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Abstract

Transforming growth factor-p (TGFp) is a key mediator of fibrogenesis. TGFf is overexpressed and activated in fibrotic
diseases, regulates fibroblast differentiation into myofibroblasts and induces extracellular matrix deposition. Platelet-derived
growth factor (PDGF) is also a regulator of fibrogenesis. Some studies showed a link between TGFf and PDGF in certain
fibrotic diseases. TGFf induces PDGF receptor alpha expression in scleroderma fibroblasts. PDGF-C and -D are the most
recently discovered ligands and also play a role in fibrosis. In this study, we report the first link between TGF3 and PDGF-D
and -C ligands. In normal fibroblasts, TGF3 down-regulated PDGF-D expression and up-regulated PDGF-C expression at the
mMRNA and protein levels. This phenomenon is not limited to TGFf since other growth factors implicated in fibrosis, such as
FGF, EGF and PDGF-B, also regulated PDGF-D and PDGF-C expression. Among different kinase inhibitors, only TGFf receptor
inhibitors and the IxB kinase (IKK) inhibitor BMS-345541 blocked the effect of TGF. However, activation of the classical NF-
kB pathway was not involved. Interestingly, in a model of lung fibrosis induced by either bleomycin or silica, PDGF-D was
down-regulated, which correlates with the production of TGFf and other fibrotic growth factors. In conclusion, the down-
regulation of PDGF-D by TGFf3 and other growth factors may serve as a negative feedback in the network of cytokines that
control fibrosis.
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Introduction of these alternative pathways, NF-kB in particular, has been

debated. NF-xB activation by TGFB seems to be cell type
Transforming growth factor-p (TGFp) family members are dependent [11,12].

cytokines that regulate numerous physiological processes such as
embryonic development, cell differentiation, proliferation, migra-
tion and extracellular matrix production [1,2]. TGFB has also
been linked to several human pathologies including fibrosis and
carcinogenesis [3,4,5]. TGFP is a central mediator of several
fibrotic diseases like renal fibrosis or liver fibrosis [6,7]. Smad
proteins are the core components of the intracellular signaling
cascade of TGFP receptors. The Smad proteins transduce signals
from the cell surface directly to the nucleus where they regulate
gene transcription in cooperation with co-activators and/or co-
repressors. In addition to the Smad pathway, also known as the
conventional pathway, Smad-independent pathways can be
activated by TGFf, including TGFp-associated kinase 1 (TAK1)
[8], certain MAPKSs such as extracellular signal-regulated kinase
(ERK) 1 and 2, Jun N-terminal kinase (JNK) and p38 mitogen-
activated protein kinase [8,9]. The PI3K-Akt-mTOR pathway has
also been reported to be activated by TGFB [10]. The importance

Platelet-derived growth factors (PDGF) are also major players in
fibrosis including intestinal, cardiac and liver fibrosis [13,14,15].
PDGFs are potent mitogens for myofibroblasts while TGFf
stimulates collagen deposition by these cells [16,17]. PDGF family
members are composed of 4 ligands A, B, C and D binding to two
receptors, alpha and beta. PDGF-A and -B are well characterized
and their role in fibrotic diseases is well established [13,14,15].
PDGF-C and -D were discovered more recently and are also
implicated in fibrosis. PDGF-C is overexpressed and is a potent
inducer of fibrosis in the heart [18], lung [19], kidney [20],
pancreas [21] and liver [22]. Fewer studies have linked PDGF-D
to fibrotic diseases. PDGF-D is overexpressed in fibrosis of the
liver [23] and kidney [24]. By contrast, one study showed a
negative correlation of PDGF-D expression in a mice model of
bleomycin-induced lung fibrosis [19].
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Crosstalk between TGFB and PDGF has been reported in
several fibrotic conditions. In a model of hepatic fibrosis, one
report showed that TGF mediated the mitogenic effect of PDGF-
BB, but not PDGF-AA, and this effect was due to the up-
regulation of PDGFR mRNA and cell surface expression [25]. In
scleroderma, TGFP also enhances PDGF-A-stimulated growth by
increasing the expression of PDGFRa [26]. All together these are
the most relevant studies that reported a regulation of PDGFs by
TGFB in fibrotic disorders.

In the present study, we demonstrate that TGFB down-regulates
PDGF-D expression in normal fibroblasts.

Materials and Methods

Ethics Statement

This study was approved by the local ethical committee for
animal experiments (Comité d’Ethique pour I'Expérimentation
Animale, Permit number LA1230312). Experiments were carried
out in strict accordance with the Belgian and European
regulations. All surgery was performed after euthanasia by
intraperitoneal injection of 20 mg of sodium pentobarbital (Certa,
Braine I’Alleud, Belgium), and all efforts were made to minimize
suffering.

