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Oxidative DNA damage induces the ATM-mediated
transcriptional suppression of the Wnt inhibitor
WIF-1 in systemic sclerosis and fibrosis
Silvia Svegliati,1* Giusi Marrone,2* Antonio Pezone,2* Tatiana Spadoni,1 Antonella Grieco,1

Gianluca Moroncini,1,3 Domenico Grieco,2 Maria Vinciguerra,4 Savina Agnese,2 Astrid Jüngel,5
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Systemic sclerosis (SSc) is an autoimmune disease characterized by extensive visceral organ and skin
fibrosis. SSc patients have increased production of autoreactive antibodies and Wnt signaling activity. We
found that expression of the gene encoding Wnt inhibitor factor 1 (WIF-1) was decreased in fibroblasts
from SSc patient biopsies. WIF-1 deficiency in SSc patient cells correlated with increased abundance of
the Wnt effector b-catenin and the production of collagen. Knocking down WIF-1 in normal fibroblasts
increased Wnt signaling and collagen production. WIF-1 loss and DNA damage were induced in normal
fibroblasts by either SSc patient immunoglobulins or oxidative DNA-damaging agents, such as ultraviolet
light, hydrogen peroxide, or bleomycin. The DNA damage checkpoint kinase ataxia telangiectasia mutated
(ATM) mediated WIF-1 silencing through the phosphorylation of the transcription factor c-Jun, which in
turn activated the expression of the gene encoding activating transcription factor 3 (ATF3). ATF3 and c-Jun
were recruited together with histone deacetylase 3 (HDAC3) to theWIF-1 promoter and inhibited WIF-1 ex-
pression. Preventing the accumulation of reactive oxygen species or inhibiting the activation of ATM,
c-Jun, or HDACs restored WIF-1 expression in cultured SSc patient cells. Trichostatin A, an HDAC inhib-
itor, prevented WIF-1 loss, b-catenin induction, and collagen accumulation in an experimental fibrosis
model. Our findings suggest that oxidative DNA damage induced by SSc autoreactive antibodies enables
Wnt activation that contributes to fibrosis.
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INTRODUCTION

The Wnt (Wingless) family is a group of highly conserved secreted pro-
teins that regulate cell-to-cell interactions during embryogenesis and is im-
plicated in carcinogenesis, aging, and fibrosis (1). To be effective during
embryogenesis and stem cell differentiation, Wnt signals need to be care-
fully controlled temporally and spatially (2). This is accomplished by a
balance of Wnt-activating proteins or Wnt-inhibiting proteins [for a re-
view, see (3)]. Specifically, inhibitors either bind directly to Wnt, such
as Wnt inhibitory factor 1 (WIF-1), or interact with the Wnt receptor
complex (4).

WIF-1 is a highly conserved gene containing a unique Wnt inhibitory
domain and five epidermal growth factor (EGF)–like repeat domains.
WIF-1 inhibits Wnt signaling during development (5), and it is silenced
during the neoplastic progression of various human cancers (6, 7). In-
creased Wnt signaling is also linked to mesenchymal differentiation and
tissue-specific cellular aging. Unrestrained Wnt signaling decreases the
pool of mesenchymal stem cells and ultimately induces fibrosis (8). Sys-
temic sclerosis (SSc) is a disease characterized by extensive tissue fibrosis,
and Wnt–b-catenin signaling is a key player in fibroblast activation and
1Dipartimento di Scienze Cliniche e Molecolari, Clinica Medica, Università Poli-
tecnica delle Marche, 60126 Ancona, Italy. 2Dipartimento di Medicina Molecolare
e Biotecnologie Mediche, Università degli Studi di napoli Federico II, 80132 Naples,
Italy. 3Dipartimento di Medicina Interna, Ospedali Riuniti, 60126 Ancona,
Italy. 4Cancer Research UK, Clare Hall, London EN6 3LD, UK. 5Center of Exper-
imental Rheumatology, Department of Rheumatology, University Hospital Zurich,
8091 Zurich, Switzerland. 6Dipartimento di Farmacia e Scienze della Salute e
della Nutrizione, Università della Calabria, Arcavacata di Rende (CS) 87036, Italy.
*These authors contributed equally to this work.
†Corresponding author. E-mail: avvedim@unina.it (E.V.A.); a.gabrielli@
univpm.it (A.G.)
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tissue fibrosis in SSc (9). We previously showed that fibroblasts derived
from SSc patients undergo senescence prematurely because of extensive
oxidative stress and DNA damage. This phenotype is induced in normal
cells through constitutive activation of platelet-derived growth factor re-
ceptor (PDGFR) signaling by agonistic autoreactive antibodies (10, 11),
but the specific mechanism leading to Wnt activation in SSc cells is not
yet clear. Notably, Wnt activation has different consequences on the fate of
epithelial and mesenchymal cells: DNA damage promotes transformation
or death in epithelial cells (12) but accelerates aging and increases colla-
gen abundance in mesenchymal cells (8, 13). Therefore, we investigated
the mechanism linking the effects of SSc patient–derived immunoglobulins
with the induction of Wnt signaling in either normal or SSc patient fibro-
blasts derived from skin biopsies.

RESULTS

WIF-1 is silenced in SSc patient fibroblasts by promoter
histone deacetylation
Wnt signaling is increased in the skin and fibroblasts of SSc patients com-
pared with the same samples derived from normal subjects (9, 13), sug-
gesting that either the activity of proteins that stimulate the pathway is
increased or that of proteins which inhibit Wnt signaling is decreased.
We found that the abundance of the secreted Wnt inhibitor, WIF-1, was
decreased in skin biopsies from SSc patients compared with normal cul-
tured fibroblasts (Fig. 1, A to C, and fig. S1A). Immunofluorescence de-
tection of WIF-1 in SSc patient fibroblasts further confirmed significantly
decreased WIF-1 abundance, as well as a concomitant increase in that of
b-catenin (Fig. 1D), which is a marker of canonical Wnt signaling. Because
WIF-1 is silenced in breast cancer cells by methylation of its promoter (14),
CIENCESIGNALING.org 2 September 2014 Vol 7 Issue 341 ra84 1
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and because the abundance of WIF-1 mRNA in a culture of MCF7 breast
cancer cells was similar to that in SSc patient fibroblasts (Fig. 1A), we hy-
pothesized that the same may be true in SSc patient cells. However, in con-
www.SCIENCESIGNALING.org 2 S
trast to that in MCF7 cells, the WIF-1 gene
was not methylated in SSc patient fibro-
blasts as assessed by bisulphite sequencing
(fig. S1B), and its expression was not restored
by treatment with 5-azacytidine, a demethyl-
ating agent (Fig. 1E). It was, however, re-
stored and further increased by treatment
with the histone deacetylase (HDAC) inhib-
itor trichostatin A (TSA) at both the mRNA
and protein levels (Fig. 1, E and F). In contrast,
the expression ofWIF-1was restored inMCF7
cells only by 5-azacytidine (Fig. 1E), indi-
cating that whereas the loss of WIF-1 may be
caused by DNA methylation in breast cancer
epithelia, its loss is caused by histone de-
acetylation in SSc patient fibroblasts.

