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Coagulation factorXII (FXII) is a liver-derived serineprotease
involved in fibrinolysis, coagulation, and inflammation. The
regulation of FXII expression is largely unknown. Transforming
growth factor-�1 (TGF-�1) is a multifunctional cytokine that
has been linked to several pathological processes, including tis-
sue fibrosis by modulating procoagulant and fibrinolytic activi-
ties. This study investigatedwhether TGF-�1may regulate FXII
expression in human lung fibroblasts. Treatment of human lung
fibroblasts with TGF-�1 resulted in a time-dependent increase
in FXII production, activation of p44/42, p38, JNK, andAkt, and
phosphorylation and translocation into the nucleus of Smad3.
However, TGF-�1-induced FXII expression was repressed only
by the JNK inhibitor and JNK and Smad3 antisense oligonucleo-
tides but not byMEK, p38, or phosphoinositide 3-kinase block-
ers. JNK inhibition had no effect on TGF-�1-induced Smad3
phosphorylation, association with Smad4, and its translocation
into the nucleus but strongly suppressed Smad3-DNA complex
formation. FXII promoter analysis revealed that the �299/�1
region was sufficient for TGF-�1 to induce FXII expression.
Sequence analysis of this region detected a potential Smad-
binding element at position �272/�269 (SBE-(�272/�269)).
Chromatin immunoprecipitation and streptavidin pulldown
assays demonstrated TGF-�1-dependent Smad3 binding to
SBE-(�272/�269). Mutation or deletion of SBE-(�272/�269)
substantially reduced TGF-�1-mediated activation of the FXII
promoter.Clinical relevancewasdemonstratedby elevatedFXII
levels and its co-localization with fibroblasts in the lungs of
patients with acute respiratory distress syndrome. Our results
show that JNK/Smad3 pathway plays a critical role in TGF-�1-
induced FXII expression in human lung fibroblasts and impli-
cate its possible involvement in pathological conditions charac-
terized by elevated TGF-�1 levels.

Coagulation factor XII (FXII,2 Hageman factor) is a serine
protease that is capable of initiating blood coagulation aswell as

activating the fibrinolytic system. FXII is predominantly syn-
thesized in the liver and secreted into the blood as a single-
chain zymogen. Upon binding to negatively charged surfaces,
FXII becomes converted into a two-chain active enzyme
(FXIIa), which exhibits serine proteinase-like activity at its C
terminus. FactorXIIa converts factorXI into activated factorXI
and prekallikrein into kallikrein. Consequently, factor XI acti-
vation culminates in a series of proteolytic reactions resulting in
thrombin generation and subsequent clot formation. Kallikrein
cleaves high molecular weight kininogen releasing a potent
proinflammatory and vasodilatory peptide, bradykinin. Under
physiological conditions, the C1 inhibitor controls this cascade
by inactivating FXIIa and kallikrein (1, 2).
The function of FXII in hemostasis is not clear because FXII

deficiency is not associated with bleeding disorders. However,
accumulating evidence suggests that FXII may play an impor-
tant role in pathological thrombus formation (3) and inflamma-
tion, for example by kallikrein and bradykinin generation (4). In
addition, FXII may down-regulate Fc receptors on monocytes
(5) and can stimulate monocytes and macrophages to release
interleukin (IL)-1 and IL-6 (6).
There is not much known about the regulation of FXII pro-

duction in the liver and other organs. Previous reports demon-
strated a strong induction of FXII expression by 17�-estradiol
in transiently transfected mouse NIH3T3 fibroblasts and
humanHepG2 hepatoma cells (7, 8). These results were further
supported by the identification of four putative binding sites for
the hepatocyte nuclear factor-3 in the 5�-flanking region of the
FXII gene (9). Furthermore, elevated FXII plasma levels and
hepatic FXIImRNA steady states were noted in ovariectomized
rats treated with 17�-estradiol (10, 11). In line with these data,
increased FXII plasma levels were also detected in women dur-
ing pregnancy (12), treatment with oral contraceptives (13), or
women receiving estrogen replacement therapy (14). In addi-
tion, IL-6 was found to down-regulate FXII expression in
HepG2 cells, whereas no change in FXII production was
observed upon stimulation with IL-1� or tumor necrosis fac-
tor-� (15).

Although regulation of FXII expression by estrogen and IL-6
is well described, no data are available about the regulation of
FXII synthesis by other molecules such as growth factors.
Transforming growth factor-�1 (TGF-�1) is a highly pleiotro-
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pic cytokine that plays a fundamental role in wound healing,
embryonic development, and diseases associated with inflam-
mation and proliferation, such as tissue fibrosis. TGF-�1 par-
ticipates in these processes by enhancing synthesis and inhibit-
ing degradation of extracellular matrix components and by
regulating fibroblast differentiation and proliferation (16, 17).
Moreover, recent studies suggest that TGF-�1 may contribute
to pathological conditions by modulating procoagulant and
fibrinolytic activities. In particular, TGF-�1 has been shown to
up-regulate the expression of tissue factor (18), the key initiator
of the extrinsic coagulation pathway and of plasminogen acti-
vator inhibitor-1 in different cell populations, including fibro-
blasts (19–21). The cellular response to TGF-�1 involves
ligand binding to TGF-� receptor type II, which phosphory-
lates the TGF-� receptor type I (T�RI). Activated T�RI phos-
phorylates receptor-associated Smad proteins (Smad1–3, -5, and
-8), promoting their heterodimerization with the commonmedi-
atorSmad4andtranslocation fromthecytoplasminto thenucleus.
Within the nucleus, the Smad heterocomplex interacts with
canonical Smad-binding elements (SBEs) of target genes to acti-
vate their transcription (22, 23). Human Smad3 and Smad4 have
been shown to bind to an SBE comprising a CAGA box (19).
It is currently unknownwhetherTGF-�1maymodulate FXII

expression, and whether this phenomenonmight contribute to
disease conditions that exhibit perturbed procoagulant and/or
fibrinolytic activity. Therefore, the objective of this studywas to
determine the potential role of TGF-�1 in the regulation of
FXII synthesis in human lung fibroblasts (HLF). We further
explored the intracellular mechanism by which TGF-�1 may
modulate FXII expression and identified the FXII promoter
region necessary for TGF-�1-mediated FXII production. There
are several reasons whywe choseHLF to study FXII expression.
Abnormalities of local coagulation favoring excessive deposi-
tion of extravascular fibrin occur in different forms of acute and
chronic lung diseases (24–28). Moreover, several lines of evi-
dence indicate that TGF-�1 modulates the function of lung
fibroblasts during the course of various pulmonary diseases
(29–32) and that the interaction of fibroblasts with the disor-
dered coagulation system plays an important role in lung tissue
injury and pathological lung tissue remodeling (33–41). In this
respect, fibroblasts have already been identified as an important
source of extrinsic coagulation cascade factors in experimental
animal models of lung injury as well as in in vitro studies after
stimulation with TGF-�1 and other cytokines that occur in the
diseased lung (18, 20, 42).

