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Connective tissue growth factor (CTGF) promotes activated mesangial cell
survival via up-regulation of mitogen-activated protein kinase

phosphatase-1 (MKP-1)

Nadia WAHAB', Dimity COX, Abigail WITHERDEN and Roger M. MASON
Imperial College, Faculty of Medicine, Renal Section, Hammersmith Hospital, Du Cane Road, London W12 ONN, U.K.

Activated mesangial cells are thought to play a pivotal role in
the development of kidney fibrosis under chronic pathological
conditions, including DN (diabetic nephropathy). Their prolonged
survival may enhance the development of the disease since they
express increased amounts of growth factors and extracellular
matrix proteins. CTGF (connective tissue growth factor) is one of
the growth factors produced by activated mesangial cells and is
reported to play a key role in the pathogenesis of DN. Previous
studies have shown that addition of exogenous CTGF to HMCs
(human mesangial cells) rapidly activates ERK1/2 (extracellular-
signal-regulated kinase 1/2) MAPK (mitogen-activated protein
kinase) and JNK (c-Jun N-terminal kinase) MAPK, but not
the p38 MAPK, despite the activation of the upstream kinases,
MKK3/6 (MAPK kinase 3/6). The aim of the present study was
to investigate whether the lack of phosphorylated p38 MAPK

by CTGF has an anti-apoptotic effect on activated HMCs. We
show that in HMC CTGF induces the rapid transcriptional
activation and synthesis of MKP-1 (MAPK phosphatase-1), a
dual specificity phosphatase that dephosphorylates p38 MAPK.
This in turn prevents the anti-apoptotic protein, Bcl-2, from being
phosphorylated and losing its function, leading to the survival
of the cells. Knockout of MKP-1 protein in mesangial cells
treated with CTGEF, using siRNA (small interfering RNA) or
antisense oligonucleotides, allows p38 MAPK activation and
induces mesangial cell death.
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INTRODUCTION

Glomerular mesangial cells are usually quiescent under normal
physiological conditions. During acute kidney injury, these cells
are thought to undergo a process termed ‘activation or dediffer-
entiation’, the result of which is that they become myofibroblast-
like cells [1]. These have contractile properties, produce high
levels of cytokines, chemokines and ECM (extracellular matrix)
proteins, and are involved in matrix remodelling. These differ-
entiated cells may then undergo spontaneous apoptosis, in keep-
ing with data indicating that apoptosis mediates clearing of
myofibroblasts from wounded skin [2] and of activated hepatic
stellate cells following transient liver tissue injury [3]. However,
prolonged survival of these cells under chronic injury conditions
may lead to the mesangial hypercellularity and glomerular
scarring that occurs in DN (diabetic nephropathy).

Numerous studies have shown that elevated levels of TGF-3
(transforming growth factor-8) support the initiation and progres-
sion of the mesangial cell’s differentiation programme. However,
in the last 5-6 years it has become clear that CTGF (connective
tissue growth factor), which is rapidly induced by TGF-8, as well
as by other factors generated during chronic injury (e.g. reactive
oxygen species and hypoxia), plays a key role in this programme
[4-T7].

Previously, we have shown that CTGF mediates several TGF-g
-dependent changes in mesangial cells that are also reported to
occur in DN. These are: (i) induction of the cellular hypertrophy

due to induction of the CDKIs [CDK (cyclin-dependent kinase)
inhibitors] p15, p21 and p27, leading to cell cycle arrest in the
G, -phase [8], (ii) increased expression of ECM proteins [9], and
(iii) increased expression of integrins on the cell surface to faci-
litate the deposition and assembly of ECM proteins [10].