Reagents and antibodies

Sources were as follows: Recombinant human TGFB1, PDGF-
BB, EGF, FGF-4 and IL1P were purchased from Peprotech; p38
inhibitors SB202190 and SB203580 from Millipore; HDAC
inhibitor Trichostatin (T'SA) was a kind gift from Pr. De Smet
(Université catholique de Louvain, Belgium); ALKS5 inhibitor
SB431542, IKK inhibitor BMS-345541 and MEK1/2 inhibitor
U0126 were from Calbiochem; PI3K inhibitor 1.Y294002 from
Cayman chemical; JNK inhibitor SP600125 from Sigma, PDGF-
D antibody from Santa Cruz; PDGF-C monoclonal antibody was
a kind gift from Pr. U. Eriksson (Ludwig Institute for Cancer
Research & Karolinska Institute, Sweden) [27]. Actin antibody
was from Sigma; anti-mouse HRP from Santa Cruz.

Cell lines

MRC5 human lung fibroblasts (Sigma-Aldrich), AG01518 and
AGO01523 human foreskin fibroblasts (both from Coriell Institute
for Medical Research, Camden, NJ) [28] were grown in Quantum
333 fibroblast growth medium (PAA laboratories, Pasching,
Austria). HEK293T (from ATCC) cells were grown in DMEM
supplemented with 10% fetal bovine serum (IBS), 50 U/ml
penicillin and 50 pg/ml streptomycin (Gibco, Life Technologies).
Gamma2A human fibrosarcoma cells (a kind gift from Prof Stefan
Constantinescu, de Duve Institute, Belgium) were grown as
described by Dusa et al. [29].

Lentivirus-mediated stable gene silencing

Short hairpin RNA (shRNA) used in this study were as follows:
i) pLKO.1 scramble shRNA: CCTAAGGTTAAGTCGCCC-
TCG (Addgene, 1864), (i) pGIPZ shsmad4 (1): AGCAGT-
GACTTTGTATAGAGAA (Open Biosystems, V2LHS_37199),
(iii) pGIPZ shsmad4 (2): CACTGCTAAATTCTATGTTAAA
(Open Biosystems, V2LH6_37196). Lentiviral plasmids expressing
the above shRNAs were transfected with the packaging plasmid
pCMV-dr8.2 dvpr and the envelope plasmid pCMV-VSV-G
(Addgene catalog numbers 8455 and 8454) into HEK293T cells
using FuGENE 6 (Roche Applied Science) as described [30].
Virus-containing supernatants were collected at 36 and 60 hours
after transfection and used to infect fibroblasts in the presence of
8 ug/ml of polybrene (Sigma). Then cells were incubated with
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standard growth medium containing 2 pg/ml puromycin for 3
days prior to cell analysis.

Reverse transcriptase-PCR and quantitative PCR analysis
Subconfluent AG01523 or MRC5 fibroblasts were plated at
600000 cells/plate, starved for 24 hours in the presence of 0.05%
essentially fatty acid free BSA (Sigma) and treated for 30 minutes
in presence or absence of the following inhibitors: TGFp receptor
inhibitor (SB431542, 10 uM), MEKI1/2 inhibitor (U0126,
10 uM), p38 inhibitors (SB203580 and SB202190, 10 uM), IKK
inhibitor (BMS-345541, 10 pM), PI3K inhibitor (LY294002,
20 uM), HDAC inhibitor (T'SA, 300 nM) or vehicle (DMSO).
Cells were then incubated during 24 hours in the presence of
TGFp (4 ng/ml). Total RNA was extracted from cells using the
Qiagen RNeasy extraction kit according to the manufacturer’s
instructions. Complementary DNA synthesis from total RNA was
performed following the M-MLV reverse transcriptase (Invitrogen)
protocol. Real time quantitative PCR (q-PCR) was performed
using SYBR-green (ABgene kit) on an iCycler instrument (Bio-
Rad) as described [30]. The expression of the RPLPO and B-Actin
genes was used to normalize ¢-PCR experiments. All q-PCR
primer sequences used in this study are provided in Table SI.

Protein extraction and Western blotting

Subconfluent MRC5 cells were plated at 200000 cells/well (six
well plates), starved for 24 hours in the presence of 0.05%
essentially fatty acid free BSA (Sigma) and treated with or without
TGFp (4 ng/ml) during 24 or 48 hours. Cells were washed with
phosphate-buffered saline (PBS) and then lysed as described [30].
Equal amounts of total protein extracts were analyzed by SDS-
PAGE, then transferred on a polyvinylidene difluoride membrane
(PVDF) and subjected to antibodies against PDGF-D (1 pg/ml,
Santa Cruz), PDGF-C (1 pg/ml, monoclonal antibody) or B-actin
(0.5 pug/ml, Sigma).

Luciferase assay

Gamma-2A cells were plated in 24-well plates and transfected
using Lipofectamine 2000 (Invitrogen) with 1 pg p1168-PDGF-D-
luc vector [31] or 1 pg of CAGAI12 vector [32] as a control, 1 ug
pcDNAS3 or pEF-BOS-AIKS [33] and 1.5 pg pE1F-B-galactosidase
(pPDRIVEChEF1-RUS, Invitrogen) [28]. Cells were incubated for
4 hours, washed with PBS, and then cultured in normal medium
for 24 hours. Cells were then treated with 10 uM of IKK inhibitor
(BMS-345541) 30 min prior to TGFp stimulation (4 ng/ml) for
24 hours. We then measured the luciferase and p-galactosidase
activities.