EXPERIMENTAL PROCEDURES

Isolation of HLF and Cell Culture—Lung specimens of the
pulmonary parenchyma were chopped into �1-mm3 pieces.
Theminced pieces were washed twice with PBS (137mMNaCl,
1.7 mM KCl, 10 mM Na2HPO4, 1.7 mM KH2PO4, pH 7.4) and
then plated in 100-mm dishes (Greiner Bio-One, Fricken-
hausen, Germany). The specimens were cultured with Dulbec-
co’s modified Eagle’s medium (Invitrogen) supplemented with
10% fetal calf serum (HyClone, South Logan, UT) and 1% pen-
icillin/streptomycin (Invitrogen) in humidified atmosphere of
5% CO2 at 37 °C. The purity of isolated fibroblasts was verified
by positive staining for vimentin, fibronectin, and collagen IV

and by negative staining for �-smooth muscle actin, pro-sur-
factant protein C, and von Willebrand factor. All experiments
were carried out with HLF between passages 3 and 4. The
mouse NIH3T3 fibroblasts were cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf serum
and 1% penicillin/streptomycin in humidified atmosphere of
5% CO2 at 37 °C.
Bronchoalveolar Lavage—Bronchoalveolar lavage (BAL) flu-

ids were obtained by flexible fiberoptic bronchoscopy from
healthy volunteers (n � 9) and from patients with acute respi-
ratory distress syndrome (ARDS; n� 9) as described previously
(43). In addition to BAL fluids, lung specimens from seven
patients with ARDS were obtained by autopsy. All patients met
the ARDS American-European Consensus criteria (44). All
investigations were approved by the local ethics committee,
and written informed consent was obtained from all partici-
pants or their next-of-kin.
Cell Stimulation—HLF and NIH3T3 were seeded in 6-well

plates and were either not stimulated or were stimulated for
various times with 10 ng/ml TGF-�1 (R & D Systems, Wiesba-
den, Germany). In some experiments, the cells were preincu-
bated with various concentrations of PD98059, SP600125,
wortmannin, SB203580, or SB431542 inhibitors (all from Cal-
biochem) 1 h prior to the addition of TGF-�1.
FXII Immunoassay—FXII levels were quantified in BAL fluid

samples using a matched pair antibody set for enzyme-linked
immunosorbent assay of human FXII antigen according to the
manufacturer’s instructions (Affinity Biologicals, Ancaster,
Canada).
Western Blotting—Cell lysates were separated on SDS-poly-

acrylamide gels under reducing conditions, followed by electro-
transfer to a polyvinylidene difluoride membrane. After block-
ingwith 5%nonfat drymilk in Tris-buffered saline (TBS: 25mM

Tris-Cl, 150 mMNaCl, pH 7.5) containing 0.1% (v/v) Tween 20
(TBS-T), themembranes were incubated at 4 °C overnight with
one of the following antibodies: mouse anti-FXII (Abcam,
Cambridge, UK), mouse anti-phospho-p44/42, rabbit anti-
phospho-Akt, rabbit anti-phospho-p38, rabbit anti-Smad4,
rabbit anti-phospho-Smad3 (Ser-423/Ser-425) (all from Cell
Signaling, Frankfurt amMain, Germany), rabbit anti-phospho-
Smad3 (Ser-208), rabbit anti-phospho-Smad3 (Ser-213; Abnova,
Heidelberg, Germany), or rabbit anti-phospho-JNK (R & D
Systems). After 1 h of incubation with peroxidase-labeled sec-
ondary antibody (Dako, Gostrup, Denmark), proteins were
detected using an ECL Plus kit (Amersham Biosciences). To
determine the amounts of protein loaded on the gel, blots were
stripped and reprobed using rabbit anti-p44/42, rabbit anti-
Akt, rabbit anti-p38, rabbit anti-Smad3 (all from Cell Signal-
ing), rabbit anti-JNK (R & D Systems), rabbit anti-lamin B, rat
anti-tubulin (all from Abcam, Cambridge, MA), and mouse
anti-�-actin (Sigma) antibodies.
Co-immunoprecipitation—HLF lysates were incubated over-

night at 4 °C with 1 �g of rabbit anti-Smad3 antibody (Cell
Signaling) or IgG as an isotype control (R & D Systems). Sam-
ples were transferred to tubes containing 50 �l of protein
A-SepharoseTM CL-4B beads (Amersham Biosciences). After
1 h of incubation at 4 °C, the immunoprecipitates were washed
several times with lysis buffer, boiled in SDS sample buffer,
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separated by SDS-PAGE under reducing conditions, and trans-
ferred to a polyvinylidene difluoride membrane. Immunoblots
were analyzed using mouse anti-Smad4 (Abcam) and rabbit
anti-Smad3 antibodies (Cell Signaling).
RNA Isolation and Real Time Reverse Transcription-PCR—

Total RNA was extracted using a PeqGOLD total RNA kit
(PeqLab, Erlangen, Germany) according to the manufacturer’s
instructions. One �g of RNA was reverse-transcribed as
described previously (45). Real time PCR was performed by
Sequence Detection System 7700 (PerkinElmer Life Sciences).
Reactions were set up with Platinum SYBR Green quantitative
PCR SuperMix uracil-DNA glycosylase (Invitrogen) using 2 �l
of cDNA. The following pairs of oligonucleotide primers were
used: human FXII forward, 5�-ACGACCTGGCTCTGTTGC-
3�, and human FXII reverse, 5�-CTTGGCAGGCACACCGG-
3�; human �-actin forward, 5�-ATTGCCGACAGGATGCAG-
GAA-3�, and human�-actin reverse, 5�-GCTGATCCACATC-
TGCTGGAA-3�. The �-actin gene was used as a reference
gene. Cycling conditions were 95 °C for 6 min, followed by 45
cycles of 95 °C for 20 s, 55 °C for 30 s, and 73 °C for 30 s.Melting
curve analysis and gel electrophoresis were performed to con-

firm the exclusive amplification of the expected PCR product.
Gene expression was assessed using the 2��CT method for the
calculation of fold change as described previously (46).
Immunocytochemistry—For immunocytochemical analysis,

HLF were fixed with 4% paraformaldehyde for 10 min, perme-
abilizedwith 0.2%TritonX-100 in PBS for 10min, blockedwith
3% bovine serum albumin in PBS for 1 h at room temperature,
and incubated overnight at 4 °C with one of the following anti-
bodies: mouse anti-FXII, rabbit anti-collagen IV, mouse anti-
fibronectin (all from Abcam), goat anti-vimentin (Santa Cruz
Biotechnology, Santa Cruz, CA), mouse anti-�-smooth muscle
actin (Sigma), rabbit anti-pro-surfactant protein C (Millipore;
Schwalbach, Germany), rabbit anti-von Willebrand factor
(Dako), and rabbit anti-phospho-Smad3 (Ser-423/Ser-425; Cell
Signaling). Slides were incubated with rhodamine- or fluores-
cein-conjugated secondary antibody (Dianova, Hamburg, Ger-
many) and mounted with Vectashield mounting medium
(Vector, Burlingame, CA). Nuclei were visualized by 4�,6-di-
amidino-2-phenylindole (Sigma) staining. Controls were per-
formed by substituting the primary antibody by a nonspecific
antibody. Images were captured by a Leica DMR microscope