WIF-1 silencing enhances
Wnt activity and induces
COL1A1 expression
To investigate the consequences of decreased
WIF-1 expression in SSc cells, we silenced
WIF-1 in normal fibroblasts using targeted
silencing RNAs (siRNAs) and measured
the transcript abundance ofCOL1A1 (encod-
ing collagen type 1 a 1) and CTNNB1 (en-
coding b-catenin). Loss of WIF-1 initially
increased the expression ofCTNNB1 (Fig. 2A).
The abundance of b-catenin at both the tran-
scriptional and translational levels was in-
versely correlated with WIF-1 abundance
(Fig. 2A and fig. S2A), possibly because
of the stabilizing effects of Wnt on b-catenin
(15). COL1A1 mRNA, however, increased
only 96 hours after WIF-1 siRNA transfec-
tion, suggesting an indirect effect of WIF-1
on COL1A1 gene expression (Fig. 2A).
We noticed a significant and unexpected
early inhibition of COL1A1 expression in
the first 48 hours after transfection with
WIF-1 siRNA (Fig. 2A). We speculate that
in the absence of certain growth factors [such
as platelet-derived growth factor (PDGF),
which induces collagen synthesis (10)], a
rapid increase of b-catenin may inhibit rath-
er than stimulate COL1A1 expression.

To this end, we analyzed the effects of
WIF-1 depletion in cells stimulated with
PDGF. Loss of WIF-1 at 72 to 96 hours in-
creased the basal expression of COL1A1 and
prevented PDGF-induced expression of
COL1A1 (Fig. 2, B and C), suggesting that
cells with low abundance of WIF-1 (such as
SSc cells) express increased COL1A1 and are
thus refractory to collagen-inducing signals.
DecreasedWIF-1 correlated with the induction
of b-catenin and T cell factor (TCF)–dependent
transcription in SSc patient cells, as assessed with a luciferase reporter (fig.
S2B), as well as high abundance of b-catenin in idiopathic lung fibrosis cells
(fig. S2C) (16), which is also evident in other fibrotic tissues (17, 18).
Fig. 1. Silencing of WIF-1 in fibroblasts from SSc and in breast cancer cells (MCF7). (A) Reverse
transcription polymerase chain reaction (RT-PCR) for WIF-1 mRNA abundance in serum-starved primary
fibroblasts from six normal subjects (N, means ± SD from fig. S1A) or six SSc patients compared with
MCF7 cells. Data are means ± SD from three independent experiments normalized to 18S RNA abun-
dance. (B) Western blot for WIF-1 in whole-cell lysates from six SSc patients compared with normal
samples. Data are means ± SD from three independent cultures from each patient. AU, arbitrary unit.
(C) Representative immunohistochemistry for WIF-1 and b-catenin in skin biopsies from three SSc and
three normal subjects. Scale bars, 100 mm. (D) Confocal microscopy for WIF-1 and b-catenin in SSc or
normal fibroblasts. Data are means ± SD of at least 50 cells per field from six SSc patients and six normal
subjects. Scale bars, 100 mm. (E and F) Analysis of WIF-1 expression (E) and WIF-1 abundance (F) in
normal or SSc fibroblasts (from six patients each) and MCF7 cells treated with 300 nM TSA or 4 mM
5-azacytidine for 24 hours. Data are means ± SD of three independent experiments. *P < 0.05, **P <
0.01 compared to normal control; ††P < 0.01 compared to SSc.
eptember 2014 Vol 7 Issue 341 ra84 2
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Persistent oxidative stress silences WIF-1
To investigate the mechanism that silenced WIF-1, the abundance of
WIF-1 and b-catenin was measured in normal fibroblasts exposed to re-
combinant PDGF or immunoglobulins isolated from normal volunteers
(N-IgG) or SSc patients (SSc-IgG). After 24 hours in PDGF, the abundance
www.SCIENCESIGNALING.org 2 S
of WIF-1 increased and that of b-catenin
did not change in normal fibroblasts (Fig.
2D). In contrast, exposure to SSc-IgG, but
not N-IgG, decreasedWIF-1 and increased
b-catenin protein abundance. Fibroblasts lack-
ing functional PDGFR showed no changes
in eitherWIF-1 or COL1A1 transcript abun-
dance in response to PDGF or SSc-IgG,
whereas reconstitution of PDGFR restored
the effects of both PDGF and SSc-IgG on
WIF-1 expression and increased the expres-
sion of COL1A1 (fig. S2D). This suggested
that although PDGF and SSc-IgG had op-
posite effects on the abundance of WIF-1,
they appeared to act through the same re-
ceptor. To rule out possible artifacts caused
by contaminants in SSc-IgG fractions and
to demonstrate the biological activity of SSc-
IgG onWIF-1 expression, we tested a recom-
binant IgG (immunoglobulin G) targeting
PDGF that was cloned from lymphocytes
of a scleroderma patient. This IgG reduced
WIF-1 expression (fig. S2E). Because inhi-
bition of HDACbyTSA reactivatedWIF-1 ex-
pression in SSc cells, we tested whether TSA
inhibited SSc-IgG effects. TSA not only re-
verted the effects of SSc-IgG in normal fi-
broblasts but also markedly stimulated the
expression ofWIF-1 and reduced b-catenin
content (Fig. 2D), suggesting that HDAC is
a target of the action of SSc-IgG.

To identify the targets of PDGF and
SSc-IgG in altering WIF-1 expression, we
inhibited reactive oxygen species (ROS),
which mediates the induction of COL1A1
expression by PDGF or SSc-IgG (10). De-
pletion of ROS by diphenyleneiodonium
(DPI), a general inhibitor of ROS-producing
flavoenzymes (fig. S3) (19), prevented the
effects of either PDGF or SSc-IgG on the
expression ofWIF-1 (Fig. 2E). Normal fibro-
blasts exposed to increasing H2O2 concen-
trations differentially affected the expression
of WIF-1, depending on the time and the
concentrations used. Whereas addition of
10 mMH2O2 for 2 hours increasedWIF-1 ex-
pression, exposure to 1 mMH2O2 for 2 hours
significantly decreased it compared to basal
expression (Fig. 2F). Low H2O2 mimicked
the effects of PDGF (inducedWIF-1 expres-
sion), whereas high H2O2 replicated SSc-
IgG action (inhibited WIF-1 expression).
We note that ROS induced by PDGFare tran-
sient and rapid, whereas ROS induced by
SSc-IgG are prolonged (11); this may explain
why only high H2O2 inhibited WIF-1 expression in normal cells. In SSc
cells, ROS persist longer even in the absence of serum or exogenous
SSc-IgG because they sustain an autoamplification loop involving active
extracellular signal–regulated kinase 1 and 2 (ERK1/2) and NADPH (reduced
form of nicotinamide adenine dinucleotide phosphate) oxidase (10).
Fig. 2. WIF-1 silencing amplifies Wnt signaling and induces COL1A1 expression. (A) Normal fibroblasts
were transiently transfected with scrambled or WIF-1–targeted siRNA (siWIF-1). At the indicated times,
the relative expression of endogenousWIF-1, CTNNB1, and COL1A1 was measured by RT-PCR. (B) Rep-
resentative immunofluorescence staining for COL1A1 in control-transfected (siC) or WIF-1–silenced cells
(siWIF-1) for 48 hours, and then stimulated with PDGF (15 ng/ml) for 24 hours. Images were captured at
72 hours after transfection. (C) RT-PCR analysis of COL1A1 and WIF-1 mRNA in fibroblasts treated as in
(B). (D) WIF-1 and b-catenin immunoblot in serum-starved normal fibroblasts pretreated with TSA (300 nM,
1 hour) and then stimulated with PDGF (15 ng/ml, 24 hours) or IgG isolated from three SSc or normal
subjects (200 mg/ml, 24 hours). (E) WIF-1 mRNA abundance (upper panel) and ROS detection (lower
panel) of fibroblasts not treated (basal) or pretreated with DPI (10 mM, 1 hour) and then stimulated with
PDGF (15 ng/ml) or immunoglobulin isolated from three distinct SSc patients (SSc-IgG) (200 mg/ml) for
24 hours. (F) WIF-1 and COL1A1 mRNA abundance in serum-starved normal fibroblasts treated with
H2O2 (10 mM or 1 mM for 2 hours). Data in (A) to (F) are means ± SD of three independent experiments.
*P < 0.05, **P < 0.01 compared to controls; †P < 0.01 compared to SSc-IgG–treated sample (D); ††P < 0.01
compared to PDGF-treated sample (E).
eptember 2014 Vol 7 Issue 341 ra84 3
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Collectively, the data suggest that WIF-1 si-
lencing induced by high or persistent ROS
exposure promotes Wnt signals to respond
to oxidative stress.