Enzyme-linked immunoabsorbent assays (ELISA)

An ELISA kit was obtained to measure concentrations of
PDGF-DD (R&D systems) in supernatants of MRCS5 cells cultured
in the absence or presence of TGFB (4 ng/ml) for 24 h. The
detection limit of this assay was 1.67 pg/ml.

Lung Fibrosis induced with crystalline silica particles

NMRI mice were instilled either with 2.5 mg of'silica per mouse
or with NaCl for control condition. Three mice were used for
control group and four for the silica-treated group. Mice were
sacrificed 60 or 120 days post instillation by intraperitoneal
injection of 20 mg of sodium pentobarbital (Certa, Braine I’Alleud,
Belgium) and total RNA was extracted from their lung samples
[34].
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Statistical analysis

Results were analyzed by Student’s t-test. Multiple comparisons
were carried out using analysis of variance (ANOVA test). A
significance threshold was set on p-values =0.05. All experiments
were performed in at least three independent replicates.

Results

PDGF-D and PDGF-C are regulated by TGFf at the mRNA
and protein levels

We analyzed the expression of PDGF-D and PDGF-C genes by
RT-qPCR in MRC5 lung fibroblasts treated or not with TGF for
various periods of time. PDGF-D mRNA expression was
significantly down-regulated by TGFf, whereas PDGF-C mRNA
was up-regulated (Figure 1A). We also observed a similar
regulation of these genes by TGFB in AG01518 and AG01523
fibroblasts (data not shown). By reanalyzing a publicly available
time course experiment, in which A549 epithelial cells were
stimulated with TGFB during 72 hours (GEO, reference
GDS3710), we observed that, starting from 16 hours of TGFf
stimulation, PDGF-D and PDGF-C were strikingly regulated in an
opposite manner, as in MRC) cells (Figure 1B). To investigate
whether these observations were specific to TGFB we treated the
MRC5 cells with a selective inhibitor of TGFp receptor activity
(SB431542, Figures 2A and 2D). As expected, the inhibitor
reversed the effects of TGFB on PDGF-C and PDGF-D expression
levels.

PDGF-C and PDGF-D regulation by TGFp was confirmed at
the protein level by western blotting (Figures 2B and 2E). We next
measured PDGF-DD secretion by ELISA, using antibodies that
recognize the active form of PDGF-DD, in which the CUB
domain was removed. TGFB-induced down-regulation of PDGF-
D mRNA expression had a significant effect on its secretion in the
culture medium (Figure 2C). This was reflected by the lower levels
of active PDGF-DD protein in the supernatant following exposure
of the cells to TGFP in the presence of serum. We did not see any
effect of TGFP in the absence of serum, most likely because it
provides plasmin, which cleaves latent PDGF-DD [35].

Role of Smad4 in the down-regulation of PDGF-D by
TGFB

To further investigate the mechanism behind PDGF-D down-
regulation by TGFP stimulation, we tested the involvement of the
Smad pathway. We infected MRC5 fibroblasts with two different
shRNAs against Smad4 and compared PDGF-C and -D mRNA
expression after 24 hours in TGFp-treated versus non-treated
cells. TGFPB strongly decreased PDGF-D expression, and this
reduction was only marginally prevented by Smad4 knock-down
(p<<0.05; Figure SI1A). The shRNA did not affect PDGF-C
regulation by TGFB (Figure S1B). As a control, we investigated
Collagen1Al (CollAl) expression, a well-known target of the
TGFB-Smad pathway [36]. TGFB treatment induced CollAl
mRNA expression, and this induction was partially decreased by
Smad4 shRNA (Figure S1C). This partial effect can be explained
by the fact that Smad4 expression was not completely abolished
(Figure S1D).

Role of Smad-independent pathways in PDGF-D gene
regulation by TGFf

We next tested whether TGFB regulates PDGF-D through a
Smad-independent pathway. We used specific pharmacological
mhibitors to inhibit the PI3K, MAPK and IKK pathways in the
presence or absence of TGFP. Figure 3A shows the effect of PI3K
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(LY294002) and MEK1/2 (U0126) inhibitors, Figure 3B, the
effect of two p38 MAPK inhibitors (SB202190 and SB203580) and
Figure 3C, the effect of a JNK inhibitor (SP600125). None of these
inhibitors influenced PDGF-D expression. These results suggested
that neither the PI3K nor MAPK pathways mediated PDGF-D
regulation by TGFf. We next investigated the NF-kB pathway, by
treating fibroblasts with an inhibitor of IKK (BMS-345541). The
IKK inhibitor alone had no effect on basal PDGF-D expression,
but it abrogated the inhibition of PDGF-D expression observed in
the presence of TGFP (Figure 3D). Similar results were obtained
in AG01523 fibroblasts (data not shown). These data suggest that
TGFp regulates PDGF-D via IKK or another unknown BMS-
345541 target.