FIGURE 1. TGF-�1 up-regulates FXII expression in HLF. A and B, time course of FXII expression in HLF following TGF-�1 stimulation as assessed by real time
PCR (A) and Western blotting (B). Real time PCR results are expressed as the fold increase in FXII expression (normalized for �-actin expression) versus values
obtained for unstimulated cells and are means � S.D.; n � 3; **, p � 0.01. The Western blot illustrated is from one representative experiment out of four.
C, densitometric analysis of B. Data are presented as means � S.D.; n � 4; **, p � 0.01, all versus unstimulated cells. D, immunofluorescence for the detection
of FXII in unstimulated (control) or TGF-�1-treated HLF. Original magnification was �40/1.25– 0.75 oil objective. Bar size, 10 �m. E, immunofluorescence
staining of HLF for fibronectin, vimentin, collagen IV, �-smooth muscle actin, pro-surfactant protein C, and von Willebrand factor. Original magnification was
40�/1.25– 0.75 oil objective. Bar size, 10 �m. The insets are controls and show the positive staining of pulmonary artery smooth muscle cells for �-smooth
muscle actin, of alveolar type II cells for pro-surfactant protein C, and of pulmonary artery endothelial cells for von Willebrand factor (vWf). �-SMA, �-smooth
muscle actin; proSP-C, pro-surfactant protein C.
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(Leica, Heidelberg, Germany) with 40�/1.25–0.75 oil objective
at room temperature and photographed using MetaMorph 7.0
(Molecular Devices, Downingtown, PA). All images illustrated
are representative of at least four other areas per section, seen
on at least three independent sections.
Immunohistochemistry—Immunohistochemistry for the de-

tection of FXII in formalin-fixed paraffin-embedded lung tissue
was performed using a Histostain-SP kit according to the man-
ufacturer’s instructions (Zymed Laboratories Inc.). The sec-
tions were incubated with a rabbit anti-FXII antibody (Abcam)
or a mouse anti-vimentin antibody (Zymed Laboratories Inc.).
The slides were scanned by a Mirax Desk Digital Slide Scanner
(Zeiss, Göttingen, Germany) and analyzed by Mirax Viewer
(Zeiss).

Clotting Assay—A clotting assay was performed with human
FXII-deficient plasma (CSL-Behring, Marburg, Germany) as
described previously (47). In some experiments, ARDS BAL
fluids were supplemented with 100 nM corn trypsin inhibitor
(CTI, Calbiochem), 10�g/ml anti-TFblocking antibody (kindly
provided byW. Ruf, Scripps Research Institute, La Jolla, CA), or
10 �g/ml IgG isotype control (R & D Systems).
Generation of FXII Promoter Constructs and Site-directed

Mutagenesis—The human FXII promoter fragments were
amplified by PCR from human lung DNA using Long PCR
EnzymeMix (Fermentas, St. Leon-Rot, Germany) according to
the manufacturer’s instructions. The following primers were
used: human FXII-1630 forward, 5�-CCGCTCGAGTGCTCT-
GTGCTTAGTAACC-3�; human FXII-907 forward, 5�-CCGC-

FIGURE 2. TGF-�1 induces phosphorylation of MAPK, Akt, and Smad3, as well as translocation of phospho-Smad3 into the nucleus of HLF. A, HLF were
treated for the indicated time points with TGF-�1, and the activation of p44/42, JNK, p38, and Akt kinases as assessed by phosphorylation was analyzed by
Western blotting. Phosphoproteins were detected with phospho-specific antibodies. Equal loading was confirmed with pan-specific antibodies. Data are
representative of four independent experiments. B, densitometric analysis of A. Data are presented as means � S.D.; n � 4; *, p � 0.05; **, p � 0.01; ***, p �
0.001. C, Western blot analysis of Smad3 phosphorylation in TGF-�1-stimulated HLF. Data are representative of four independent experiments. D, densito-
metric analysis of C. Data are presented as means � S.D.; n � 4; *, p � 0.05; **, p � 0.01. E, TGF-�1-dependent translocation of phospho-Smad3 (Ser-423/Ser-
425) into the nucleus as assessed by immunofluorescence. HLF were incubated with TGF-�1 for 1 h and then washed, fixed, and stained with phospho-Smad3
(Ser-423/Ser-425) antibody. Arrows indicate nuclear localization of Smad3. Original magnification was �40/1.25– 0.75 oil objective. Bar size, 10 �m. Data are
representative of three independent experiments. F, Western blot analysis of TGF-�1-driven translocation of phospho-Smad3 (Ser-423/Ser-425) into the
nucleus. HLF were unstimulated or treated for 1 h with TGF-�1; nuclear extracts were prepared and immunoblotted with antibodies against phospho-Smad3,
lamin B, and tubulin. Lamin B was used as a loading control, and tubulin was used to assess the purity of the nuclear fraction. Data are representative of three
independent experiments.
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TCGAGCAGCTACCCAGGAGGCT-3�; human FXII-577
forward, 5�-CCGCTCGAGGCGTGGTGGTGGGCTCCT-3�;
human FXII-541 forward, 5�-CCGCTCGAGGAGGCTGAG-
GCAGGAG-3�; human FXII-504 forward, 5�-CCGCTCGAG-
GGAGCTTGCAGTGAGC-3�; human FXII-455 forward,
5�-CCGCTCGAGCAGAGCGAGACTCCGTC-3�; human
FXII-404 forward, 5�-CCGCTCGAGGTGGGTATTGTTGT-
AAG-3�; human FXII-346 forward, 5�-CCGCTCGAGGA-
ACACACTTCACAGTG-3�; human FXII-299 forward,
5�-CCGCTCGAGCTTAACCTCCTGATCTCC-3�; human
FXII-183�SBE-(�272/�269) forward, 5�-CCGCTCGAGAA-
ACTCCCAAACTTTCC-3�; and human FXII reverse, 5�-CCC-
AAGCTTCGTTGGTCCAGCTGCCTATC-3�. The PCR frag-
ments were cloned into the pGL3 Enhancer Vector (Promega,
Mannheim, Germany) using XhoI and HindIII restriction sites
(shown in boldface). A point mutation introduced into the
CAGA box and a deletion of the repressor element were
performed using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA) according to the manufactur-
er’s instructions. Successful cloning, insertion of the muta-

tion into the CAGA box, and deletion of the repressor ele-
ment were confirmed by sequencing.
Transient Transfection and Luciferase Assay—NIH3T3 cells

were transfected with the indicated plasmids using FuGENE 6
(Roche Applied Science) according to the manufacturer’s
instructions. After 48 h, cells were either not stimulated or
were stimulated with 10 ng/ml TGF-�1 (R & D Systems) for
16 h. Subsequently, the cells were harvested and assayed for
luciferase reporter activity using Promega luciferase assay kit
according tomanufacturer’s instructions. Co-transfection with
pEGF-N1 (Clontech) control vector was used to normalize for
transfection efficiency.
Antisense Oligonucleotides—Pre-designed, commercially

available siRNA sequences directed against human Smad3
(Dharmacon, Chicago, IL), human JNK (Abnova, Heidelberg,
Germany), and a universal negative control siRNA (Ambion,
Austin, TX)were employed.Cellswere treatedwith siRNA (250
nM each) using the X-treme Gene siRNA transfection reagent
(Roche Applied Science). The siRNA-mediated down-regula-
tion of the target genes was assessed 48 h after transfection by

FIGURE 3. T�RI and JNK activities are required to regulate TGF-�1-induced FXII expression in HLF. A, Western blot analysis of TGF-�1-induced FXII
expression in HLF. HLF were treated with T�RI (SB431542; 8 �M), JNK (SP600125; 5 �M), PI3K (wortmannin; 80 nM), MEK (PD98059; 30 �M), or p38
(SB203580; 8 �M) inhibitors for 1 h prior to incubation with TGF-�1 for 48 h. Cell lysates were prepared, and FXII expression was examined. �-Actin was
used as a loading control. The Western blot illustrated is from one representative experiment out of four. B, densitometric analysis of A. Data are
presented as means � S.D.; n � 4; **, p � 0.01. C and E, Western blot analysis of TGF-�1-induced FXII expression in HLF pretreated for 1 h with various
concentrations of SB431542 (C) or SP600125 (E). �-Actin was used as a loading control. The Western blot illustrated is from one representative
experiment out of three. D and F, densitometric analysis of C and E, respectively. Data are presented as mean � S.D.; n � 3; *, p � 0.05; **, p � 0.01; ***,p �
0.001. wort, wortmannin; NS, not significant.