DNA damage and checkpoint
kinase ataxia telangiectasia
mutated silence WIF-1
Persistent oxidative stress, caused by H2O2

or ultraviolet (UV) light, for example, can
induce DNA damage and activation of ataxia
telangiectasia mutated (ATM) and the DNA
damage response (DDR) (20). SSc patient–
derived fibroblasts and normal fibroblasts
treated with high concentrations of H2O2 dis-
played conspicuous DNA damage, evident
by the accumulation of phosphorylated ATM
(Fig. 3, A and B) and phosphorylated p53
binding protein 1 (53BP1) (Fig. 3C), hall-
marks of the DDR (20). In SSc fibroblasts,
inhibiting ATM with the competitive inhib-
itor KU55933 (KuDOS 55933) increased
WIF-1 expression and reduced COL1A1 ex-
pression compared to that seen in normal
cells (Fig. 3D). Similarly, DNA damage in-
duced by UV light in normal fibroblasts re-
duced WIF-1 mRNA abundance (Fig. 3E).
Treatment with the ATM inhibitor not only
prevented UV-induced repression of WIF-1
but also increased it basally (Fig. 3E).
The expression of other genes that encode
inhibitors of Wnt signaling, such as axis in-
hibition protein 2, secreted frizzled-related
protein, and glycogen synthase kinase 3
was also inhibited by UV, but was not de-
pendent on ATM (fig. S4), suggesting that
WIF-1 might be a specific target in the
ATM-induced damage response.

To examine whether WIF-1 expression
was inhibited by ROS and ATM through a
single mechanism, we treated normal or
A-T fibroblasts (GM05823) with 250 mM
H2O2,whichwas sufficient to reduceWIF-1 ex-
pression in wild-type fibroblasts (Fig. 3F).
However, in A-T fibroblasts, the same con-
centration of H2O2 did not significantly af-
fect WIF-1 expression (Fig. 3F). Exposure
of normal fibroblasts to higher concentra-
tions (1mM) ofH2O2 silencedWIF-1 expres-
sion and (as confirmation of the functional
effects on Wnt signaling) stimulated b-
catenin abundance, but not in the presence
of the ATM inhibitor (fig. S5), indicating
that ATM was downstream of ROS induc-
tion andmediated the repression ofWIF-1 ex-
pression. This finding agrees with evidence
that ATM can be directly activated by ROS
independently of the DDR-initiating MRE11-
RAD50-NBS1 (MRN) complex (20). How-
ever, to test whether WIF-1 silencing was
Fig. 3. Oxidative DNA damage silences WIF-1. (A) Western blot for
phosphorylated ATM in lysates from SSc fibroblasts or serum-starved
normal fibroblasts pretreated with KU55933 (10 mM, 1 hour) before
www.SCIEN
H2O2 (10 mM and 1 mM, 2 hours) or cisplatin (5 mM, 24hours). Blots are representative of three independent
experiments. (B) Phosphorylated ATM (Ser1981; red) and DNA (SYTOX Green) in normal or SSc fibroblasts
pretreated with KU55933 (10 mM, 1 hour), and then treated with H2O2 (1 mM, 30 min). Images are repre-
sentative of four independent experiments. Scale bars, 100 mm. (C) Cells treated as in (A) and stained for
53BP1. Images are representative of four independent experiments. Scale bars, 100 mm. (D) WIF-1 and
COL1A1 mRNA expression in normal (N) and SSc fibroblasts in the presence or absence of KU55933
(10 mM, 1 hour). (E) WIF-1 and COL1A1 mRNA abundance in normal fibroblasts pretreated with 10 mM
KU55933 and then exposed to UV (80 J/m2). DMSO, dimethyl sulfoxide. (F) WIF-1 expression in serum-
starved A-T or normal (N) fibroblasts after H2O2 treatment (250 mM, 30 min). Data in (A) to (F) are means ±
SD of three independent experiments. *P < 0.01 compared to basal or control; †P < 0.05 compared to
H2O2-treated sample (A to C) or SSc cells (D); ††P < 0.01 compared to UV-treated cells (E).
CESIGNALING.org 2 September 2014 Vol 7 Issue 341 ra84 4
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sis (21). Bleomycin repressed WIF-1 and
stimulated COL1A1 expression in normal,
but not in A-T, fibroblasts cells (Fig. 4, A
and B, and fig. S6A); instead, WIF-1 tran-
script abundance increased in the presence
of bleomycin in A-T fibroblasts (Fig. 4A),
further supporting a role for ATM in re-
pressingWIF-1 expression. We also knocked
down ATM using targeted siRNA. Deple-
tion of ATM in normal fibroblasts prevented
WIF-1 silencing by bleomycin, whereas ATM
knockdown increased WIF-1 abundance in
SSc patient cells (fig. S6B).

The data thus far have suggested that
ATM is a critical mediator of WIF-1 silenc-
ing in the presence of ROS and DNA dam-
age. However, the question remained whether
oxidative stress, in addition to DNA damage,
was also involved in bleomycin-induced re-
pression of WIF-1. Therefore, we assessed
the abundance of ROS in normal fibroblasts
using the ROS-sensitive fluorescent probe
2′,7′-dichlorfluorescein-diacetate (DCFH-DA)
after treatment with bleomycin in the pres-
ence or absence of the various inhibitors.
ROS were induced by bleomycin, but this
induction was inhibited by the ATM inhib-
itor KU55933 or by the ROS inhibitor DPI
(Fig. 4, C and D), suggesting that ATM pro-
moted ROS abundance in normal fibro-
blasts after bleomycin. Furthermore, DPI
or KU55933 prevented bleomycin-induced
silencing of WIF-1 and the induction of
COL1A1 expression (Fig. 4E). Finally, in
SSc cells, DPI induced the expression of
WIF-1 and reduced that of COL1A1 (fig. S7A),
indicating that the conditions present in SSc
fibroblasts are similar to those in normal
fibroblasts exposed to oxidative stress or
bleomycin. The data shown above suggest
that ATM is both upstream (Fig. 4, C and
D) and downstream (fig. S5) of ROS to in-
hibitWIF-1 expression. However, these data
do not clarify whether ATM induced by ROS
is sufficient to silenceWIF-1 expression in the
absence of classical DNA damage—DSBs—
that selectively activates ATM (22). DSBs are
recognized by ATM that phosphorylates g-
H2AX, the histone variant that specifically
accumulates at DSBs. Cells exposed to a
high concentration of H2O2 accumulate phos-
phorylated g-H2AX, although less efficiently
than bleomycin (fig. S7B), suggesting that
ROS activate ATM both directly by oxidation
(Fig. 3F) (20) and indirectly by inducing DSB.