PDGF-D is regulated at the transcriptional level by TGFf

through IKK

We next evaluated whether TGFP affected the activity of the
PDGF-D gene promoter in luciferase-reporter assays. We used
gamma-2A fibrosarcoma cells because they are suitable for the
transfection of luciferase reporters and because TGFB down-
regulated PDGF-D mRNA in these cells, as in fibroblasts (data not
shown). Cells were transfected with a plasmid encoding luciferase
under the control of the PDGF-D promoter, and treated or not
with TGFB. The CAGAI12 promoter was used as a control
promoter, to verify the responsiveness of transfected cells to added
TGF (Figure 4A). We observed a significant reduction of PDGF-
D promoter activity in the presence of TGFp (Figure 4A). PDGF-
D promoter activity was also significantly down-regulated in cells
co-transfected with a constitutively activated mutant of the TGF
receptor chain ALKS5 (activin receptor-like kinase), in the presence
or absence of TGFp (Figure 4A). Moreover, IKK inhibition
partially reversed the inhibitory effect of TGFB on PDGF-D
promoter activity (Figure 4B), confirming the results shown in
Figure 3.

PDGF-D is down-regulated in a mouse model of lung
fibrosis

TGF is implicated in several fibrotic diseases. To analyze the
expression of PDGF-D and PDGF-C genes in the context of a
fibrotic disease, we performed RT-qPCR on lungs collected from
NMRI mice that have received intra-tracheal instillations of silica.
Mice developed lung fibrosis upon silica instillation, and Rabolli et
al. showed that TGFp is highly expressed and released in fibrotic
lungs by comparison to saline controls in this model [34]. PDGF-
D and PDGF-C gene expression was analyzed 60 and 120 days
post instillation by RT-qPCR. PDGF-D expression was signifi-
cantly down-regulated in fibrotic lungs by comparison to controls
(Figure 5A). PDGF-C expression, however, was not different in
fibrotic lungs by comparison to controls (Figure 5B). Similar
results were obtained with another strain of mice (C57/BI6)
instilled or not with silica (data not shown).

PDGF-D is down-regulated by other growth factors
involved in fibrosis

We next tested whether, in addition to TGFp, other growth
factors could also regulate PDGF-D and PDGF-C expression. In
our previous microarray analysis, we found that PDGF-D
expression was significantly down-regulated in fibroblasts 24 hours
after stimulation with PDGI-BB or FGF-2 (Figure S2). Using R'T-
qPCR, we observed that FGF, EGF and PDGF-BB down-regulated
PDGF-D and up-regulated PDGF-C expression (Figures 6A and
6B). We also investigated whether inflammatory cytokines could
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Figure 1. PDGF-D and PDGF-C are late targets of TGFf. (A) MRC5 human fibroblasts were treated with TGFf (4 ng/ml) for 2 to 24 hours. PDGF-
D and PDGF-C mRNA expression was analyzed by RT-qPCR and normalized with the housekeeping gene RPLPO (*, p<<0.05; **, p<<0.01). (B) Published
microarray data were also reanalyzed for PDGF-C and -D expression (GEO database, reference GDS3710). In this experiment, A549 cells were
stimulated by TGFp1 for the indicated periods of time. Each time point was investigated in triplicates (p<<0.001, ANOVA).

doi:10.1371/journal.pone.0108656.9001

regulate PDGF-D expression. Interleukin-1f, alone or in combina-
tion with TGF, did not regulate PDGF-D expression (Figure 6C).

Discussion

In this study we have shown that TGFf regulates PDGF-C and
-D ligand expression at both the mRINA and the protein level in
normal human fibroblasts. To our knowledge, this is the first study
showing that the expression of PDGF-C and -D ligands is
regulated by TGFp. Furthermore, a recent study reported that
Bone morphogenetic proteins (BMPs), which are members of the
of TGFpB superfamily, are repressors of PDGF-A in ovarian
granulosa cells and tumors [37]. Here we showed that TGFf
induced PDGF-C in normal fibroblasts whereas PDGF-D was
significantly down-regulated at the transcriptional level. Consis-
tently, TGFf inhibited PDGF-D secretion by the cells.

Smad proteins mediate TGFp signaling. Down-regulation of
Smad4 weakly restored PDGF-D expression in the presence of
TGF. These partial effects might be explained in part by the fact
that Smad4 expression was not completely abolished but Smad-
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independent pathways are likely to play a role. Additional non-
canonical pathways are known to transduce TGFp signals, and
include ERK1/2, p38, JNK or PI3K pathways [10]. We showed
that neither the PI3K nor the MAPK pathways are responsible for
PDGF-D regulation by TGFB. Moreover, a study performed in
renal fibrosis identified two non-canonical TGFf pathways, Abl
and mTORCI, that play an important role in the development of
fibrosis [38]. Our experiments with imatinib (an Abl inhibitor) and
rapamycin (an mTOR inhibitor) did not support the hypothesis
that these pathways played a role in PDGF-D regulation by TGFf
(data not shown). BMS-3455541, an IKK inhibitor, rescued
PDGF-D expression to the basal level in the presence of TGF
suggesting a regulation through IKK.

Whether TGFp activates NF-kB pathway is not fully under-
stood and appears to be cell context dependent. Gingery et al.
described a mechanism of NF-kB activation by TGFp through a
TAK1/MEK1/2/AKT pathway, which promotes osteoclast
survival in cooperation with Smad2/3 [39]. We showed that
TGF failed to induce p65 phosphorylation on Ser 536 in contrast
to the anti-inflammatory cytokine IL-1 which strongly activated
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doi:10.1371/journal.pone.0108656.9002

p65 (data not shown) but did not regulate PDGF-D in MRC5
fibroblasts. This demonstrates that activation of the classical NF-
kB pathway alone does not regulate PDGF-D.