TGF-�1 Induces FXII Expression in Human Lung Fibroblasts

11642 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 15 • APRIL 9, 2010



Western blotting. At this time point, cells were either not stim-
ulated or were stimulated with 10 ng/ml TGF-�1 for 24 h, and
the Western blots for FXII or JNK were prepared as described
above.
Chromatin Immunoprecipitation (ChIP)—ChIP was per-

formed using the chromatin immunoprecipitation assay kit
from Millipore (Schwalbach, Germany) according to the
manufacturer’s instructions. Briefly, HLF either not stimu-
lated or stimulated with 10 ng/ml TGF-�1 (R & D Systems)
were treated with 1% formaldehyde for 10 min. The cross-
linked chromatin was then sonicated to an average size of
300–400 bp. The DNA fragments were immunoprecipitated
with rabbit anti-Smad3 antibody (Cell Signaling) or IgG
isotype control antibody, overnight at 4 °C. After reversal
of cross-linking, the immunoprecipitated chromatin was
amplified by PCR using the following primers: human FXII-
299 forward, 5�-CTTAACCTCCTGATCTCC-3�; human
FXII-299 reverse, 5�-CGTTGGTCCAGCTGCCTATC-3�.
PCR products were separated on a 2% agarose gel and visu-
alized by ethidium bromide staining. Amplicons comprise
the FXII promoter region between �299 and �1 bp.
Streptavidin PulldownAssay—The double-stranded biotin-

ylated DNA fragment (T1-(�282/�258), 5�-biotin, CTTA-
ACCTCCTGATCTCCACAGGACCCAGAGCATAAGAA-
TGTCCC-3�, or T2-(�282/�258 C/T) 5�-biotin, CTTAAC-
CTCCTGATCTCCACAGGACCTAGAGCATAAGAATG-
TCCC-3�) spanning the SBE was assayed for protein
interaction in 100 �l of binding reaction containing 20 �g of
nuclear extract, 20 pmol/�l biotinylated template, and 1 �g
of poly(dI-dC). After incubation for 1 h at 30 °C, streptavidin
MagneSphere paramagnetic particles (Promega) pre-equili-
brated in binding buffer (20 mM HEPES, pH 7.9, 80 mM KCl,
10 mM MgCl2, 10% (v/v) glycerol, 2 mM dithiothreitol, 500

�g/ml of bovine serum albumin and 0.05% (v/v) Nonidet
P-40) were added to the reaction and incubated for another
1 h at 30 °C. The DNA-protein complexes were washed three
times with wash buffer (20 mM HEPES, pH 7.9, 50 mM KCl,
6.25 mMMgCl2, 0.5 mM EDTA, 2mM dithiothreitol, and 8.5%
(v/v) glycerol) using a magnetic device (Dynal MPC�-E,
Magnetic Particle Concentrator). After boiling, the DNA-
bound proteins were analyzed by Western blot using rabbit
anti-phospho-Smad3 antibody (Cell Signaling). Nuclear
extracts were prepared using NE-PER� nuclear and cyto-
plasmic extraction reagent (Pierce) according to the manu-
facturer’s instructions.
Statistics—Data are given as means � S.D. Statistical signifi-

cance was assessed using one-way analysis of variance followed
by the Tukey-HSD post hoc test, and paired samples were ana-
lyzed using the two-tailed Student’s t test. For evaluation of
differences between healthy volunteers and patients, the two-
tailed Mann-Whitney U test was used. A level of p � 0.05 was
considered statistically significant.

RESULTS

TGF-�1 Up-regulates FXII mRNA and Protein Levels in HLF—
Exposure of HLF to 10 ng/ml TGF-�1 stimulated the synthesis
of FXII in a time-dependent manner. Real time reverse tran-
scription-PCR analysis demonstrated the strongest induction
of FXII mRNA expression at 4 h of treatment (Fig. 1A). The
maximal FXII protein level was achieved within a 48-h stimu-
lation period and slightly declined at 72 h (Fig. 1, B and C).
Immunofluorescence staining revealed pronounced expression
of FXII inHLF in response toTGF-�1. FXII was detected on the
cell surface (Fig. 1D, top panel) as well as in the cytoplasmic
compartment of HLF (Fig. 1D, bottom panel). The purity of
isolated HLF was verified by positive staining for fibronectin,

FIGURE 4. Smad3 and JNK regulate TGF-�1-induced FXII expression in HLF. A and D, determination of knockdown efficiency in HLF after transfection with
siRNA against (A) JNK or (D) Smad3 as assessed by Western blotting. Data are representative of three independent experiments. B and E, effect of JNK (B) or
Smad3 (E) knockdown on TGF-�1-induced FXII expression in HLF. Data are representative of four independent experiments. C and F, densitometric analysis of
B and E, respectively. Data are presented as means � S.D.; n � 4; **, p � 0.01; ***, p � 0.001. G, impact of Smad3 knockdown on TGF-�1-induced JNK expression
and phosphorylation. Data are representative of three independent experiments. H and I, densitometric analysis of G. Data are presented as means � S.D.; n �
3. J, effect of Smad3 depletion on JNK translocation into the nucleus. Nuclear extracts were prepared and immunoblotted with antibodies against phospho-
JNK, lamin B, and tubulin. Lamin B was used as a loading control, and tubulin was used to assess the purity of the nuclear fraction. Data are representative of
three independent experiments. siR, scramble siRNA; NS, not significant.
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vimentin, and collagen IV and by negative staining for
�-smoothmuscle actin, pro-surfactant protein C, and vonWil-
lebrand factor (vWF, Fig. 1E).