In a previous study, we showed that addition of exogenous
CTGF to mesangial cells activates several intracellular signalling
pathways including MAPKSs (mitogen-activated protein kinases)
ERK1/2 (extracellular-signal-regulated kinase 1/2) MAPK and
JNK (c-Jun N-terminal kinase) MAPK [11]. Interestingly, p38
MAPK was not activated. In the present study we show that
p38 MAPK inactivation is critical for the survival of mesangial
cells in the presence of CTGF. The underlying mechanism seems
to involve the rapid induction of an immediate-early response
gene encoding the dual specificity protein phosphatase 1 [MKP-1
(MAPK phosphatase-1)]. MKP-1 preferentially inactivates the
p38 MAPK and thus prevents phosphorylation of the anti-
apoptotic protein Bcl-2, thereby promoting the survival of HMCs
(human mesangial cells).

MATERIALS AND METHODS
Cell cultures, antibodies and reagents

Primary normal adult HMCs (CC-2259, lot OF1548) were pur-
chased from Cambrex Bio Science (http://www.cambrex.com),
maintained in culture as described previously [9], and used

Abbreviations used: CDK, cyclin-dependent kinase; CTGF, connective tissue growth factor; DN, diabetic nephropathy; ECM, extracellular matrix;
ERK1/2, extracellular-signal-regulated kinase 1/2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HMC, human mesangial cell; JNK, c-Jun N-
terminal kinase; MAPK, mitogen-activated protein kinase; MKK3/6, MAPK kinase 3/6; MKP-1, MAPK phosphatase-1; PKC, protein kinase C; miRNA,
microRNA; r-CTGF, recombinant CTGF; RNAi, RNA interference; RT, reverse transcriptase; siRNA, small interfering RNA; TGF-g, transforming growth
factor-g; TrkA, tropomyosin receptor kinase A; XTT, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide.
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Figure 1 Activation of MAPK signalling pathways by CTGF in HMC

() Cells were grown on coverslips and serum-starved for 48 h prior to incubation in the absence or presence of 20 ng/ml -CTGF for 5 or 30 min. Cells were fixed, permeabilized, probed with
anti-phospho-ERK1/2, JNK and p38 MAPK primary antibodies, and then with fluorescein-conjugated secondary antibody, as described in the Materials and methods section. Results are representative
of three separate experiments. (B) Serum-starved HMCs were incubated in the presence of r-CTGF for the periods of time indicated, after which the cells were lysed. Equal amounts of lysate protein
were subjected to SDS/PAGE and analysed by Western blotting using phospho-specific antibodies against the p38 MAPK and the phosphokinases upstream of it, MKK3/6, as well as antibody against

the total p38 MAPK. Results are representative of three separate experiments

at passage 9-10. r-CTGF (recombinant CTGF) was expressed
as a fusion protein with a V5 tag as described previously
[9]. Phospho-ERK1/2 pathway sampler, phospho-JNK pathway
sampler and phosphor-p38 MAPK pathway sampler antibodies
were from New England Biolabs (http://www.neb.uk.com). Bcl-
2 monoclonal antibody was from Santa Cruz Biotechnology
(http://www.autogenbioclear.com). Anti-MKP-1 antibody was
from Sigma (http://www.sigma-aldrich.com). The MKP-1
ANTISENSE-RNAi-Combination-kit was from Biognostik
(http://www.biognostik.com).

RNA extraction and RT (reverse transcriptase)-PCR analysis

Total RNA was extracted from mesangial cells using the RNAzol
B method (AMS Biotechnology, Abingdon, Oxfordshire, U.K.).
Equal amounts of total RNA (3 ug) from each sample were
reverse-transcribed into cDNA using Superscript [l RNase H+ RT
(Gibco BRL, Paisley, U.K.) and random primers. Equal amounts
of the reverse transcription reaction were subjected to PCR ampli-
fication as described previously [9]. Amplification was started
with 5 min denaturation at 94°C followed by 30 PCR cycles.
Each cycle consisted of 60 s at 94°C, 60 s at 55°C and 60 s at
72°C. The final extension was for 10 min at 72°C. A control
omitting the reverse transcription step was also performed. The
sequences of the primers used to amplify MKP-1 were 5'-CC-
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GGAGCTGTGCAGCAAA-3' and 5-CTCCACAGGGATGCT-
CTT-3', yielding a PCR product of 284 bp.