Moreover, an interesting study reported a non-canonical NF-kB
activation pathway through TAKI1 and NIK by silica in Rat2
fibroblasts [40]. Taken together with our results, it is likely that
TGFf activates NF-kB in fibroblasts through a non-classical
pathway. Alternatively, IKK may also signal independently of NF-
KB downstream TGF. Finally, we cannot rule out a non-specific
effect of the IKK inhibitor.

PLOS ONE | www.plosone.org

Gene down-regulation frequently involves histone deacetylases
(HDAC). Figure S3 showed that HDAC strongly down-regulated
PDGF-D expression. Indeed, trichostatin A (T'SA), an inhibitor of
HDAC, induced PDGF-D expression. However, TGFf strongly
repressed PDGF-D expression even in the presence of HDAC
inhibitor, indicating that HDAC regulated PDGF-D indepen-
dently of TGF. Little information is available regarding PDGF-D
promoter regulation. Some studies reported that PDGF-D is
induced by Ets-1 and Spl transcription factors [41]. Spl is in
general described as an activator rather than a repressor of
transcription but some studies reported that Spl could act as an

October 2014 | Volume 9 | Issue 10 | €108656



>

3 PDGF-D
O Control
B TGFpB

Normalized mRNA expression

DMSO LY294002 U0126

PDGF-D
2.0 — [ Control
. B TGFpB
el T T
2 1.6
g
% 1.4 —
()
Z 10 -
= _
8 0.8
N 0.6 —
=
ZO 0.2 | i
0
DMSO SP600125

PDGF-D Is Down-Regulated by TGFB

e

3 PDGF-D
[ Control
g W TGFB
1]
n
| i
=
o7
§ 2
>
~
=
o]
0
N1 4
i
o kk
Z l
, 1l .
DMSO SB202190 SB203580
D PDGF-D
2.5 *
o %
o
3 50 O Control
@ 2.
5 B TGEp
%
5)
< 1.5
Z
=
=
5 1.0
0
XN
I
£ 05
0
Z
0
DMSO BMS-345541

Figure 3. PDGF-D is regulated in a non-conventional manner by TGFf. MRC5 cells were pre-treated with (A) the PI3K inhibitor LY294002
20 uM or the MAPK inhibitor U0126 10 uM, (B) with an inhibitor of p38 (SB202190 or SB203580, 10 uM), (C) with a JNK inhibitor SP600125, 20 uM and
(D) with the IKK inhibitor BMS-345541 10 uM or vehicle (DMSO) for 30 min, then treated or untreated with TGF3 4 ng/ml for 24 h. PDGF-D mRNA
expression was measured by RT-qPCR and normalized with RPLPO expression. The average of 3 experiments is shown with S.E.M, ** p<<0.005, *** p<
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inhibitor. Irvine et al. showed that TGFp inhibits LPL gene
transcription through modulation of the action of Spl and Sp3.
The authors reported that TGFf stimulation reduces Spl DNA
binding [42]. Another study suggested also a negative regulation of
the AT1 receptor by TGFp through Spl.

Unpublished experiments obtained in the lab, demonstrated
that the presence of serum down-regulated PDGF-D expression
and that this effect was even stronger in the presence of saturating

PLOS ONE | www.plosone.org

amounts of TGFP, suggesting that other growth factors may
regulate PDGF-D and PDGF-C expression. We showed that EGF,
FGF and PDGF-BB alone or combined reduced significantly
PDGF-D expression and induced PDGF-C expression confirming
our observation with serum. Interestingly, all these growth factors
have been linked to fibrosis: PDGF-B in liver fibrosis [15], EGF in
heart and renal fibrosis [43,44] and FGF-4 in lung and renal
fibrosis [45,46]. These factors do not efficiently activate Smad or
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reporter [28]. Cells were treated with TGFB 4 ng/ml or left untreated for 24 h. (B) Gamma-2A cells were co-transfected with PDGF-D promoter
construct and with B-galactosidase. They were treated with BMS-345541 (10 uM) for 30 min and then TGF3 was added for 24 h. In all experiments,
luciferase and B-galactosidase activities were measured and the luciferase activity was normalized by dividing by the B-galactosidase activity. The
mean of three independent experiments is shown.

doi:10.1371/journal.pone.0108656.g004

IKK proteins, thus further experiments will be required to identify
the pathway responsible for this effect. Moreover, some studies
have reported that FGF represses gene expression via the ERK/
Spl pathway. Bonello et al. showed in smooth muscle cells that
FGF-2 represses PDGFRa expression in an ERK/Spl dependent
manner. Phosphorylation of Spl upon FGF-2 stimulation switches
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Sp!l from an activator to a repressor of PDGFRa expression [47].
This pathway was also reported in another study in breast cancer
cells where the authors showed that FGF-2 down-regulates TSP50
expression via the ERK/Spl pathway [48]. All together these
studies suggest a mechanism of negative regulation via Spl upon
FGF-2 activation. Our preliminary results do not go in the same
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Figure 5. PDGF-D and PDGF-C expression in lung fibrosis induced by silica. RNA samples were harvested from lungs of three control mice
and four silica-treated mice. (A) PDGF-D and (B) PDGF-C gene expression was measured by quantitative PCR and reported to the expression of actin.
ANOVA analysis revealed that the effect of treatment was highly significant (p-value: <2.2e-16, data not shown).