TGF-�1 Induces Phosphorylation of MAPK, Akt, and Smad3
in HLF—To dissect the contribution of different signal trans-
duction pathways to TGF-�1-induced FXII production inHLF,
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we first analyzed phosphorylation kinetics of differentMAPKs,
Akt, and Smad3 in response to TGF-�1 stimulation. Phosphor-
ylation of p42/44 and p38 kinases peaked at 60 min and then
decreased. A marked increase in JNK activity was visible after
60 min, whereas enhanced phosphorylation of Akt was noted
after 120 min (Fig. 2, A and B). No differences in activation of
c-Jun were detected (data not shown). As expected, TGF-�1
induced rapid C-terminal phosphorylation of Smad3 (Ser-423/
Ser-425) with maximal response within 30–60 min (Fig. 2, C
and D). Immunofluorescence analysis demonstrated TGF-�1-
induced translocation of phospho-Smad3 (Ser-423/Ser-425)
into the nucleus of HLF (Fig. 2E). Accordingly, increased levels
of phospho-Smad3 (Ser-423/Ser-425) were observed in the
nuclear extracts after TGF-�1 treatment as assessed by West-
ern blotting (Fig. 2F).
Smad3 and JNK Kinase Regulate TGF-�1-induced FXII

Expression in HLF—After determination of the phosphoryla-
tion kinetics, we next sought to analyze whether interference
with these pathways would affect TGF-�1-induced FXII
expression in HLF. To address this, we used specific inhibitors
of T�RI, JNK, PI3K, MEK, and p38 kinase (SB431542,
SP600125, wortmannin, PD98059, and SB203580, respectively)
and evaluated their effect on TGF-�1-stimulated expression of
FXII. As depicted in Fig. 3, A–F, inhibition of T�RI and JNK
activity by SB431542 and SP600125, respectively, led to strong
and dose-dependent reduction in FXII expression in response
to TGF-�1. No changes in FXII expression were visible when
HLF were pretreated with inhibitors of PI3K, MEK, and p38
kinase (Fig. 3, A and B, and supplemental Fig. 1S). To further
confirm these results, HLF were transfected with JNK- or
Smad3-specific siRNAs, which caused significant knockdown
of these proteins as demonstrated byWestern blotting (Fig. 4,A
andD). As shown in Fig. 4,B andC, knockdown of JNK resulted
in significant inhibition of FXII expression after TGF-�1 stim-
ulation. Similar results were obtained when Smad3 was
depleted (Fig. 4,E and F). Of note, knockdown of Smad3 did not
have any influence on JNK expression (Fig. 4, G and H), phos-
phorylation (Fig. 4,G and I), and translocation into the nucleus
(Fig. 4J) indicating that JNKproduction, activation, and nuclear
import are not affected by the Smad signaling pathway.
JNK Kinase Does Not Regulate Smad3 Phosphorylation,

Smad3-Smad4 Complex Formation, and Its Translocation into
the Nucleus—As putative JNK phosphorylation sites located
within Smad3 linker region (Ser-208/Ser-213) have been iden-
tified (48), we examined their phosphorylation in HLF in

response to TGF-�1. However, none of the aforementioned
serine residues was phosphorylated in the presence of TGF-�1
(Fig. 5A). We next tested the role of JNK in Smad3 C-terminal
phosphorylation, complex formation with Smad4, and its
translocation into the nucleus. Incubation of TGF-�1-treated
HLF with JNK inhibitor (SP600125) did not interfere with the
C-terminal phosphorylation of Smad3 but abolished JNK activ-
ity (Fig. 5, B andC). These results suggest that the JNK pathway
does not affect the upstream interaction between Smad3 and
T�RI kinase. A T�RI inhibitor (SB431542) attenuated phos-
phorylation of Smad3 and JNK in response to TGF-�1 (Fig. 5,D
and E) indicating that phosphorylation of Smad3 and JNK orig-
inates from T�RI, the most proximal molecule in TGF-�1 sig-
nal transduction pathway.
To determine the impact of JNK on Smad3-Smad4 interac-

tion, we performed a series of co-immunoprecipitations. As
indicated in Fig. 5F, treatment of HLF with TGF-�1 stimulated
the interaction between Smad3 and Smad4. Moreover, Smad3-
Smad4 association was visible when HLF were pretreated with
SP600125 but completely abolished in the presence of
SB431542. As Smad3-Smad4 interaction leads to changes in
the subcellular localization of these proteins, we next investi-
gated Smad3 and Smad4movement into the nucleus. As shown
in Fig. 5G, exposure of HLF to SP600125 had no effect on TGF-
�1-induced Smad3 and Smad4 translocation into the nucleus,
whereas SB431542 completely blocked this process. Similar
results were obtained by immunofluorescence analysis (Fig.
5H). SB431542 and SP600125 alone did not impact Smad3-
Smad4 complex formation and its accumulation in the nucleus
(data not shown). These results indicate that JNK kinase can
regulate TGF-�1-induced FXII expression in HLF in the
absence of any effects on Smad3 phosphorylation, association
with Smad4, and its translocation into the nucleus.
TGF-�1 Induces FXII Promoter Activity via a Smad-binding

Element Located at the Position �272 to �269 (SBE-(�272/
�269)) in a JNK-dependent Fashion—To identify DNA ele-
ments required for TGF-�1-induced FXII production, we tran-
siently transfected NIH3T3 cells with a series of human FXII
promoter deletion constructs (pGL3-1630, pGL3-907, pGL3-
577, and pGL3-299; Fig. 6A) and then measured luciferase
activity in untreated and TGF-�1-treated cells. We used the
mouse embryonic fibroblast cell line NIH3T3 in these studies
because of their high transfection efficiency. Cells transfected
with pGL3-1630, pGL3-907, and pGL3-577 constructs dis-
played a moderately increased luciferase activity in response to

FIGURE 5. JNK does not regulate Smad3 phosphorylation, association with Smad4, and its translocation into the nucleus. A, HLF were treated for the
indicated time points with TGF-�1, and the phosphorylation of Smad3 at Ser-208 and Ser-213 was examined by Western blotting. Equal loading was confirmed
with pan-specific antibody. Data are representative of four independent experiments. B and D, HLF were treated with TGF-�1 in the absence or presence of JNK
inhibitor (SP600125) (B) or T�RI inhibitor (SB431542) (D) as indicated, and the activation of Smad3 and JNK as assessed by phosphorylation was analyzed by
Western blotting. Data are representative of four independent experiments. C and E, densitometric analysis of B and D, respectively. Data are presented as
mean � S.D.; n � 4; **, p � 0.01; ***, p � 0.001. F, HLF were preincubated with SB431542 or SP600125 1 h prior to addition of TGF-�1. After 1 h, the cell lysates
were prepared and immunoprecipitated (IP) with anti-Smad3 antibody. Coprecipitating Smad4 was detected by Western blotting (WB). The lower band present
in the bottom panel represents a heavy chain (HCh) of anti-Smad3 antibody and isotype control. Data are representative of three independent experiments.
G, Western blot analysis of TGF-�1-driven translocation of phospho-Smad3 (Ser-423/Ser-425) and Smad4 into the nucleus. HLF were pretreated with SB431542
or SP600125 and then either not stimulated or stimulated for 1 h with TGF-�1. Nuclear extracts were prepared and immunoblotted with antibodies against
phospho-Smad3 (SER-423/Ser-425), Smad4, lamin B, and tubulin. Lamin B was used as a loading control, and tubulin was used to assess the purity of the nuclear
fraction. Data are representative of three independent experiments. H, TGF-�1-driven translocation of phospho-Smad3 (Ser-423/Ser-425) and Smad4 into the
nucleus as assessed by immunofluorescence. HLF were preincubated with SB431542 or SP600125 1 h prior to addition of TGF-�1. After 1 h, the cells were
washed, fixed, and stained with phospho-Smad3 (Ser-423/Ser-425) and Smad4 antibodies. Arrows indicate nuclear localization of Smad3 and Smad4. Original
magnification was �40/1.25– 0.75 oil objective. Bar size, 10 �m. Data are representative of three independent experiments.
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TGF-�1, whereas strong induction of FXII promoter activity
was observed in pGL3-299 transfected cells (Fig. 6B). These
results indicate the presence of a TGF-�1-responsive element