Western blotting

Cells grown in culture flasks were lysed in reducing SDS/PAGE
loading buffer [250 mM Tris/HCI, pH 6.8, 6 % SDS, 30 % gly-
cerol, 0.1 % Bromophenol Blue, 0.1 M dithiothreitol, 0.1 mg/ml
PMSF and 1 x proteinase inhibitor cocktail (Roche) added
immediately before use] and immediately scraped off the plate.
Cell lysates were sonicated for 10s to shear DNA. Samples
were boiled for 5 min and resolved on 4-12 % gradient gels by
SDS/PAGE. Proteins were transferred on to a PVDF membrane
filter (Immobilin-P; Millipore) using a Bio-Rad transfer
apparatus. Blots were incubated in blocking buffer containing
1x TBS (137 mM Tris/HCI, pH 6.8, 2.7 mM KCI and 25 mM
NaCl) and 0.1 % Tween 20 with 5 % (w/v) non-fat dry milk for
1 h. Immunodetection was performed by incubating the blots in
primary antibody at the appropriate dilution in antibody dilution
buffer [1x TBS and 0.1 % Tween 20 with 5% (w/v) BSA],
overnight at 4 °C. Blots were then washed three times with wash-
ing buffer (I1x TBS and 0.1 % Tween 20) and incubated with
secondary horseradish peroxidase-conjugated antibodies for 1 h at
room temperature (20-25 °C). Bound antibodies were visualized
using the enhanced chemiluminescence reagent Luminol
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Figure 2 CTGF induces the rapid expression of MKP-1 in HMC

Serum-starved HMC were incubated in the presence or absence of 20 ng/ml -CTGF for the periods of time indicated, after which the cells were used for RNA extraction and RT-PCR analysis (A, B) or
lysed and used for SDS/PAGE and analysed by Western blotting (C). (A) A representative gel showing RT-PCR analysis of MKP-1 with GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as a
housekeeping gene. (B) Densitometry of RT-PCR analysis of MKP-1 expression from three experiments. (C) Western-blot analysis using an anti-MKP-1 antibody. Membranes were stripped and
reprobed with an anti-8-actin antibody to control for sample loading. Results are representative of three separate experiments. *P < 0.0008, **P < 0.0001 compared with unstimulated cells in (B).

(Autogen Bioclear, Wiltshire, U.K.). Prestained molecular mass
standards (Amersham International, Amersham, U.K.) were used
to monitor protein migration.

Immunofluorescence staining

Cells grown on coverslips were fixed with 3.7 % (w/v) para-
formaldehyde and permeabilized with 0.5 % Triton X-100 in PBS
for 10 min at room temperature. Coverslips were then incubated
overnight at 4°C with serum (5 % in PBS) from the same species
as that in which the secondary antibody was raised. After this
they were incubated with primary antibodies (at optimum dilution
in PBS containing 3 % BSA) for 1 h at 37°C. Coverslips were
then washed and incubated in the dark for 1 h with fluorescein-
conjugated secondary antibody (Sigma—Aldrich, Poole, U.K.).
After staining, the coverslips were mounted on glass slips with
anti-fade mounting media (Vector Laboratories, Peterborough,
U.K.) and examined using a fluorescence microscope.