The data thus far indicate that ROS and
DNA damage silence WIF-1 and activate
www.S
collagen. Therefore, we asked whether also other known profibrotic fac-
tors use the same mechanism(s). Specifically, we investigated whether
transforming growth factor–b (TGF-b), which induces ROS and collagen
Fig. 4. ATM is essential for WIF-1 silencing by ROS and bleomycin. (A and B) WIF-1 and COL1A1 expres-

sion in serum-starved A-T or normal (N) fibroblasts during 24 hours of treatment with bleomycin (20 mU/ml).
(C and D) Intracellular ROS after bleomycin (20 mU/ml) in normal fibroblasts pretreated with DPI or
KU55933 (each 10 mM, 1 hour) assessed by fluorescence (C) and confocal microscopy (D). Images
are representative of three experiments. (E) WIF-1 and COL1A1 expression in normal fibroblasts treated
as in (C) and normalized to 18S RNA. (F) WIF-1 and COL1A1 mRNA abundance in normal fibroblasts
pretreated with TSA (300 nM, 48 hours) or NAC, DPI, or KU55933 (each 10 mM, 1 hour) followed by
TGF-b (10 ng/ml, 24 hours). Data in (A) to (F) are means ± SD of three independent experiments. (A, B,
and F) *P < 0.01 against basal, †P < 0.05 against TGF-b–treated samples; (C to E) *P < 0.05 and **P < 0.01
against basal, †P < 0.05 and ††P < 0.01 against bleomycin-treated samples. (G) Immunoblot and confocal
microscopy for phosphorylated ATM in fibroblasts treated with H2O2 (1 mM, 2 hours) or TGF-b (10 ng/ml,
24 hours). Blots and images are representative of three experiments. (H) Immunohistochemistry for WIF-1
and b-catenin in skin from mice subcutaneously injected with either phosphate-buffered saline (PBS)
(Contrl) or bleomycin (Bleo) compared with mice that received intraperitoneal injection of TSA before bleo-
mycin injection (Bleo + TSA). Images are representative of six mice each. Scale bars, 100 mm (D and H).
CIENCESIGNALING.org 2 September 2014 Vol 7 Issue 341 ra84 5
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(23), had a suppressive effect on WIF-1 expression, and whether it acted
through ATM. Normal fibroblasts were preexposed to one of several in-
hibitors [N-acetyl cysteine (NAC) or DPI to reduce ROS, KU55933 to in-
hibit ATM, or TSA to inhibit HDAC] and treated with TGF-b for 24 hours.
TGF-b reduced WIF-1 expression in a ROS- and HDAC-dependent but
ATM-independent manner, because NAC and DPI, and TSA prevented the
effects of TGF-b on COL1A1 and WIF-1 expression, whereas KU55933
did not (Fig. 4F). TGF-b, under these conditions, did not activate ATM
(Fig. 4G), suggesting that TGF-b–induced ROS can activate HDAC (24–26)
and repress WIF-1, but do not induce DNA damage and ATM. Moreover,
these data show that the effects of ATM and ROS on WIF-1 silencing can
be dissociated and suggest that ROS induced by TGF-b are neither
persistent nor high enough to induce ATM.

Because inhibition of HDAC by TSA or of ATM by KU55933 indi-
vidually increased WIF-1 expression in SSc cells (Figs. 1F and 3D), we
investigated whether TSA and KU55933 inhibit the same signaling
pathway. The effects of TSA and KU55933 on WIF-1 and COL1A1 ex-
pression in SSc cells were not additive (fig. S8), suggesting that their tar-
gets, HDAC and ATM, are in the same pathway.

To test the in vivo relevance ofWIF-1 silencing, and the role of HDAC
therein, we investigated its expression in a standard model of fibrosis in-
duced by bleomycin (27). Briefly, repeated subcutaneous injections of
 on Septem
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bleomycin for 24 to 28 days were used to
induce fibrosis in mice, confirmed by a-SMA
(a–smooth muscle actin) abundance and
Masson’s trichrome staining (fig. S9). In
subgroups of bleomycin-treated mice, pre-
treatment with intraperitoneal injections of
TSA for 4 weeks prevented the decreased
WIF-1 and increased b-catenin abundance
observed after bleomycin exposure (Fig. 4H),
suggesting that bleomycin-induced Wnt sig-
naling was mediated by an HDAC-dependent
mechanism in vivo. Whether ATMmediates
this pathway in vivo as well remains to be
investigated.

Transcription factors c-Jun and
activating transcription factor
3 silence WIF-1
To identify the transcription factor (or fac-
tors) responsible for WIF-1 silencing induced
by ROS and DNA damage, we used a
combination of genetic and biochemical
approaches to examine transcription fac-
tors induced by stress or DNA damage.
In primary human fibroblasts, inhibition of
nuclear factor kB (NF-kB), by expressing
the dominant-inhibitor mutant form of the
NF-kB inhibitor IkBa (IkBaM) (fig. S10A)
(28), did not prevent the repression of
WIF-1 in response to H2O2 (fig. S10B),
although it did inhibit that of NF-kB tar-
gets IL6 and CXCL1 in response to tumor
necrosis factor, an activator of NF-kB (fig.
S10C). Similarly, NF-kB inhibition did not
affect WIF-1 expression in SSc fibroblasts
(fig. S10D), indicating that activation of
NF-kB did not mediate transcriptional re-
pression of WIF-1.
www.S
We then turned our attention to members of the AP1 family and in-
hibited several of these in SSc cells by expressing one of several dominant-
negative AP1 constructs [TAM67, derived from c-Jun (29), or a-Fos derived
from c-Fos, the human homolog of the retroviral oncogene v-Fos (29)] or
the wild-type Fos-related antigen 1 (FRA1) to titrate possible AP1-linked
repressors (30). Among the two dominant-negative mutants or wild-type
FRA, only TAM increased WIF-1 expression (Fig. 5A), suggesting that
c-Jun inhibits WIF-1 expression. Confirming this hypothesis, partial de-
pletion of c-Jun with siRNA (fig. S11A) increased WIF-1 expression but
did not significantly modify COL1A1 expression in SSc cells (Fig. 5B), sug-
gesting that c-Jun was necessary forWIF-1 repression, but perhaps not for
induction of COL1A1 expression. To find the missing factor regulating
COL1A1 expression, we investigated the abundance of various transcrip-
tion factors that interact with c-Jun. We found that the abundance of activating
transcription factor 3 (ATF3), a cAMP (adenosine 3′,5′-monophosphate)–
responsive element binding (CREB) protein–like stress transcription factor
(31), was greater in SSc cells than in normal fibroblasts (Fig. 5C and fig.
S11B). In SSc cells, partial siRNA-mediated knockdown of ATF3 (fig.
S11C) induced the expression of WIF-1 and reduced that of COL1A1
(Fig. 5D), suggesting that, whereas both c-Jun and ATF3 can silence
WIF-1 in SSc cells, only ATF3 can induce COL1A1 expression. In normal
fibroblasts, ATF3 and c-Jun were each also involved in the bleomycin-induced
Fig. 5. The AP1 family member c-Jun and the stress-induced transcription factor ATF3 silence WIF-1 and
induce COL1A1. (A) WIF-1 mRNA in SSc fibroblasts transfected with the control (C) or an AP1 family
construct-encoding plasmid. (B) RT-PCR (left) or semiquantitative PCR (right) for WIF-1 and COL1A1
mRNA in SSc fibroblasts transfected with c-Jun siRNA (sic-Jun) or control siRNA (siC) for 48 hours. (C)
Confocal microscopy for ATF3 in normal (N) or SSc fibroblasts. Scale bars, 100 mm. One hundred cells per
field were scored. (D) WIF-1 and COL1A1 mRNA abundance in SSc fibroblasts transfected with ATF3
siRNA (siATF3) or control siRNA (siC) for 48 hours, and then treated with TSA (300 nM) for 24 hours, then
lysed. (E and F) RT-PCR (left) or semiquantitative PCR (right) for WIF-1 and COL1A1 mRNA expression in
normal fibroblasts transfected with control siRNA or siRNA against c-Jun (E) or ATF3 (F) for 48 hours and
then treated with bleomycin (20 mU/ml) for 4 hours. Data in (A) to (F) are means ± SD from three inde-
pendent experiments. *P < 0.05 against basal or control, †P < 0.05 compared to bleomycin-treated cells.
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repression of WIF-1; however, only c-Jun appeared to be involved in
bleomycin-induced induction of COL1A1 (Fig. 5, E and F). The different
regulation of COL1A1 in normal and SSc cells may be dependent on the
abundance of other members of the AP1 family in SSc patient cells
(32, 33), but this is speculation and requires further investigation.