within the �299/�1-bp region in
the human FXII promoter. In addi-
tion, our data suggest that repressor
element(s) located in the region
upstream of �299 bp may dampen
the stimulatory effects of TGF-�1.
To identify the TGF-�1-respon-

sive element of the FXII promoter
lying between �299/�1 bp, we
examined this DNA region for con-
sensus SBEs. This analysis identified
a putative SBE at the position �272
to �269 (SBE-(�272/�269), Fig.
6C). A point mutation of SBE-
(�272/�269) (C3T mutation at
the position�272) completely abol-
ished FXII promoter activity in
response to TGF-�1 (Fig. 6D). To
confirm these results, we generated
a construct lacking SBE-(�272/
�269) (Fig. 6E). Deletion of the
sequence between �299 and �183
abrogated the ability of the FXII
promoter to confer responsiveness
to TGF-�1 (Fig. 6F). These experi-
ments were also performed with
HLF and demonstrated similar
results (data not shown).
We next tested the role of the

T�RI/JNK signaling pathway in the
regulation of FXII promoter activity
by gene luciferase assay. The cells
were transfected with the pGL3-299
construct, pretreated with the indi-
cated inhibitors, and then either
unstimulated or stimulated with 10
ng/ml TGF-�1. As depicted in
Fig. 6G, TGF-�1-driven luciferase
activity was strongly reduced only
in the presence of T�RI and JNK
(SB431542 and SP600125, respec-
tively) inhibitors but not by PI3K,
MEK, and p38 (wortmannin,
PD98059, and SB203580, respec-
tively) blockers.
FXII Promoter Contains a Repres-

sor Element Located at Position
�577/�541—Our previous experi-
ments demonstrated low luciferase
activity in NIH3T3 cells transfected
with the reporter constructs con-
taining longer portions of FXII pro-
moter (pGL3-1630, pGL3-907, and
pGL3-577) and stimulated with
TGF-�1. This observation led us to

speculate that a repressor element might be located in the pro-
moter region between �577 and �299 bp. To pinpoint further
the repressor element itself, we generated a number of reporter

FIGURE 6. TGF-�1 induces FXII promoter activity via SBE at position �272 to �269 (SBE-(�272/�269)) in
a JNK-dependent fashion. A, schematic representation of FXII promoter luciferase reporter constructs. The
angled arrow indicates the transcription start site. B, NIH3T3 cells were transfected with the indicated FXII
promoter deletion constructs and then were either not stimulated (open columns) or were stimulated with
TGF-�1 (closed columns). Luciferase activity is expressed in relative luminescence units (RLU). Data represent
mean values � S.D. from four independent experiments, each performed in triplicate; **, p � 0.01. C, schematic
representation of the FXII promoter region containing a putative SBE at position �272 to �269. pGL3-299 C/T
represents a construct in which the SBE-(�272/�269) was mutated by the replacement of the C residue at
position �272 by T. D, NIH3T3 cells were transfected with the pGL3-299 or pGL3-299 C/T constructs. Luciferase
activity was determined in untreated (open columns) and TGF-�1 treated cells (closed columns). Data represent
mean values � S.D. from four independent experiments, each performed in triplicate; **, p � 0.01. E, schematic
representation of the pGL3-299 construct and the construct lacking SBE-(�272/�269) (pGL3-183�SBE-(�272/
�269)). F, NIH3T3 cells were transfected with pGL3-299 or pGL3-183�SBE-(�272/�269), and the luciferase
activity was measured in unstimulated (open columns) and TGF-�1-stimulated cells (closed columns). Data
represent mean values � S.D. from four independent experiments, each performed in triplicate; **, p � 0.01.
G, NIH3T3 cells, transfected with the pGL3-299 construct, were pretreated with SB431542, SP600125, wortman-
nin (Wort), PD98059, or SB203580 for 1 h prior to incubation with TGF-�1. Luciferase activity was determined in
untreated (open columns) and TGF-�1 treated cells (closed columns). Data represent mean values � S.D. from
four independent experiments, each performed in triplicate; *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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constructs carrying luciferase gene together with upstream
sequences of FXII promoter (�541/�1, �504/�1, �455/�1,
�404/�1, and �346/�1 bp; Fig. 7A). All aforementioned FXII
promoter constructs demonstrated high luciferase activity
upon treatment of NIH3T3 cells with TGF-�1 indicating that a
repressor element must be located in the promoter region
between �577 and �541 bp (Fig. 7B). Accordingly, deletion of
this region in the pGL3-907 construct (Fig. 7C) substantially
enhanced luciferase activity upon stimulation of NIH3T3 cells
with TGF-�1 (Fig. 7D).
Smad3 Interacts with SBE-(�272/�269) within the FXII

Promoter—To examine the interaction of Smad3 with SBE-
(�272/�269), we performed ChIP and streptavidin pulldown
assays. The ChIP assay clearly demonstrated TGF-�1-induced
interaction of Smad3 with the FXII promoter region (�299/�1
bp) flanking SBE-(�272/�269) (Fig. 8A). To further analyze
binding of Smad3 to SBE-(�272/�269), we performed a
streptavidin pulldown assay using a biotinylated template span-
ning the region �282 and �258 bp. As expected, Smad3 was
eluted from this template, whereas no interaction occurred
when SBE-(�272/�269) was mutated (Fig. 8B). These findings
indicate that Smad3-SBE-(�272/�269) forms a complex after
stimulation of HLF with TGF-�1. No Smad3-SBE-(�272/
�269) complex generation was noted when shorter biotinyl-
ated templates were used indicating the importance of neigh-
boring DNA sequences for binding of Smad3 to SBE-(�272/
�269) (data not shown).
JNK Activity Is Required for Binding of Smad3 to

SBE-(�272/�269)—Because inhibition of JNK did not impact
the phosphorylation, complex formation with Smad4, and
translocation of Smad3 into the nucleus, we investigated the

involvement of this kinase in the
formation of Smad3-SBE-(�272/
�269) complex by ChIP and
streptavidin pulldown assays. HLF,
pretreated with T�RI or JNK inhib-
itors (SB431542 or SP600125, re-
spectively), were either not stimu-
lated or were stimulated with
TGF-�1 and lysed, and a ChIP assay
was performed using an anti-Smad3
antibody and an IgG isotype con-
trol. TGF-�1-induced binding of
Smad3 to the FXII promoter region
(�299/�1) flanking SBE-(�272/
�269) was completely abolished
when either SB431542 or SP600125
was used (Fig. 8C). SB431542 and
SP600125 alone did not affect
interaction of Smad3 with DNA
(data not shown). Similar results
were obtained when the streptavi-
din pulldown assay was performed
(Fig. 8D).
FXII Levels Are Elevated in the

Lungs of ARDS Patients—To pro-
vide the evidence that our observa-
tions may be clinically relevant, we

investigated FXII levels in the lungs of patients with ARDS.
ARDS is a prototype of an acute inflammatory lung disease in
which severe abnormalities in the local coagulation system
resulting in the formation of fibrin-rich hyaline membranes
occur (24, 25). Furthermore, several lines of evidence indicate
that fibroblasts as well as TGF-�1 play critical roles in the
pathogenesis of this disorder (30–32). Significantly elevated
FXII levels were noted in the ARDS BAL fluids compared with
healthy controls (Fig. 9A). Moreover, immunohistochemical
studies revealed a strong FXII co-localizationwith fibroblasts in
the lung tissue of ARDS patients (Fig. 9B). Interestingly, we did
not observe a significant contribution of FXII to the increased
procoagulant activity in the BAL fluids of ARDS patients
because the clotting time of these samples was not altered by
FXII inhibitor (CTI). In contrast and in line with previous stud-
ies (24, 25, 49), a considerably prolonged clotting time of the
ARDS BAL fluid samples was observed in the presence of a
TF-neutralizing antibody (Fig. 9C). This underscores the
importance of the extrinsic coagulation cascade for the
increased alveolar procoagulant activity promoting extravascu-
lar fibrin deposition under these pathological conditions.