doi:10.1371/journal.pone.0108656.9005
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Figure 6. Growth factors regulate PDGF-D and PDGF-C expression. MRC5 cells were treated with TGFf 4 ng/ml, EGF 50 ng/ml, FGF-4 10 ng/
ml (in the presence of heparin 10 ug/ml), PDGF-BB 20 ng/ml alone or all together for 24 h and PDGF-D (A) and PDGF-C (B) gene expression was
measured by RT-gPCR. (C) AG01523 fibroblasts were treated with TGFf 4 ng/ml, IL-13 10 ng/ml or both for 24 h and PDGF-D gene expression was
measured by g-PCR. The average of 3 experiments is shown with S.E.M, * p<<0.05, ** p<<0.005, *** p<<0.0005.

doi:10.1371/journal.pone.0108656.g006

direction as these studies because U0126, an inhibitor of ERK1/2
pathway, did not have any effect on PDGF-D expression upon
FGF-4 stimulation (data not shown).

Our observations in cultured fibroblasts may be relevant in
pathophysiological conditions. Indeed, we showed in a mouse
model of silica-induced lung fibrosis, in which TGF[ expression is
highly increased [34], that PDGF-D mRNA expression was down-
regulated whereas PDGF-C mRNA expression remained un-
changed. These results were confirmed in two different strains of
mice. Furthermore, Zhuo et al. have described in another mouse
model of lung fibrosis induced by bleomycin that PDGF-D
expression was decreased and PDGF-C expression was increased
[19]. Our results shed a light on the potential mechanism of
PDGF-D regulation in this model of lung fibrosis. However, it is
unclear which cytokine regulates PDGF-D in vivo.

PLOS ONE | www.plosone.org

In summary, we showed that TGFB down-regulated PDGF-D
and up-regulated PDGF-C expression. The regulation of PDGF-D
expression was sensitive to BMS-345541. We speculate that this
regulation may represent a negative feedback in the network of
fibrotic cytokines.

Supporting Information

Figure S1 Role of Smad4 in PDGF-D regulation by
TGFp.
(TTF)

Figure $2 PDGF-B and FGF-2 decrease PDGF-D expres-
sion.

(TIF)
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Figure S3 The HDAC inhibitor TSA regulates PDGF-D
expression.

(TTF)
Table S1 q-PCR primer sequences.
(DOCX)

Acknowledgments

We thank Pr. U. Eriksson (Ludwig Institute for Cancer Research &
Karolinska Institute, Sweden), Pr. R. Lories (Katholiecke Universiteit

References

1.

Moustakas A, Heldin CH (2009) The regulation of TGFbeta signal transduction.
Development 136: 3699-3714.

. Wu MY, Hill CS (2009) Tgf-beta superfamily signaling in embryonic

development and homeostasis. Developmental cell 16: 329-343.

. Ikushima H, Miyazono K (2010) TGFbeta signalling: a complex web in cancer

progression. Nature reviews Cancer 10: 415-424.

4. Massague J (2008) TGFbeta in Cancer. Cell 134: 215-230.

20.

21.

22.

23.

. Pardali E, Goumans M]J, ten Dijke P (2010) Signaling by members of the TGF-

beta family in vascular morphogenesis and disease. Trends in cell biology 20:
556-567.

. LiY, GeY, Liu FY, Peng YM, Sun L, et al. (2012) Norcantharidin, a protective

therapeutic agent in renal tubulointerstitial fibrosis. Molecular and cellular
biochemistry 361: 79-83.

. Inagaki Y, Higashiyama R, Higashi K (2012) Novel anti-fibrotic modalities for

liver fibrosis: molecular targeting and regenerative medicine in fibrosis therapy.
Journal of gastroenterology and hepatology 27 Suppl 2: 85-88.

. Yamaguchi K, Shirakabe K, Shibuya H, Irie K, Oishi I, et al. (1995)

Identification of a member of the MAPKKK family as a potential mediator of
TGF-beta signal transduction. Science 270: 2008-2011.

. Frey RS, Mulder KM (1997) Involvement of extracellular signal-regulated kinase

2 and stress-activated protein kinase/Jun N-terminal kinase activation by
transforming growth factor beta in the negative growth control of breast cancer
cells. Cancer research 57: 628-633.

. Moustakas A, Heldin CH (2005) Non-Smad TGF-beta signals. Journal of cell

science 118: 3573-3584.

. Delaney JR, Mlodzik M (2006) TGF-beta activated kinase-1: new insights into

the diverse roles of TAKI in development and immunity. Cell cycle 5: 2852~
2855.

. Chow JY, Ban M, Wu HL, Nguyen F, Huang M, et al. (2010) TGF-beta

downregulates PTEN via activation of NF-kappaB in pancreatic cancer cells.
American journal of physiology Gastrointestinal and liver physiology 298:
G275-282.