To dissect the roles of c-Jun and ATF3 on WIF-1 expression, we
monitored the recruitment of these two factors and a class I HDAC
(HDAC3) to the promoter of WIF-1. In normal and SSc fibroblasts,
ATF3, c-Jun, and HDAC3 each immunoprecipitated with the promoter
of WIF-1, and the abundance of ATF3 and HDAC3 present on the
promoter was increased in SSc patient cells (fig. S12, A to C). In SSc
patient cells, partial knockdown of c-Jun with siRNA (figs. S11A and
S13A) reduced the amount of ATF3 and HDAC3 that were bound to
the WIF-1 promoter (fig. S13, B and C). Partially silencing ATF3 (figs.
S11C and S13D) also reduced the abundance of c-Jun that was bound to
the WIF-1 promoter (fig. S13E), whereas ATF3 knockdown had no sig-
nificant effect on the recruitment of HDAC3 (fig. S13F). Together, the
data suggest that although the amount of c-Jun that bound to WIF-1
promoter in SSc and normal cells was similar (fig. S12B), recruitment of
 on Septem
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c-Jun and ATF3 to the WIF-1 promoter in SSc cells was at
least partially reciprocally dependent. We speculate that re-
ciprocal stabilization of a complex between c-Jun and ATF3
(c-Jun/ATF3 complex) and c-Jun–mediated targeting of HDAC3
to the WIF-1 promoter are responsible for WIF-1 silencing.

ATM activates ATF3 and c-Jun
transcription factors
So far, the data indicate that ATM mediates the repression of
WIF-1 after ROS or DNA damage, and that c-Jun and ATF3
have a role in silencingWIF-1 expression in SSc patient cells.
To investigate the link between ATM and the c-Jun/ATF3
complex, we analyzed this mechanism in response to DNA-
damaging agents in normal cells compared with fibroblasts
from ataxia telangiectasia (AT) patients, which are deficient
for wild-type ATM. Unlike that in normal fibroblasts, ATF3
abundance was not induced by H2O2 in A-T fibroblasts
(GM05823) (Fig. 6A). Because A-T fibroblasts additionally
had not shown WIF-1 repression in response to H2O2 (Fig.
3F) or bleomycin (Fig. 4A), and we had inferred that ATF3
mediated the repression of WIF-1 in bleomycin-treated cells
(Fig. 5F), we suggest that the transcriptional repression of
WIF-1 after DNA damage occurs in an ATM-dependent man-
ner in normal fibroblasts.

Therefore, we examined the role of ATM in WIF-1 repres-
sion further by examining possible mediators between ATM
and the c-Jun or ATF3 transcription factors. The phosphoryl-
ation of c-Jun at Ser73 and Thr91 by c-Jun N-terminal kinases
1 and 2 (JNK1/2) (34, 35) was less in AT fibroblasts in response
to H2O2 than in normal fibroblasts (fig. S14), suggesting that
JNK may have a role downstream of ATM in repressing
WIF-1 expression. SSc cells had increased JNK-phosphorylated
c-Jun, comparable to those induced by bleomycin in normal
fibroblasts (Fig. 6B). Another site at the N terminus of c-Jun
(Thr95) is phosphorylated in stressed cells (36), and when mu-
tated to a nonphosphorylatable residue (T95A) reduces JNK-
mediated phosphorylation of c-Jun at Ser91 (35). In SSc cells,
which also had increased ATF3 (Fig. 5C and fig. S11B), ex-
pression of the T95A c-Jun mutant inducedWIF-1 but suppressed
COL1A1 expression (Fig. 6C). In contrast, the phosphomimetic
mutant c-Jun, T95D, did not significantly alter either WIF-1 or
www.S
COL1A1 expression (Fig. 6C), possibly because the SSc cells are already
saturated with ATM-phosphorylated c-Jun. We hypothesize that T95A
c-Jun titrates the endogenous phosphorylated protein in heterodimers
(with AP1 or ATF3). Conversely, in normal fibroblasts (in which c-Jun
was not ATM-phosphorylated), the expression of the phosphomimetic
c-Jun mutant T95D suppressed WIF-1 and stimulated COL1A1 expres-
sion, whereas the nonphosphorylatable mutant T95A had no significant
effect (Fig. 6D). In normal fibroblasts, the phosphomimetic mutant
T95D induced ATF3 expression even in the presence of T95A because
ATM-mediated phosphorylation is not active, suggesting that c-Jun phos-
phorylation is essential for ATF3 induction (Fig. 6E).

To investigate whether ATM might be the kinase that phosphorylates
the Thr95 site in c-Jun, HeLa cells (a cancer cell line of epithelial origin
and amenable to transfection) and human fibroblasts were transfected with
hemagglutinin (HA)–tagged wild-type or mutant c-Jun and treated with
bleomycin to activate the pathway thus far investigated. In cell lysates,
immunoprecipitation for the HA tag was performed followed by Western
blotting with an antibody that detects phosphorylated Ser/Thr ATM/ATR
substrates. Only wild-type c-Jun was detected by the antibody in HeLa
Fig. 6. The expression of c-Jun mutated at
Thr95 influences expression of WIF-1,
COL1A1, and ATF3 in normal fibroblasts.
(A) Representative immunoblot for ATF3 in
normal or A-T fibroblasts (GM05823 or AT5B1)
cultured with H2O2 (250 mM, 30 min). (B) Im-
munoblot of phosphorylated c-Jun (Ser73) in
lysates from SSc fibroblasts pretreated or
not with KU55933 (10 mM, 1 hour), and
normal fibroblasts treated with bleomycin
(20 mU/ml, 4 hours). The lower blot is the
CIENCESIGNALING.org 2
upper gel reblotted for c-Jun and mini chromosome maintenance protein MCM7
(loading control). (C and D) RT-PCR analysis for WIF-1 and COL1A1 in SSc (C) and
normal (D) fibroblasts transfected with empty vector [cytomegalovirus (CMV)] or vector
encoding either wild-type or mutant HA-tagged c-Jun (T95A or T95D). Blots for HA be-
low graphs confirm transfection. (E) RT-PCR analysis for ATF3 in normal fibroblasts
transfected with T95D or T95A c-Jun–HA fusions. Blots are representative, and data
in (C) to (E) are means ± SD of three independent experiments. *P < 0.05 compared
to empty vector.
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cells and fibroblasts (fig. S15, A and C). Endogenous c-Jun in HeLa cells
(fig. S15B) or in normal fibroblasts (fig. S15D) exposed to bleomycin was
recognized by this ATM substrate antibody, and the signal was inhibited
by pharmacological inhibition (fig. S15, B and D) or siRNA-mediated
knockdown of ATM (fig. S15E). These data suggest that ATM phosphor-
ylates c-Jun at Thr95. This may facilitate JNK-dependent phosphorylation
of c-Jun (fig. S14) and the induction and recruitment of ATF3 (Fig. 6E)
and HDAC3 (fig. S13C), and ultimately represses WIF-1 expression,
enabling Wnt signaling.

