suppression of SMAD3 protein expression, which was associated
with an approximate 40% inhibition of TGF-b1-stimulated CTGF
mRNA expression. The fact that TGF-b1 is still able to partially
stimulate CTGF mRNA expression in the absence of SMAD3 protein
suggests that additional signaling pathways activated by this cyto-
kine may play a role in early TGF-b1-driven induction of CTGF
mRNA. Selective downregulation of the two STAT isoforms re-
vealed that both STAT1 and STAT3 are likely to play a role in the
regulation of basal CTGF mRNA expression in human PTC. Most
importantly and in contrast to STAT1 knockdown, siRNA-mediated
knockdown of STAT3 prevented OSM-dependent inhibition of basal
and TGF-b1-stimulated CTGF mRNA expression. All together, our
results suggest that early TGF-b1-stimulated expression of CTGF
mRNA in human PTC is at least partially mediated by SMAD3,
while OSM‘s inhibitory effect on basal and TGF-b1-induced CTGF
expression is mainly driven by STAT3.
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