. Leeb SN, Vogl D, Falk W, Scholmerich J, Rogler G, et al. (2002) Regulation of

migration of human colonic myofibroblasts. Growth factors 20: 81-91.
Simm A, Nestler M, Hoppe V (1998) Mitogenic effect of PDGF-AA on cardiac
fibroblasts. Basic research in cardiology 93 Suppl 3: 40-43.

. Czochra P, Klopcic B, Meyer E, Herkel J, Garcia-Lazaro JF, et al. (2006) Liver

fibrosis induced by hepatic overexpression of PDGF-B in transgenic mice.
Journal of hepatology 45: 419-428.

. Rice AB, Moomaw CR, Morgan DL, Bonner JC (1999) Specific inhibitors of

platelet-derived growth factor or epidermal growth factor receptor tyrosine
kinase reduce pulmonary fibrosis in rats. The American journal of pathology
155: 213-221.

. Petrov VV, Fagard RH, Lijnen PJ (2002) Stimulation of collagen production by

transforming growth factor-betal during differentiation of cardiac fibroblasts to
myofibroblasts. Hypertension 39: 258-263.

. Yang D, Qiu D (2005) Linkage between elevated PDGF-C expression and

myocardial fibrogenesis in coxsackievirus B3-induced chronic myocarditis.
European heart journal 26: 642-643.

. Zhuo Y, Zhang J, Laboy M, Lasky JA (2004) Modulation of PDGF-C and

PDGF-D expression during bleomycin-induced lung fibrosis. American journal
of physiology Lung cellular and molecular physiology 286: 1.182-188.

Eitner F, Ostendorf T, Van Roeyen C, Kitahara M, Li X, et al. (2002)
Expression of a novel PDGF isoform, PDGF-C, in normal and diseased rat
kidney. Journal of the American Society of Nephrology: JASN 13: 910-917.
Aoyagi Y, Oda T, Kinoshita T, Nakahashi C, Hasebe T, et al. (2004)
Overexpression of TGF-beta by infiltrated granulocytes correlates with the
expression of collagen mRNA in pancreatic cancer. British journal of cancer 91:
1316-1326.

Campbell JS, Hughes SD, Gilbertson DG, Palmer TE, Holdren MS, et al.
(2005) Platelet-derived growth factor C induces liver fibrosis, steatosis, and
hepatocellular carcinoma. Proceedings of the National Academy of Sciences of
the United States of America 102: 3389-3394.

Salguero Palacios R, Roderfeld M, Hemmann S, Rath T, Atanasova S, et al.
(2008) Activation of hepatic stellate cells is associated with cytokine expression in
thioacetamide-induced hepatic fibrosis in mice. Laboratory investigation; a -
journal of technical methods and pathology 88: 1192-1203.

PLOS ONE | www.plosone.org

PDGF-D Is Down-Regulated by TGFB

Leuven, Belgium), Pr. C. De Smet, Pr. Christophe Pierreux and Pr. S.N.
Constantinescu (Université catholique de Louvain, Belgium) for generous
donation of reagents.

Author Contributions

Conceived and designed the experiments: JBD SCC. Performed the
experiments: SCC ACdB AV SLR. Analyzed the data: JBD SCC AE
ACdB AV. Contributed reagents/materials/analysis tools: JS SL SLR FH
LK. Wrote the paper: SCC ACdB AE JBD.

24.

26.

27.

28.

29.

33.

34.

36.

37.

38.

39.

40.

41.

42,

Ostendorf T, van Roeyen CR, Peterson JD, Kunter U, Eitner F, et al. (2003) A
fully human monoclonal antibody (CR002) identifies PDGF-D as a novel
mediator of mesangioproliferative glomerulonephritis. Journal of the American

Society of Nephrology: JASN 14: 2237-2247.

. Pinzani M, Gesualdo L, Sabbah GM, Abboud HE (1989) Effects of platelet-

derived growth factor and other polypeptide mitogens on DNA synthesis and
growth of cultured rat liver fat-storing cells. The Journal of clinical investigation
84: 1786-1793.

Yamakage A, Kikuchi K, Smith EA, LeRoy EC, Trojanowska M (1992)
Selective upregulation of platelet-derived growth factor alpha receptors by
transforming growth factor beta in scleroderma fibroblasts. The Journal of
experimental medicine 175: 1227-1234.

Uutela M, Lauren J, Bergsten E, Li X, Horelli-Kuitunen N, et al. (2001)
Chromosomal location, exon structure, and vascular expression patterns of the
human PDGFC and PDGFD genes. Circulation 103: 2242-2247.

Demoulin JB, Ericsson J, Kallin A, Rorsman C, Ronnstrand L, et al. (2004)
Platelet-derived growth factor stimulates membrane lipid synthesis through
activation of phosphatidylinositol 3-kinase and sterol regulatory element-binding
proteins. The Journal of biological chemistry 279: 35392-35402.

Dusa A, Mouton C, Pecquet C, Herman M, Constantinescu SN (2010) JAK2
V617F constitutive activation requires JH2 residue F595: a pseudokinase
domain target for specific inhibitors. PloS one 5: e11157.