DISCUSSION

Factor XII is believed to participate in a number of patho-
physiological processes, including inflammation, coagulation,
and fibrinolysis (4). Previous reports demonstrated that FXII is
mainly produced by the liver and that its expression is regulated
by estrogen (50). The FXII promoter contains an estrogen-re-
sponse element that mediates 17�-estradiol-stimulated induc-
tion of FXII gene expression (7, 8, 51). Moreover, hereditary

FIGURE 7. FXII promoter contains a repressor element located at the position �577/�541. A, schematic
representation of FXII promoter luciferase reporter constructs. The angled arrow indicates the transcription
start site. B, NIH3T3 cells were transfected with the indicated FXII promoter deletion constructs and then were
either not stimulated (open columns) or were stimulated with TGF-�1 (closed columns). Luciferase activity is
expressed in relative luminescence units (RLU). Data represent mean values � S.D. from four independent
experiments, each performed in triplicate; *, p � 0.05; **, p � 0.01. C, schematic representation of the pGL3-907
construct and the construct lacking repressor element (RE) located at the position �577/�541 (pGL3-907�RE).
D, NIH3T3 cells were transfected with pGL3-907 or pGL3-907�RE, and the luciferase activity was measured in
unstimulated (open columns) and TGF-�1-stimulated cells (closed columns). Data represent mean values � S.D.
from four independent experiments, each performed in triplicate; *, p � 0.05.
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angioedema, type III, characterized by increased activity of
FXII, appears to be correlated with high estrogen levels (52).
Because the expression of FXII was also documented in other

organs such as the lung and placenta (53), this study explores
FXII production in the lung, and the molecular mechanisms
underlying the regulation of FXII synthesis in primary human
lung fibroblasts (HLF). We demonstrate, to the best of our
knowledge and for the first time, that FXII is produced by HLF
and that its expression is controlled by TGF-�1. Moreover, we
show the requirement for JNK and Smad3 signaling pathways
for TGF-�1-driven FXII synthesis in HLF. Our results are sup-
ported by a recent report that highlighted the importance of
JNK in TGF-�1-induced expression of connective tissue
growth factor in HLF (54).
The involvement of different signaling pathways, including

p44/42, Akt, p38, and JNK, in the transcriptional induction of
TGF-�1 target genes has already been demonstrated. TGF-�1-
mediated activation of p38 kinase was found to be essential for
mammary epithelial cell apoptosis, although it was not suffi-
cient for epithelial-to-mesenchymal transdifferentiation (55).
The p44/42 andAkt signaling pathways have been implicated in
TGF-�1-driven expression of plasminogen activator inhibi-
tor-1 in the endothelium and in mesangial cells, respectively
(56, 57). In this study, we demonstrated that the blockade of
MEK, PI3K, and p38 kinases did not affect the induction of FXII

synthesis by TGF-�1, indicating that activation of these kinases
is not essential for the enhancement of FXII expression in HLF.
In contrast, blockage of JNK activity by the pharmacological
inhibitor or JNK knockdown by siRNA significantly repressed
TGF-�1-induced FXII expression in HLF. The crucial role of
JNK kinase in TGF-�1-induced FXII expression is further con-
firmed by the luciferase promoter reporter assay, where prein-
cubation of HLF with a JNK-specific inhibitor completely abol-
ishedTGF-�1-stimulated FXII promoter activity. Interestingly,
JNK blockage did not interfere with the C-terminal phosphor-
ylation of Smad3, indicating that inhibition of this pathway
does not affect the upstream interaction between Smad3 and
T�RI kinase. Furthermore, no phosphorylation was noted at
the putative JNK phosphorylation sites (Ser-208/Ser-213)
located within Smad3 linker region. This observation contrasts
with data from other groups demonstrating TGF-�-induced
JNK-dependent phosphorylation of Smad3 (58–61). The rea-
son for this discrepancy is not clear; however, some differences
in the experimental procedure, such as a choice of cell type and
experimental conditions, may be of importance. In addition,
other JNK-dependent phosphorylation sites may exist in the
Smad3 linker region, and thus, a continuous effort has to be
made to decipher JNK-dependent Smad3 phosphorylation sites
to understand the cross-talk between Smad and JNK signaling
pathways.
We also present evidence that JNK does not impact Smad3-

Smad4 complex formation and its translocation into the
nucleus. Therefore, we conclude that the Smad and JNK path-
ways may merge their signals within the nucleus, and we
assume that JNKmay target other transcription factors/coacti-
vators that togetherwith Smad3 can regulate FXII transcription
by altering the binding of Smad3 to the FXII promoter region.
To support this hypothesis, a strong reduction in Smad3-DNA
complex formation was noted when HLF were preincubated
with the JNK inhibitor prior to the addition of TGF-�1. Several
transcription factors/coactivators, such as AP-1 (62), Sp-1 (63),
IRF-7 (64), or CBP/p300 (65), were found to be able to interact
with Smad molecules. Therefore, it is conceivable that JNK
kinase may control the interaction of Smad3 with other pro-
teins and, in this way, enhance TGF-�1-mediated FXII produc-
tion. In line with these considerations, the role of otherMAPKs
such as p44/42 and of Akt in the modulation of DNA binding
activities of various transcription factors, including Smads, has
already been demonstrated in other systems (57, 66, 67). Fur-
ther efforts are needed to clarify the detailed composition of
transcriptional machinery that is responsible for TGF-�1-
induced FXII expression in HLF. In this context, it is also
important to note that the Smad signaling pathway did not
influence JNK expression, activation, and translocation into
the nucleus.
TGF-�1 induction of FXII gene transcription was further

investigated by the generation of a series of FXII promoter lucif-
erase reporter constructs. Transient transfection of NIH3T3
cells with these constructs revealed the importance of the
sequence spanning 299/�1 region for TGF-�1-driven FXII
expression. Further analysis of this promoter region demon-
strated the presence of the SBE-containing consensus sequence
at position �272 to �269. This is in line with the previously