DISCUSSION

We showed that WIF-1 expression is decreased in SSc cells through de-
acetylation induced by oxidative DNA damage, leading to increased Wnt
signaling, associated with fibrosis. The suppression of WIF-1 expression
by oxidative DNA damage and ATM is unique among the Wnt inhibitors,
and the indirect activation of ATF3 by ATM ties this mechanism to an
extensive network of stress-inducible transcription factors (37). A sche-
matic diagram illustrating the various components involved inWIF-1 silenc-
ing and COL1A1 induction in normal and SSc patient fibroblasts is
shown in Fig. 7.

WIF-1 is a ROS marker
Our findings indicate that WIF-1 is a marker of oxidative DNA damage
because ROS induced by short pulses of PDGF or low concentrations of
www.S
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H2O2 activated its expression, whereas higher ROS exposure silenced it.
b-Catenin abundance asymmetrically followed WIF-1 suppression: low
WIF-1 expression correlated with high total and nuclear b-catenin accu-
mulation, leading to increased Wnt signaling, as seen in colon cells (38)
or in mouse ectoderm (39). ROS can activate ATM directly (20, 40) or
through DNA damage (22), but we also propose that ROS are induced
by the activity of ATM because inhibition of ATM reduced ROS. ATM
seems to be a regulator of cellular ROS, and it may finely tune ROS con-
tent in stressed cells (41, 42). When DNA is damaged, ATM induces ROS
and transiently renders the cell refractory to exogenous signals. This ROS-
adaptive response to stress is conserved in Saccharomyces cerevisiae (43),
and we speculate that high levels of ROS during repair provide selection
for increased fitness of stressed cells.

ATM is critical to the suppression of WIF-1
The transcription of WIF-1 was regulated by ATF3 and c-Jun. ATF3 is a
member of the CREB family and is induced by a variety of stress signals,
including DNA damage (31). c-Jun is a member of the AP1 family of
transcription factors and, by associating with various proteins, regulates
the expression of genes involved in the cellular stress response (44, 45). In
our study, ATF3 was induced in normal cells only when ATM was func-
tional, explaining why ATM-defective cells were unable to respond to
bleomycin. In SSc cells, persistent oxidative stress (10) and DNA damage
maintain a high abundance of ATF3 and phosphorylated c-Jun, which are
recruited to the WIF-1 promoter and silence the gene, resulting in
increased Wnt signaling (9). Our data also suggest that ATM amplifies
the efficacy of JNK-mediated phosphorylation of c-Jun, revealing a pos-
sible explanation for why ATM-defective livers show reduced phosphoryl-
ated c-Jun (46). In our study, under conditions of DNA damage, ROS-adaptive
response induced by ATM stimulates JNK, c-Jun, and, eventually, ATF3
expression (47). Thus, ATF3 and phosphorylated c-Jun enhance Wnt sig-
naling perhaps by two mechanisms: by reducingWIF-1–mediated inhibition
of soluble Wnt, and by cooperating with b-catenin to induce transcription (48).

The mechanism of WIF-1 silencing has implications for
cancer and fibrosis
WIF-1 silencing is a selected phenotype both in stressed mesenchymal
cells and in epithelial neoplastic cells. WIF-1 is one of the most frequent
silenced genes in cancer, and its loss is common in many tumors (14, 49).
Targeted disruption of WIF-1 accelerates osteosarcomagenesis, without
interfering with normal bone development in mice (50). Our data suggest
that persistent oxidative DNA damage initially silences WIF-1 by histone
deacetylation in fibroblasts and possibly other cell types, whereas WIF-1
is silenced predominantly by methylation in epithelial cells (14). We spec-
ulate that in fibroblasts, robust stimulation of histone acetylation can re-
activate the expression of the gene and repress Wnt signaling, whereas in
epithelial cells, WIF-1 silencing may be permanent, irreversible, and pos-
itively selected during neoplastic progression (49, 51).

If WIF-1 silencing occurs in mesenchymal cells, Wnt signaling leads
to senescence and exit from the cycle (52); differentiated myofibroblasts
(6) or myoblasts (8) exit from the cycle, synthesize collagen or a-SMA,
and accumulate ROS and b-catenin, which are the hallmarks of fibrosis
and wound healing (9, 10, 52, 53). PDGF or TGF-b and other soluble
factors (such as the IgG of SSc patients) cooperate efficiently with b-catenin
to activate a transcription program leading to fibrosis and senescence (54).
We propose that WIF-1 silencing is accomplished by two ROS signaling
cascades: (i) low or transient ROS (TGF-b) activate HDAC (22–24), but
not ATM; (ii) high or persistent ROS induce DNA damage and ATM.
From this perspective, fibrosis represents an amplified secretory response
of senescent fibroblasts to DNA damage associated with wound healing
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Fig. 7. Control of WIF-1 expression by stress and DNA damage. Schematic
illustrating the series of events leading to WIF-1 silencing and collagen in-
duction in SSc and normal cells. (A) In SSc, COL1A1 can be induced by
several members of the AP1 family (but not c-Jun), TGF-b signaling
(through SMAD), and by ATF3. DNA damage or ROS activate ATM and
JNK. ATM phosphorylates c-Jun and facilitates the phosphorylation of c-Jun
by JNK. Phosphorylated c-Jun activates ATF3. c-Jun, ATF3, and HDAC3
bind the WIF-1 promoter and repress its transcription. (B) In normal fibro-
blasts, bleomycin induces DNA damage, which activates ATM and ROS,
which in turn activate c-Jun, JNK, and ATF3. As in SSc cells, ATF3, c-Jun,
and HDAC3 are recruited to the WIF-1 promoter and silence the gene. Un-
like in SSc cells, however, c-Jun, in combination with other AP1 family
members (for example, c-Fos), induces b-catenin/TCF–dependent Wnt sig-
naling and COL1A1 expression.
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(55). We speculate that loss of secreted WIF-1 amplifies local Wnt action
and induces a proliferative burst of surrounding epithelial cells and ter-
minal differentiation of fibroblasts. Only cells that have efficiently repaired
the DNA respond to Wnt because damaged cells succumb to apoptosis
through clashing signals of arrest and stimulation of growth. This provides
a robust selection for fitness of epithelial cells surrounding damaged and
senescent fibroblasts. Our findings in a breast cancer epithelial cell line
suggests that methylation of the WIF-1 promoter might reinforce local
Wnt signaling in epithelial cells (56). This finding provides a mechanism
linking ROS, DNA damage, fibrosis, and cancer (57) and may explain the
higher incidence of lung cancer in SSc patients (58).