. Essaghir A, Dif N, Marbehant CY, Coffer PJ, Demoulin JB (2009) The

transcription of FOXO genes is stimulated by FOXO3 and repressed by growth
factors. The Journal of biological chemistry 284: 10334-10342.

. Liu MY, Eyries M, Zhang C, Santiago IS, Khachigian LM (2006) Inducible

platelet-derived growth factor D-chain expression by angiotensin II and
hydrogen peroxide involves transcriptional regulation by Ets-1 and Spl. Blood

107: 2322-2329.

. Dennler S, Itoh S, Vivien D, ten Dijke P, Huet S, et al. (1998) Direct binding of

Smad3 and Smad4 to critical TGF beta-inducible elements in the promoter of
human plasminogen activator inhibitor-type 1 gene. The EMBO journal 17:
3091-3100.

Pierreux CE, Nicolas EJ, Hill CS (2000) Transforming growth factor beta-
independent shuttling of Smad4 between the cytoplasm and nucleus. Molecular
and cellular biology 20: 9041-9054.

Rabolli V, Lo Re S, Uwambayinema F, Yakoub Y, Lison D, et al. (2011) Lung
fibrosis induced by crystalline silica particles is uncoupled from lung
inflammation in NMRI mice. Toxicology letters 203: 127-134.

. Bergsten E, Uutela M, Li X, Pietras K, Ostman A, et al. (2001) PDGF-D is a

specific, protease-activated ligand for the PDGF beta-receptor. Nature cell
biology 3: 512-516.

Verrecchia F, Chu ML, Mauviel A (2001) Identification of novel TGF-beta/
Smad gene targets in dermal fibroblasts using a combined cDNA microarray/
promoter transactivation approach. The Journal of biological chemistry 276:
17058-17062.

Tripurani SK, Cook RW, Eldin KW, Pangas SA (2012) BMP-specific SMADs
function as novel repressors of PDGFA and modulate its expression in ovarian
granulosa cells and tumors. Oncogene.

Wang S, Wilkes MC, Leof EB, Hirschberg R (2010) Noncanonical TGF-beta
pathways, mMTORC]1 and Abl, in renal interstitial fibrogenesis. American journal
of physiology Renal physiology 298: F'142-149.

Gingery A, Bradley EW, Pederson L, Ruan M, Horwood NJ, et al. (2008) TGF-
beta coordinately activates TAK1/MEK/AKT/NFkB and SMAD pathways to
promote osteoclast survival. Experimental cell research 314: 2725-2738.

Cho H, Lee J, Kwak NJ, Lee KH, Rha S, et al. (2003) Silica induces nuclear
factor-kappaB activation through TAK1 and NIK in Rat2 cell line. Toxicology
letters 143: 323-330.

Tan NY, Midgley VC, Kavurma MM, Santiago I'S, Luo X, et al. (2008)
Angiotensin II-inducible platelet-derived growth factor-D transcription requires
specific Ser/Thr residues in the second zinc finger region of Spl. Circulation
research 102: e38-51.

Irvine SA, Foka P, Rogers SA, Mead JR, Ramji DP (2005) A critical role for the
Spl-binding sites in the transforming growth factor-beta-mediated inhibition of
lipoprotein lipase gene expression in macrophages. Nucleic acids research 33:

1423-1434.

October 2014 | Volume 9 | Issue 10 | €108656



43.

44.

46.

Lian H, Ma Y, Feng J, Dong W, Yang Q, et al. (2012) Heparin-binding EGF-
like growth factor induces heart interstitial fibrosis via an Akt/mTor/p70s6k
pathway. PloS one 7: e44946.

Liu N, Guo JK, Pang M, Tolbert E, Ponnusamy M, et al. (2012) Genetic or
pharmacologic blockade of EGFR inhibits renal fibrosis. Journal of the
American Society of Nephrology: JASN 23: 854-867.

. Dosanjh A (2012) The fibroblast growth factor pathway and its role in the

pathogenesis of lung disease. Journal of interferon & cytokine research: the
official journal of the International Society for Interferon and Cytokine Research
32: 111-114.

Masola V, Gambaro G, Tibaldi E, Brunati AM, Gastaldello A, et al. (2012)
Heparanase and syndecan-1 interplay orchestrates fibroblast growth factor-2-

PLOS ONE | www.plosone.org

10

47.

48.

PDGF-D Is Down-Regulated by TGFB

induced epithelial-mesenchymal transition in renal tubular cells. The Journal of
biological chemistry 287: 1478-1488.

Bonello MR, Khachigian LM (2004) Fibroblast growth factor-2 represses
platelet-derived growth factor receptor-alpha (PDGFR-alpha) transcription via
ERK1/2-dependent Spl phosphorylation and an atypical cis-acting element in
the proximal PDGFR-alpha promoter. The Journal of biological chemistry 279:
2377-2382.

Wang M, Bao YL, Wu Y, Yu CL, Meng XY, et al. (2010) Basic FGF
downregulates TSP50 expression via the ERK/Spl pathway. Journal of cellular
biochemistry 111: 75-81.

October 2014 | Volume 9 | Issue 10 | €108656



