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Background: Factor XIIa (FXIIa) binds to the cell surface; however, the underlying mechanism remains underexplored.
Results: Heparan sulfate (HS) enhances FXIIa binding capacity and consequently migration of human lung fibroblasts (HLF)
isolated from fibrotic lungs.
Conclusion: HS is responsible for local accumulation of FXIIa on the cell surface.
Significance: Enhanced association of FXIIa with HLF derived from diseased lungs suggests its role in fibrogenesis.

Hageman factor (FXIIa) initiates the intrinsic coagulation
pathway and triggers the kallikrein-kinin and the complement
systems. In addition, it functions as a growth factor by express-
ing promitogenic activities toward several cell types. FXIIa
binds to the cell surface via a number of structurally unrelated
surface receptors; however, the underlying mechanisms are not
yet fully understood. Here, we demonstrate that FXIIa utilizes
cell membrane-bound glycosaminoglycans to interact with the
cell surface of human lung fibroblasts (HLF). The combination
of enzymatic, inhibitory, and overexpression approaches
identified a heparan sulfate (HS) component of proteoglycans
as an important determinant of the FXIIa binding capacity of
HLF. Moreover, cell-free assays and competition experiments
revealed preferential binding of FXIIa to HS and heparin over
dextran sulfate, dermatan sulfate, and chondroitin sulfate A and
C. Finally, we demonstrate that fibroblasts isolated from the
lungs of the patients suffering from idiopathic pulmonary fibro-
sis (IPF) exhibit enhanced FXIIa binding capacity. Increased
sulfation of HS resulting from elevated HS 6-O-sulfotrans-
ferase-1 expression in IPF HLF accounted, in part, for this phe-
nomenon. Application of RNA interference technology and
inhibitors of intracellular sulfation revealed the cooperative
action of cell surface-associated HS and urokinase-type plas-
minogen activator receptor in the accumulation of FXIIa on the
cell surface of IPF HLF. Moreover, FXIIa stimulated IPF HLF
migration, which was abrogated by pretreatment of cells with
heparinase I. Collectively, our study uncovers a novel role of
HS-type glycosaminoglycans in a local accumulation of FXIIa on
the cell membrane. The enhanced association of FXIIa with IPF
HLF suggests its contribution to fibrogenesis.

Coagulation factor XII (FXII2; Hageman factor) is the zymo-
gen of serine protease factor XIIa (FXIIa), which expresses pro-
coagulant and proinflammatory activities. FXII is predomi-
nantly synthesized in the liver and is composed of fibronectin
type I and type II domains, two epidermal growth factor-like
domains, a kringle region, a proline-rich domain, and a catalytic
domain (1). Together with high molecular weight kininogen
and plasma kallikrein, FXII forms the plasma contact system
(2). Negatively charged surfaces promote FXII autoactivation
by inducing a conformational change in the zymogen resulting
in its enhanced susceptibility to proteolytic cleavage and the
formation of FXIIa. FXIIa triggers the intrinsic coagulation
pathway via activation of factor XI. It initiates the classical com-
plement pathway and converts prekallikrein to kallikrein,
which in turn reciprocally activates FXII and liberates brady-
kinin from high molecular weight kininogen (3).

Both FXII and FXIIa bind to the plethora of negatively
charged artificial and physiologically relevant substances,
including extracellular matrix components, glycosaminogly-
cans (GAGs), polyphosphate, extracellular RNA, or misfolded
proteins (1, 3). The importance of heparin, a highly sulfated
GAG, in the modulation of plasma contact system activity was
stressed by Hojima et al. (4), who reported that autoactivation
and reciprocal activation of FXII critically depend on a heparin
negative charge. Interestingly, heparin-initiated FXII activation
promoted bradykinin, but not FXIa, formation, suggesting that
heparin, via its ability to modulate FXIIa generation, stimulates
the kallikrein-kinin system, whereas the intrinsic coagulation
cascade remains unaffected (5). Heparin was also found to pro-
tect FXIIa from inhibition by C1 esterase inhibitor (6), support-
ing the notion that surface-bound FXIIa may effectively hydro-
lyze its physiologic substrates.
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Although binding to and activation of FXII on negatively
charged surfaces are well characterized, much less is known
about FXII interaction with the cell surface. Association of FXII
with neutrophils (7), platelets, and endothelial cells (8 –10) has
been reported, pointing toward the urokinase-type plasmino-
gen activator receptor (u-PAR), gC1qR, and cytokeratin 1 on
endothelial cells (11) and GPIb� on platelets (12) as FXII dock-
ing sites on the cell membrane. Although all aforementioned
receptors are structurally unrelated, with no common FXII
binding sites being characterized, they are identified as glyco-
proteins. GPIb�, for example, contains a considerable amount
of O-glycans rich in sialic acid residues, and u-PAR is subjected
to extensive N-linked glycosylation (13). Putative N-glycosyla-
tion sites have also been described in gC1qR (2). In view of these
findings and taking into account the important role of GAGs in
the modulation of FXIIa activity, we speculated that GAG may
also contribute to the binding of FXIIa to the cell surface. To
verify this assumption, we used a combined strategy of enzy-
matic digestion, metabolic inhibition, and recombinant overex-
pression and found that FXIIa utilizes the heparan sulfate (HS)
component of proteoglycans (PGs) to bind to the surface of the
cells. Our data reveal a novel role of cell surface-associated HS
in a local accumulation of FXIIa on the cell membrane.