Use of antisense oligonucleotides

Phosphothioate MKP-1 antisense oligonucleotide (2 M, as re-
commended by the manufacturer; sequence ID: 2.05983, Bio-
gnostik), or a CG-matched randomized sequence oligonucleotide
(2 uM, as a negative control; sequence ID: C5278), was added
directly to cultures of equal numbers of cells, 24 h prior to any
other treatment.

siRNA (small interfering RNA) transfection

HMCs were plated at 2.4 x 10* cells/well in 24-well plates, 24 h
before transfection. Cells were then transfected with MKP-1
siRNA, or with a luciferase siRNA as a non-specific control,

using 0.7 ul of Lipofectamine™ 2000 (Invitrogen) per well
according to the manufacturer’s instructions. Three different
MKP-1-specific siRNAs were tested at different concentrations
(10-50nM) for their ability to reduce MKP-1 expression in
HMCs stimulated with 20 ng/ml CTGF for 1h (quiescent
cells express only very low levels of MKP-1). The optimum
concentration of siRNAs in the cell culture medium was
determined to be 30 nM. At 6 h post-transfection, growth medium
was replaced with serum-free medium. Cells were then incubated
at 37°C for 24h before being assessed for MKP-1 gene
knock-down. All three siRNAs caused a reduction in MKP-
1 gene expression but to different levels. Silencer 20639 was
the most effective and was used in the reported experiments
(sense 5'-CCACCACCGUGUUCAACUUtt-3’; antisense 5'-
AAGUUGAACACGGUGGUGGtt-3").

Cell viabhility assay

Mesangial cell death was determined using the cell proliferation
kit II {XTT [2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide]} (Roche). The method is based on
the cellular reduction of XTT by mitochondrial dehydrogenases
to an orange formazan product that can be measured
spectrophotometrically. Briefly, XTT labelling mixture (1 ml of
XTT labelling reagent and 20 ul of electron coupling reagent)
was prepared immediately before use. Aliquots of 150 ul of the
XTT labelling mixture were added to cells grown in a 24-well
plate in a final volume of 300 ul of culture medium per well.
Cells were then incubated for different periods of time at 37°C
after which absorbance at 450 nm was measured with a multiwell
spectrophotometer.
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Figure 3 CTGF enhances the levels of Bcl-2 protein in HMCs

Serum-starved HMCs were incubated in the presence or absence of 20 ng/ml r-CTGF for the
periods of time indicated, after which the cells were lysed. (A) Equal amounts of lysate protein
were subjected to SDS/PAGE and analysed by Western blotting using anti-Bcl-2 antibody.
Membranes were stripped and reprobed with an anti-g-actin antibody to control for sample
loading. (B) Densitometric analysis of Bcl-2 expression from three separate experiments. Results
shown are means + S.E.M.
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Statistical analysis

Results were compared using Student’s unpaired ¢ test. A P value
of 0.05 or less was regarded as denoting a significant difference.

RESULTS
CTGF induces p38 MAPK dephosphorylation

Stimulation of HMCs with 20 ng/ml r-CTGF rapidly activates
the classical MAPK (ERK1/2) and JNK but not the p38 MAPK,
as reported previously [11]. Figure 1(A) confirms this finding.
However, Western-blot analysis indicates that the addition of
CTGEF to serum-starved HMC cultures rapidly activates MKK3/6
(MAPK kinase 3/6), the upstream kinases that are known to
activate the p38 MAPK [12] (Figure 1B). Western-blot analysis
also indicates that CTGF induces a rapid dephosphorylation of
the basal active p38 MAPK. This was maintained up to 24 h after
CTGEF stimulation. Total p38 MAPK levels did not change over
the time course of the experiment.

CTGF induces the rapid expression of MKP-1 in HMC

It is known that MAPKSs, once activated, can be inactivated
by dual specificity protein phosphatases. p38 and JNK MAPKs
are preferentially inactivated by MKP-1 [13]. However, in vitro
studies have shown that MKP-1 is most selective for p38 MAPK
at physiological levels of expression where it directly binds to the
p38 kinases [13,14]. At high levels of expression MKP-1 can also
inactivate JNK and even ERK1/2 but at low levels [13,14]. MKP-1
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Figure 4 Efficiency of MKP-1 protein knock-down in HMCs using siRNA and antisense oligonucleotide approaches