In conclusion, our findings exploring activated Wnt signaling in fibro-
sis or during neoplastic progression indicate that DNA damage and ge-
nome stability checkpoints link ROS, Wnt, and fibrosis, thus integrating
many apparently heterogeneous phenotypes associated with fibrosis and
cancer.
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MATERIALS AND METHODS

Antibody purification
IgGs were purified from the serum of normal and SSc human subjects,
after oral and written informed consent, using gravity flow columns packed
with Protein A/G–agarose following the manufacturer’s instructions (Pierce).
The eluted IgG fractions were subjected to buffer exchange with PBS using
desalting columns (limit of 5 kD) (Pierce). Purity of IgG preparations was
confirmed by immunoblotting with specific cytokine antibodies [PDGF,
TGF-b, and IL-1 to IL-6 (interleukin-1 to -6)]. For the recombinant anti-
body VH PAM-Vk16F4, the VH and VL sequences were cloned from the
cDNA (complementary DNA) of peripheral lymphocytes of an SSc pa-
tient. Sequence analysis identified the VH and VL sequences, which were
inserted into the Xba I–Sac I and Hind III–Eco RI restriction sites, respec-
tively, under the control of the human cytomegalovirus (HCMV) promoter
in the plasmid vector pDR12, which contains an ampicillin resistance gene
for selective amplification (fig. S16). The plasmid was amplified in E. coli
and transfected into Chinese hamster ovary cells, and the IgG was purified
by immunoaffinity. The study was approved by the institutional ethics
committee at the Università Politecnica delle Marche.

Cells and treatments
Human skin fibroblasts were obtained from punch biopsies taken from the
forearms of normal volunteers and from the skin of patients who fulfilled
the preliminary criteria of the American Rheumatism Association for the
diagnosis of SSc, as described previously (42). Mouse embryo fibroblasts
(MEFs) derived from PDGF receptor knockout embryos that do not ex-
press a and b chains of PDGFR subunits (F–/– cells) infected with PDGFR
a subunit (Fa cells) were previously described (11). Fibroblasts, HeLa cells,
and MEFs were grown in Dulbecco’s modified Eagle’s medium (DMEM),
containing glucose (1 g/liter), supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/ml), and streptomycin (100 g/ml) (Gibco). Human
control (GM00024) and A-T fibroblasts (GM05823 also known as AT5B1)
were obtained from Coriell Institute and maintained in EMEM (Eagle’s
minimum essential medium) supplemented with 15% FBS, penicillin/
streptomycin (100 mU/ml), and 2 mM glutamine (Gibco). For PDGF treat-
ments, subconfluent fibroblasts were treated with IgG (0.2 mg/ml) or recom-
binant PDGF-BB (15 ng/ml) (Sigma) after 4 hours of starvation (0.2% FBS)
for 24 hours. In selected experiments, cells were incubated with 300 nM
TSA (Sigma) for 48 hours, 4 mM 5-aza-2′-deoxycytidine (5-azacytdine;
Sigma) for 24 hours, cisplatinum (5 mM; Sigma) for 24 hours, 10 mM
DPI (Calbiochem) for 1 hour, KU55933 (Calbiochem) for 1 hour, and
www.S
bleomycin (20 mU/ml; Sigma) for 4 or 24 hours, as indicated in the rel-
evant legend. For UV experiments, cells were pretreated with 10 mM
KU55933for 1 hour and then irradiated with UV (80 J/m2) and incu-
bated for a further 1 or 2 hours. Cells were transiently transfected with
siRNA against c-JUN (Santa Cruz), ATF-3 (Qiagen), ATM (Qiagen), or
WIF-1 (Santa Cruz), or transfected with the dominant-negative AP1
constructs c-Jun–derived GFP (green fluorescent protein)–TAM67 and
c-Fos–derived GFP–a-Fos plasmids (26), or the T95A or T95D c-Jun
mutant (32) using Lipofectamine 2000 reagent (Life Technologies)
following the manufacturer’s instructions. Cells were processed 48 hours
after transfection, except the WIF-1 siRNA-transfected cells, which were
lysed 72 hours after the transfection.

Western blotting analysis
Total cell lysates were obtained in radioimmunoprecipitation assay (RIPA)
buffer (2.5 mM Na-pyrophosphate, 1 mM b-glycerophosphate, 1 mM
NaVO4, 1 mM NaF; Sigma) supplemented with a cocktail of protease
inhibitors. The samples were stored for 30 min at 4°C and centrifuged
at 10,000 rpm for 10 min at 4°C. Samples were resolved on a 4 to 12%
gradient SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto a nitrocellulose membrane (Life Technologies). After blocking
with 0.5% Tween for 1 hour, immunoblots were incubated with antibodies
against WIF-1 (1:1000; Abcam), b-catenin (1:1000; Abcam), pATM (1:500;
Abcam,), ATM (1: 500; Novus Biologicals), 53BP1 (1:500; Novus Bio-
logicals), b-actin (1:1000; Santa Cruz Biotechnology), phospho-(Ser/Thr)
ATM/ATR substrate antibody (1:1000, Cell Signaling Technology), HA
(1:500; Covance), Ser73 c-Jun (1:1000; Cell Signaling Technology), and
Thr91 c-Jun (1:1000; Cell Signaling Technology) overnight at 4°C. After
incubation with horseradish peroxidase (HRP)–conjugated antibodies
against rabbit or mouse IgG (Santa Cruz Biotechnology) for 1 hour, sig-
nals were detected with ECLWestern Blotting Detection Reagents (Amersham
Bioscience).

ROS detection
Fluorimetric determination of intracellular ROS was carried out using
DCFH-DA (Life Technologies), as previously described (9), using a multi-
well plate reader (Wallac 1420, PerkinElmer). For confocal microscopy
experiments, cells were seeded on coverlids, loaded with 10 mM DCFH-
DA or 10 mM DHE (Life Technologies) for 30 min, washed with PBS,
and then visualized on a confocal microscope Eclipse C1 (Nikon).

Quantitative real-time PCR analysis
Total RNA isolation from normal, scleroderma, and ATM–/– fibroblasts was
isolated with PureLink RNA Mini Kit (Life Technologies) according to
the manufacturer’s instructions. Total RNA (1 g) of each sample was reverse-
transcribed with the iScript cDNA Synthesis Kit (Bio-Rad) according to
the manufacturer’s instructions. Quantitative RT-PCR was performed with
SYBR Green PCR Master Mix (Bio-Rad). Primers sequences for ampli-
fication are represented in table S1. The amplification was carried out through
45 cycles of 95°C for 15 s and 60°C for 1 min in a iCycler iQ Real-Time
PCR Detection System (Bio-Rad). Relative expression was calculated with
the 2–DDCt method.