FIGURE 8. Smad3-SBE-(�272/�269) interaction is suppressed in the
presence of a JNK inhibitor. A, HLF were either not stimulated or were
stimulated with TGF-�1, and ChIP analysis was performed using a Smad3
antibody or IgG isotype control. PCR was performed with immunoprecipi-
tated (IP) DNA as described under “Experimental Procedures,” thereby
producing an amplicon comprising the �299/�1 region of the FXII pro-
moter. PCR products were separated by agarose gel electrophoresis and
detected by staining with ethidium bromide. Data are representative
of three independent experiments. B, nuclear extracts (NE) from untreated
or TGF-�1-treated HLF were incubated with biotinylated templates
(T1�282/�258 or T2�282/�258 C/T), and bound Smad3 was detected by
Western blotting. Data are representative of three independent experiments.
Nuclear extract was used as positive control. C, HLF were pretreated with
SB431542 or SP600125 for 1 h prior to incubation with TGF-�1. ChIP analysis
was performed using Smad3 antibody or isotype IgG control. PCR was per-
formed with immunoprecipitated chromatin as described under “Experimen-
tal Procedures,” thereby producing an amplicon comprising the �299/�1
region of the FXII promoter. Data are representative of three independent
experiments. D, HLF were preincubated with SB431542 or SP600125 for 1 h
prior to addition of TGF-�1. Nuclear extracts were prepared and then incu-
bated with the biotinylated template T1-(�282/�258). Smad3 was detected
by Western blotting. Data are representative of three independent experi-
ments. Nuclear extract was used as positive control.
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published reports demonstrating the interaction of the MH1
domain of receptor-associated Smad or the common mediator
Smad4 with G/C-rich sequences of DNA, termed CAGA boxes
(68, 69). Mutation or deletion of SBE-(�272/�269) further
underscored its importance for the TGF-�1-mediated FXII
expression in HLF. In addition, using different independent
approaches, we demonstrated a direct interaction of Smad3
with SBE-(�272/�269). Interestingly, lower TGF-�1 induc-
ibility was observed when longer portions of the FXII promoter
were studied, a fact that is common to other inducible promot-
ers as well (70). This initial observation resulted in the identifi-
cation of a repressor element located at position�577/�541 bp
indicating that initiation of FXII transcription in lung fibro-
blasts may only be achieved through the combinatorial inter-
play of various positive and negative regulatory elements
located in different regions of FXII promoter. Thus, it is tempt-
ing to speculate that multiple DNA-protein interactions are
required for cell type-specific regulation of FXII expression
under normal and pathological conditions. In line with this
assumption, previous reports demonstrated that cytokine,
developmental, hormonal, and tissue- and cell type-specific
regulation of gene expressionmay only be attained through the
integration of a number of effects resulting from interactions of
factors from multiple sites on the promoter (71–73).
Our findings raise the question of the role and function of

FXII in fibroblasts and, more generally speaking, of the possible
contribution of our observations to disease states. Our in vitro
studies, showing a strong up-regulation of FXII expression in
human lung fibroblasts in response toTGF-�1, suggest that our
results may be particularly relevant in pulmonary diseases in

which this cell population and this
cytokine as well as an altered local
coagulation system are thought to
be critically involved, such as ARDS
(24, 25, 49, 75–81). Accordingly, we
observed increased FXII levels and a
strong FXII co-localization with
fibroblasts in the lungs of ARDS
patients. These results support our
in vitro observations, and they pro-
vide initial evidence that our find-
ings may be clinically relevant. Sev-
eral mechanisms exist by which
fibroblast-derived FXII may con-
tribute to pathological processes in
the diseased lung. The procoagulant
activities of FXII may contribute to
excessive extravascular fibrin depo-
sition in the injured lung, which in
turn may serve as a reservoir of pro-
fibrotic growth factors and provide
a provisional matrix on which fibro-
blasts can proliferate and secrete
collagen (33–41). The possible role
of lung fibroblasts as contributors to
abnormal pulmonary fibrin turn-
over is underscored by the previous
results showing that this cell popu-

lation is an important source of other procoagulant and antifi-
brinolytic factors after stimulation with TGF-�1 and other
cytokines that occur in the injured lung (18, 20, 42). However,
recent studies reporting that targeted deletion of the fibrinogen
gene provides no protection from experimental lung injury and
subsequent pathological tissue remodeling have questioned the
importance of fibrin in these processes (82). Furthermore, the
pathophysiological significance of the FXII-triggered intrinsic
pathway of coagulation for fibrin formation in vivo has been
called into question by the observation that FXII deficiency in
humans seems not to be associatedwith bleeding abnormalities
(4, 83). In line with this observation, in this study we did not
notice a significant contribution of FXII to the increased proco-
agulant activity in the ARDS BAL fluids. Together, these findings
suggest that the hemostasis-independent cellular activities of FXII
rather than its procoagulant effects may play an important role in
pathological processes of the diseased lung.
In line with these considerations, preliminary in vivo studies

from our group demonstrated by targeted deletion of the FXII
gene and by blockage of FXII activity that FXII significantly
contributes to pathological tissue remodeling in the bleomycin
model of lung injury in mice and that FXII-induced prolifera-
tion of lung fibroblasts is critically involved in this process,
thereby linking for the first time the activation of the contact
phase of coagulation to the induction of fibroproliferation in
the diseased lung.3 In ARDS, in particular, the mitogenic activ-
ities of FXII toward lung fibroblasts might be important for the

3 E. Jablonska, P. Markart, K. T. Preissner, and M. Wygrecka, unpublished
observations.

FIGURE 9. Expression of FXII is elevated in the lungs of ARDS patients. A, quantification of FXII in BAL fluids
from ARDS patients and healthy controls as assessed by immunoassay. The box-and-whiskers plots indicate the
median, 1st, and 3rd quartile; the whiskers are extended to the most extreme value inside the 1.5-fold inter-
quartile range. Significance levels are indicated. B, representative lung tissue sections from ARDS patient
stained for FXII and vimentin. Arrows indicate fibroblast staining. Original magnification was �20. Bar size, 200
�m. C, procoagulant activity of BAL fluids from ARDS patients was assessed by clotting assay in the absence or
presence of FXII inhibitor (CTI), anti-TF blocking antibody (�TF), or an IgG isotype control (IgG). The box-and-
whiskers plots indicate the median, 1st, and 3rd quartile; the whiskers are extended to the most extreme value
inside the 1.5-fold interquartile range. Significance levels are indicated.
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progression of the early exudative stage to the proliferative and
fibrotic phases. Fibroproliferation and fibrogenesis may occur
very early in the course of this disease and are associated with a
significantly increased risk of mortality (78, 80, 81). Our find-
ings support the results from previous studies in which growth
factor activities of FXII on other cell populations such as human
hepatoma (HepG2) cells, fetal hepatocytes, endothelial cells,
alveolar type II cells, and aortic smooth muscle cells have been
described (74, 84). Mitogenic activities for fibroblasts have also
been described for other coagulation factors such as factor X
and thrombin, and similar to our observations, they have been
found to be crucial for pathological tissue remodeling in the
same bleomycin model of lung injury (37, 38). Whether our
findings are also relevant for the pathogenesis of other lung
disorders and for fibroproliferative processes in organs other
than the lung needs to be investigated in future studies.
In conclusion, we demonstrated that TGF-�1-induced FXII

production in HLF is mediated by JNK and Smad3 signaling
pathways. Moreover, we identified an SBE at position �272 to
�269 within the FXII promoter that is crucial for TGF-�1-
induced FXII promoter activity, andwe show the importance of
JNK in Smad3 binding to SBE-(�272/�269). Our findings pro-
vide new insights into the molecular mechanism responsible
for the regulation of FXII expression in HLF and implicate its
possible role in pathological conditions characterized by ele-
vated TGF-�1 levels and fibroproliferation.
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