At 24 h after transfection with MKP-1 siRNA, or MKP-1 antisense oligonucleotides, cells were incubated with or without 20 ng/ml r-CTGF for 1 h. To control for non-specific effects of SiRNA delivery,
controls were included in which cells were either mock-transfected (transfection reagent only) or transfected with luciferase siRNA, whereas a CG-matched randomized sequence oligonucleotide was
used as a control for the specificity of the antisense delivery. At the end of the incubation time, total RNA was extracted and used for semi-quantitative RT-PCR (A). In parallel experiments, cells were
lysed and protein was subjected to SDS/PAGE and analysed by Western blotting using anti-MKP-1 antibody (B, C). Membranes were stripped and reprobed with an anti-g-actin antibody to control

for sample loading. Results are representative of three separate experiments.
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is an immediate-early gene product that is potently induced in
response to both growth factors and stress stimuli. Thus we
investigated whether CTGF is able to induce the expression level
of MKP-1 in HMCs. MKP-1 is constitutively expressed at a very
low level in serum-starved HMCs (Figures 2A and 2B). Upon
CTGF stimulation, MKP-1 mRNA levels were rapidly induced
within 15 min and reach a maximum at approx. 60 min, followed
by a gradual decline. Figure 2(C) shows that MKP-1 protein levels
were also rapidly induced in CTGF-stimulated HMCs, mirroring
the increase in the mRNA. However, MKP-1 protein was barely
detectable in the untreated cells. CTGF induction of MKP-1 was
sustained, with the protein detectable up to 24 h after CTGF
addition.

CTGF enhances the levels of Bcl-2 protein in HMCs

The correlation between MKP-1 induction and the inactivation of
p38 MAPK suggests that MKP-1 may play a significant role
in mediating the dephosphorylation of this kinase in CTGF-
stimulated HMCs. p38 MAPK has been reported as one of
the kinases responsible for the phosphorylation of the anti-
apoptotic protein Bcl-2, which leads to loss of its anti-apoptotic
potential [15] and an increase in its proteolytic degradation via
a proteosomal pathway [16]. Thus we investigated the relative
abundance of the Bcl-2 protein in HMCs stimulated with CTGF.
Figure 3 shows that CTGF stimulation rapidly enhances the level
of Bcl-2 protein in HMCs and that this increased level was
maintained over the time course of the experiment. No clear shift
in the mobility of Bcl-2 protein was observed. Attempts to detect
Bcl-X, protein expression level in HMCs were not successful
(results not shown).

To confirm the prominent role of MKP-1 in the dephosphory-
lation/inactivation of p38 MAPK and thus the protection of Bcl-2,
we decided to knock-down MKP-1 protein in cells stimulated with
CTGF. For this we used an ANTISENSE-RNAi-Combination-
kit, which includes siRNAs and antisense oligonucleotides
specifically designed for the human MKP-1 gene. This allowed
us to cross-validate our results, as both techniques work
through independent mechanisms of action. At 24 h after
MKP-1 siRNA transfection or MKP-1 antisense oligonucleotide
transfection, cells were incubated with or without 20 ng/ml
CTGF for 1h. To control for non-specific effects of siRNA
delivery, controls were included in which cells were either
mock-transfected (transfection reagent only) or transfected with
luciferase siRNA, while a CG-matched randomized sequence
oligonucleotide was used as a control for the specificity of the
antisense delivery.

MKP-1 expression was induced in response to CTGF stimu-
lation in cells that were either mock-transfected or transfected
with a non-specific siRNA (Figures 4A and 4B). In contrast,
transfection with a specific siRNA led to a significant reduction
of MKP-1 expression in HMCs treated with CTGF for 1 h at both
the mRNA and protein levels. MKP-1 RNA inhibition correlates
well with the high reduction in the protein level, indicating that
the response is a classical RNAi (RNA interference) effect and
not an miRNA (microRNA) effect.

Figure 4(C) shows that MKP-1 antisense oligonucleotide, but
not the control oligonucleotide, also induces a marked reduction
in MKP-1 protein expression level in HMCs treated with CTGF
for 1 h.