Methylation analysis using bisulphite genomic sequencing
The promoter region and the entire coding sequence of humanWIF-1 gene
were analyzed for CG content. A CpG island was determined on the basis
of a 200–base pair (bp) length of DNAwith a CG content greater than 50%
and a CpG/GpC ratio greater than 0.5 using CpG plot program (http://www.
ebi.ac.uk/emboss/cpgplot/). Bisulphite genomic sequencing was used to
analyze the methylation patterns of individual DNA molecules. Sodium
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bisulphite conversion of genomic DNA (about 2 mg for each conversion)
was obtained using EpiTect Bisulfite Kit (Qiagen) following the purcha-
ser’s instructions. Amplicons used for methylation analysis were obtained
from about 50 ng of bisulphite threaded genomic DNA. Specific primers
used for these PCRswere as follows:WifBS-Fw1: –409 –390 5′-GAGTGAT-
GTTTTAGGGGTTT-3′, WifBS-Rv1: –16 +5 5′-CCTAAATACCAAAA-
AACCTAC-3′, WifBS-Fw2: 16 +5 5′-GTAGGTTTTTTGGTATTTAGG-3′,
WifBS-Rv2: +242 +263 5′-TCCATAAATACAAACTCTCCTC-3′. Am-
plifications were carried out on 10 ng of bisulphite-treated DNA using
HotStarTaq DNA Polymerase (Qiagen) for 15 min at 95°C, followed by
50 cycles of 30 s at 95°C, 40 s at 53°C, and 1 min at 72°C, then a final
elongation of 10 min at 72°C before holding at 4°C in a final reaction vol-
ume of 50 ml. Confirmation of PCR product quality and freedom from
contamination was established on 2% agarose gels with ethidium bromide
staining. PCR products were cloned into the pGEM-T Easy Vector pro-
vided by Promega pGEM-T Easy Vector System II, following the manu-
facturer’s procedures. Positive-screened colonies contained the unique
sequence of one individual DNA molecule. Plasmid DNA from the se-
lected positive colonies containing vectors with the insert was purified using
the Qiagen Plasmid Mini Kit. Purified plasmids were sequenced in both
directions using T7 and Sp6 primers. Twenty independent clones for each
genomic preparation and fragment of interest were sequenced to deter-
mine the methylation pattern of individual molecules. Sequencing was
performed at the CEINGE Sequencing Core Facility, Naples, Italy.

Bleomycin-induced dermal fibrosis
Skin fibrosis was induced in 6- to 8-week-old C3H/HeJ mice by sub-
cutaneous injection in defined areas of the upper back of bleomycin for
24 to 28 days as described (27).

Histological analysis
Skin sections were fixed in 4% formalin and embedded in paraffin.
Sections (5 mm) were stained with Sirius Red for the analysis of connec-
tive tissue, and dermal thickness was analyzed by measuring the distance
between the epidermal-dermal junction and the dermal–subcutaneous fat
junction at sites of induration in three consecutive skin sections from each
animal. In each series of experiments, the dermal thickness was calculated
as the fold increase compared with the dermal thickness in controls.

Immunohistochemistry
Skin sections were deparaffinized, rehydrated, and stained with WIF-1 and
b-catenin antibodies (1:100; Abcam) overnight at 4°C, washed, and incu-
bated with biotinylated mouse IgG antibody for 1 hour at room tempera-
ture. The peroxidase ABC method was performed for 1 hour using
diaminobenzidine hydrochloride (DAB) as chromogen.

Immunofluorescence
Cells were fixed for 5 min with 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, and incubated with the following primary antibodies
overnight at 4°C: WIF-1 (1:100; Abcam), b-catenin (1:100; Abcam,),
pATM (1:100; Abcam), and type 1 collagen (1:200; Millipore). Cells were
then washed and labeled with Alexa 488– or Alexa 546–conjugated anti-
bodies (Life Technologies) and counterstained with SYTOX Green, a
DNA counterstain for fixed cells (Life Technologies). Controls were incu-
bated with secondary antibodies alone. Cells were analyzed using the con-
focal microscope Eclipse C1 (Nikon).

Chromatin immunoprecipitation
Cells (1 × 106) were fixed by adding formaldehyde directly to culture me-
dium to a final concentration of 1% for 10 min at room temperature and
www.S
washed twice using ice-cold PBS containing 1× protease inhibitor cocktail
(Roche Applied Science) and 1 mM PMSF (phenylmethylsulfonyl fluo-
ride). Fixed cells were harvested, and the pellet was resuspended in 200 ml
of SDS lysis buffer [Chromatin Immunoprecipitation (ChIP) Assay Kit,
Upstate]. After 10 min of incubation on ice, the lysates were sonicated
to shear DNA to 300- and 1000-bp fragments. Sonicated samples were
centrifuged and supernatants were diluted 10-fold in the ChIP dilution buf-
fer (ChIPAssay Kit, Upstate). An aliquot (1:50) of sheared chromatin was
further treated with proteinase K, phenol/chloroform-extracted, and precip-
itated to determine DNA concentration and shearing efficiency (input
DNA). The ChIP reaction was set up according to the manufacturer’s in-
structions. Briefly, the sheared chromatin was precleared for 2 hours with
20 ml of Protein A– or Protein G–agarose (Upstate) and 2 mg of nonimmune
IgG (Santa Cruz Biotechnology), and then was divided into two aliquots
and incubated at 4°C for 16 hours with 20 ml of Protein A/G–agarose and
2 mg of the specific antibody ATF3 (Santa Cruz Biotechnology), HDAC3
(Santa Cruz Biotechnology), c-Jun (Santa Cruz Biotechnology), and non-
immune IgG, respectively. Agarose beads were washed with wash buffers
according to the manufacturer’s instructions, and immunoprecipitated DNA
was recovered and subjected to quantitative PCR using the primers indicated
in the legend of the specific figures and in table S1. Primers forWIF-1 ChIP
were (forward) 5′-CGGGTTATCAGGGAGACAGA-3′ and (reverse) 5′-
CTCCCTTTCAGCCAGTAGGA-3′.

Ethical statement
Use of human material was approved by the Institutional Ethical Commit-
tee of Università Politecnica delle Marche, Ancona, Italy, and consent was
obtained from all subjects who participated in this study. All assays were
performed in blind fashion on coded samples.

Statistics
Data were quantified as means ± SD and were analyzed with the non-
parametric Mann-Whitney test. Data were analyzed using Prism 4 (Graph-
Pad Software Inc.). P values less than 0.05 were considered significant.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/7/341/ra84/DC1
Fig. S1.WIF-1 is methylated in MCF7 breast cancer cells, not in normal or SSc fibroblasts.
Fig. S2. WIF-1 silencing induces b-catenin abundance.
Fig. S3. The oxidase inhibitor DPI inhibits ROS accumulation in SSc cells.
Fig. S4. Among Wnt inhibitors, only WIF-1 is silenced by ATM.
Fig. S5. ATM mediates H2O2-induced silencing of WIF-1.
Fig. S6. Loss of ATM restores WIF-1 abundance in SSc fibroblasts and inhibits bleomycin-
induced silencing of WIF-1.
Fig. S7. Inhibition of ROS production in SSc cells increases WIF-1 expression and inhibits
expression of the gene encoding collagen.
Fig. S8. The effects of HDAC and ATM inhibitors on WIF-1 expression are not additive.
Fig. S9. Bleomycin-induced skin fibrosis is inhibited by an HDAC inhibitor, TSA.
Fig. S10. NF-kB does not mediate WIF-1 silencing induced by ROS.
Fig. S11. Efficiency of c-Jun and ATF3 knockdown.
Fig. S12. ATF3, c-Jun, and HDAC3 are recruited to the WIF-1 promoter in SSc cells.
Fig. S13. The recruitment of c-Jun to the WIF-1 promoter in SSc cells is partially
dependent on ATF3.
Fig. S14. Phosphorylation of c-Jun is induced by H2O2 in wild-type, but not in A-T, cells.
Fig. S15. c-Jun is a substrate of ATM in HeLa cells and human fibroblasts exposed to
bleomycin.
Fig. S16. pDR12 plasmid construct.
Table S1. List of primers.
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