After assessing the efficiency of both the siRNA and antisense
approaches to knock-down MKP-1 protein in HMCs, similar
experiments were performed in which the cells were lysed after
different periods of time and equal amounts of total protein
analysed for the expression level of phospho-p38 MAPK and
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Figure 5 Targeted inhibition of MKP-1 expression enhances p38 MAPK
activation and reduces Bcl-2 expression in HMCs treated with r-CTGF

At 24 h after mock transfecting, or transfecting HMCs with MKP-1 siRNA (A) or treating them
with MKP-1 antisense and control antisense oligonucleotides (B), cells were incubated with
or without 20 ng/ml r-GTGF for different periods of time. Equal amounts of total protein were
subjected to SDS/PAGE and analysed by Western blotting using anti-MKP-1, phospho-p38
MAPK, p38 MAPK and Bcl-2 antibodies. Results are representative of three separate
experiments.

Bcl-2. Figure 5(A) shows that in HMCs treated with CTGF,
inhibition of MKP-1 expression by RNAi is accompanied by
enhanced phosphorylation of p38 MAPK and a clear reduction
in Bcl-2 level. This suggests that p38 MAPK signalling
may be co-ordinating Bcl-2 gene expression, mRNA stability,
translation efficiency or protein degradation. However, this was
not investigated in the present study. Interestingly, a second band
of a higher molecular mass (~29 kDa) that cross-reacted with
the Bcl-2 antibody can also be seen in the lysates from cells
treated with siRNA, but not in those that were mock-treated. This
may represent the p38 MAPK-dependent phosphorylated form of
Bcl-2. Similar results were obtained using the MKP-1 antisense
approach. The data in Figure 5(B) confirm that inhibition of MKP-
1 expression in HMCs enhances CTGF-mediated p38 MAPK
activation, which in turn plays a key role in reducing the level of
the cell survival factor Bcl-2.

Modulation of MKP-1 protein levels is involved in CTGF-mediated
survival activity in HMCs

Next we investigated whether CTGF exerts a survival-promoting
activity in HMCs. At 24 h after MKP-1 siRNA transfection or
MKP-1 antisense oligonucleotide transfection, equal numbers of
cells were incubated with or without 20 ng/ml CTGF for 2, 4
and 6 h. At the end of the incubation period, the proportions of
surviving cells were quantified by XTT uptake and reduction,
as described in the Materials and methods section. Figure 6(A)
shows that cells treated with CTGF for 6 h were 100 % viable,
while cells in which MKP-1 phosphatase was knocked down by

© The Authors Journal compilation © 2007 Biochemical Society



136 N. Wahab and others

2hr

A 120 1

4hr 6hr

100 1

80 1

60 1

Cell viability (%)

40 1

20 7

0-
20ngymICTGF - 4+ +

MKP-1SIRNA30ONM) =~ =« <4
Luc siRNA (30nM) - = -

2hr

4hr 6hr

100

8

Cell viability (%)

0
20ng/mi CTGF - 4+ 4+ +
+

MKP-1 antisense (2uM) - =

Control antisense 2uM) - - - &

-+ + + -+ + 4+
- o & = O
- - - 4 - - -+

Figure 6 Modulation of MKP-1 protein levels is involved in CTGF-mediated survival activity in HMCs

At 24 h after (A) transfecting HMC with MKP-1 siRNA or luciferase (Luc) siRNA or (B) treating them with MKP-1 antisense or control antisense oligonucleotides, equal numbers of cells were
incubated with or without 20 ng/ml r-CTGF for 2, 4 and 6 h. At the end of incubation period, the proportion of surviving cells was quantified by XTT uptake and reduction, as described in the Materials
and methods section. Results are means + S.E.M. for three experiments, performed in triplicate. The number of cells treated with CTGF did not change during the course of the experiment and is
expressed as 100 % cell viability at each time point. *P < 0.0001 compared with cells treated with CTGF only.

siRNA silencing show a decrease in viability by 25-70 % within
2-6 h of incubation with the same concentration of CTGF. The
control luciferase siRNA had no effect on HMC viability. Loss
of viable cells due to serum deprivation, thereby decreasing the
supply of survival factors of HMCs that were not treated with
CTGF, was approx. 10-20 % within 2—6 h.

The role of MKP-1 in mediating CTGF survival-promoting
activity was also confirmed using the MKP-1 antisense approach
where cell viability decreased by ~ 15-67 % within 2-6 h of
CTGF stimulation (Figure 6B).

Differentiated HMCs adopting a myofibroblast-like phenotype
have been reported to express de novo «-SMA (a-smooth muscle
actin) and SMemb (the embryonic form of myosin heavy chain)
genes [17,18]. To assess whether CTGF potentially protects
differentiated/activated mesangial cells from apoptosis while
promoting change to a myofibroblast phenotype, we investigated
the expression of SMemb in HMCs treated with 20 ng/ml CTGF
for 6 h. RT-PCR results (Figure 7) show that SMemb expression
is clearly increased with this treatment.

DISCUSSION

It is now clear that CTGF is implicated in the pathogenesis
of DN and it has been shown to mediate a wide range of
disordered functions in HMCs [8-10,19]. However, the molecular
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Figure 7 CTGF promotes differentiation of HMCs

Equal numbers of HMCs were incubated with or without 20 ng/ml r-CTGF for 6 h. At the end
of the incubation period, total RNA was extracted, and equal amounts were reverse-transcribed
and used for semi-quantitative PCR analysis for the myofibroblast marker, SMemb, as well as
for the housekeeping gene GAPDH. Results are representative of three separate experiments.

mechanisms by which the growth factor functions are still poorly
understood. In a previous study, we observed that, in HMC, CTGF
rapidly activates the intra-signalling pathways ERK1/2 MAPK
and JINK MAPK, but not the p38 MAPK, despite rapidly activating
MKK3/6, the upstream activators of p38 MAPK. In the present
paper, we confirmed this observation. As p38 MAPK has been
reported to function as a pro-death signalling effector in some
cell types [20], we addressed the hypothesis that CTGF-dependent
p38 inactivation may protect mesangial cells from death.

MKP-1 phosphatase is a member of the family of inducible
dual specificity phosphatases, dsPTPs [21], and is a potential
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deactivator for p38 MAPK [13]. Although serum-starved HMCs
express only very low levels of MKP-1, stimulation with CTGF
resulted in a rapid and sustained induction of MKP-1 expression.
This rapid induction is consistent with data reported in other
experimental systems [22-24]. MKP-1 has also been reported to
be involved in the anti-apoptotic effect of retinoids in mesangial
cells incubated with H,O, [25] as well as in the restriction of TNF
(tumour necrosis factor)-induced apoptosis in rat mesangial cells
[26].

Interestingly, it has been reported that activation of the TrkA
(tropomyosin receptor kinase A) receptor may be crucial for
MKP-1 gene expression, independently of the cellular origin or
type on which the receptor is active [27]. HMCs express the TrkA
receptor and CTGF has been shown to activate it [11]. Activation
of the ERK1/2 MAPK pathway and PKC (protein kinase C) were
reported to be involved in the induction of MKP-1 gene expression
[25,27].

p38 MAPK is one of several kinases including CDC2
(cell division cycle 2 kinase), CDK6, PKCa and JNK, which
can phosphorylate the anti-apoptotic protein Bcl-2 [28-31]
at serine and threonine residues located in the loop region
between the «l- and o2-helices of the molecule [32,33].
This phosphorylation impairs the anti-apoptotic function of the
protein by reducing its ability for heterodimerization with Bax
(Bcl-2—associated X protein), the pro-apoptotic protein [15].
Homodimers of Bax then form pores in the mitochondrial
membrane that release cytochrome ¢ and other pro-apoptotic
factors into the cytoplasm. Accordingly, Bcl-2 phosphorylation
by p38 MAPK can lead to cytochrome c¢ release from the
mitochondria, caspase activation and apoptotic cell death [34].
On the other hand, continuous deactivation of p38 MAPK
maintains the functional and structural properties of Bcl-2 protein
and was found to be important for the survival-promoting activity
of NGF (nerve growth factor) in the lymphoblastoid CESS B-cell
line [34]. Phosphorylation of Bcl-2 can also render the protein
susceptible to proteolytic degradation [16]. In the present study,
we show that CTGF-mediated rapid and continuous deactivation
of p38 MAPK is accompanied by enhanced levels of Bcl-2. The
direct role of MKP-1 in mediating this p38 MAPK inactivation
was assessed by MKP-1 protein knock-down experiments. Due
to the recent growing concerns about siRNAs causing off-target
effects by acting in an miRNA-like manner or by inducing an
interferon response [32,35-37], and since such effects are not
caused by the antisense oligonucleotides, we used the antisense—
RNAi-combination techniques to cross-validate our results. Here
we show that selective blockade of MKP-1 expression in HMCs
by both techniques resulted in the same observed phenotype in
response to CTGF. This phenotype is characterized by sustained
activation of p38 MAPK and a decreased expression level of Bcl-
2, accompanied by a reduction in cell viability.

In the present study we were not able to detect any mitogenic
activity for CTGF in HMCs (results not shown), consistent with
our previous finding that the growth factor is a hypertrophic factor
that promotes mesangial cell cycle arrest in the G,-phase [8].
Although CTGEF has also been reported to have a non-mitogenic
anti-apoptotic function in CEFs (chicken embryo fibroblasts)
[38], it does not promote the survival of NIH 3T3 cells [38].
Moreover, it induces apoptosis in human breast cancer cells [39].
This may indicate that the survival-promoting function of CTGF
may be cell-type-specific, or that cells are CTGF-responsive only
at a certain stage of their differentiation.

Mesangial cells are usually quiescent but, in response to injury,
the cells undergo a process of differentiation into myofibroblast-
like cells as an important step in the tissue repair programme.
These cells undergo spontaneous apoptosis during transient injury.
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Figure 8 Model showing the cellular mechanisms orchestrated by CTGF to
protect activated HMCs from apoptosis

In contrast, their prolonged survival during chronic injury may
lead to hypercellularity and amplification of fibrosis. In the
present study, we presented in vitro evidence that addition of
r-CTGF at a concentration of 20 ng/ml (500 pM) promotes the
survival of activated HMCs. Since CTGF expression level is
highly up-regulated in the glomeruli of DN patients [19], this
may account for the mesangial glomerular hypercellularity seen
in DN. In conclusion, we propose that CTGF orchestrates several
cellular mechanisms in order to activate, and then protect the
activated HMC from cell death. Figure 8 represents a model
to illustrate this. Elevated expression of CTGF under diabetic
conditions induces the re-expression of several embryonic genes
including the SMemb myosin heavy chain isoform, and the
fibronectin EDA™ splice variant [10], leading to dedifferentiation
of mesangial cells into myofibroblasts. At the same time, CTGF
activates MKK3/6, the upstream kinases that activate p38 MAPK.

Smad7, which is known to have an inhibitory effect on TGF-8
signalling, also has an important role as a pro-apoptotic molecule
and its overexpression in rat mesangial cells induces apoptosis
[40]. Smad7 acts as a scaffolding protein, interacting with TAK1
(TGF-B-activated kinase 1), MKK3 and p38 MAPK to facilitate
p38 activation and apoptosis [41]. CTGF promotes continuous
inactivation of p38 MAPK by down-regulating the expression of
Smad7 [42] and up-regulating the expression of MKP-1, thus
preventing the phosphorylation of Bcl-2, preserving its anti-
apoptotic function and promoting cell survival.
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