EXPERIMENTAL PROCEDURES

Reagents—FXIIa was from American Diagnostica (Pfung-
stadt, Germany). Monoclonal antibody 10E4, recognizing an
epitope of the intact HS chains, was purchased from U.S. Bio-
logical (Salem, MA; catalog no. H1890). Neuraminidase (siali-
dase) from Vibro cholerae and N-glycosidase F (recombinant,
expressed in Escherichia coli) were from Roche Applied Sci-
ence. Heparinase I, heparinase II, chondroitinase ABC, chon-
droitin sulfate (CS)-A, CS-C, CS-A/C (3:1), tosylphenylalanyl
chloromethyl ketone-treated trypsin from bovine pancreas,
papain, proteinase K, tunicamycin, dextran sulfate 5000, glu-
cose, and p-nitrophenyl-�-D-xylopyranoside (�-D-xyloside)
were purchased from Sigma-Aldrich. Heparinase III, low
molecular weight heparin, heparan sulfate, dermatan sulfate,
and heparin/GAG binding plates were from Iduron (Man-
chester, UK).

Cell Isolation and Culture—Human lung fibroblasts (HLF)
were isolated and cultured as described previously (14). Human
fetal lung fibroblasts (HLF-1, ATCC� CCL-153TM) were
obtained from the American Type Culture Collection (Manas-
sas, VA). Wild-type Chinese hamster ovary (CHO) cells, CHO-
A745 and CHO-D677 cells, were a kind gift of Dr. Jeffrey D.
Esko (University of California, San Diego, La Jolla, CA). HLF-1
and CHO cells were cultured in Dulbecco’s modified Eagle’s
medium/F-12 (Life Technologies, Inc.) supplemented with 10%
fetal calf serum (FCS) and 1% penicillin/streptomycin at 37 °C
in a humidified atmosphere with 5% CO2.

RNA Isolation and Real-time Quantitative RT-PCR—RNA
isolation and real-time quantitative RT-PCR (RT-qPCR) were
performed as described previously (15). The following oligonu-
cleotide primers were used: human HS 6-O-sulfotransferase
(HS6ST)-1 (NM_004807.2) forward, 5�-GTCTCGTAGCA-
GGGTGAT-3�; human HS6ST-1 reverse, 5�-GACCGAGCTC-
ACCAACTG-3�; human HS6ST-2 (NM_001077188.1) for-

ward, 5�-GAGGATGGTGATGTAGTGGAA-3�; human HS6-
ST-2 reverse, 5�-CTCTTCTCCAGGTTCTCCAC-3�; human
u-PAR (NM_002659.3) forward, 5�-GACCCTGAGCTATCG-
GACTG-3�; human u-PAR reverse, 5�-GCTTCGGGAAT-
AGGTGACAG-3�; human syndecan-1 (SDC-1; NM_
001006946.1) forward, 5�-TGACAACTTCTCCGGCTCAG-
3�; human SDC-1 reverse, 5�-GAGACGTGGGAATAGCCGTC-
3�; human �-actin (NM_001101.3) forward, 5�-ATTGCCGA-
CAGGATGCAGGAA-3�; human �-actin reverse, 5�-GCTGA-
TCCACATCTGCTGGAA-3�. �-Actin served as a reference
gene. Cycling conditions were 95 °C for 6 min, followed by 40
cycles of 95 °C for 20 s, 58 °C for 30 s, and 73 °C for 30 s. Due to
the non-selective dsDNA binding of the SYBR Green dye, mel-
ting curve analysis and gel electrophoresis were performed to
confirm the exclusive amplification of the expected PCR prod-
uct. All changes in the target gene mRNA levels are presented as
�Cq, which was calculated by subtracting the Cq value of the
target gene from the Cq value of the reference gene. The higher
values of �Cq correspond to higher relative expression of the
gene of interest.

Western Blotting—Cells were lysed in ice-cold lysis buffer (20
mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100, 2.5 �M sodium pyrophosphate, 1 mM �-glycero-
phosphate, 1 mM Na3VO4, 1 mM PMSF, 1 �g/ml Complete
protease inhibitor mixture (Roche Applied Science)). Protein
lysates were separated on a 10% SDS-polyacrylamide gel under
reducing conditions, followed by electrotransfer to a PVDF
membrane. After blocking, the membrane was probed with a
mouse anti-His tag antibody (Millipore, Schwalbach, Germany;
catalog no. 70796). Afterward, the membrane was incubated
with peroxidase-labeled secondary antibody (Dako, Gostrup,
Denmark). Final detection of proteins was performed using an
ECL Plus kit (Amersham Biosciences). To determine the
amounts of protein loaded on the gel, the blot was stripped and
reprobed using mouse anti-�-actin (Sigma-Aldrich; catalog no.
A2228) antibody.

Labeling of FXIIa—One mg of FXIIa was labeled using the
EZ-Link� sulfo-NHS-biotinylation kit (Thermo Scientific,
Erlangen, Germany) according to the manufacturer’s instruc-
tion. Alternatively, FXIIa was labeled with Alexa Fluor� 546 dye
(Life Technologies) using the APEXTM antibody labeling kit
(Life Technologies) according to the instructions provided by
the manufacturer.

Immunocytochemistry—For immunocytochemical analysis,
CHO cells either untreated or treated with 0.0016 IU of hepa-
rinase I overnight were fixed with 4% paraformaldehyde for 10
min, blocked with 1% bovine serum albumin (BSA) in PBS for
1 h at room temperature, and incubated overnight at 4 °C with
a mouse anti-HS antibody. Afterward, the slides were incubated
with a fluorescein-conjugated secondary antibody (Dianova,
Hamburg, Germany) and mounted with Vectashield mounting
medium (Vector, Burlingame, CA). Nuclei were visualized by
4�,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) stain-
ing. Controls were performed by substituting the primary anti-
body with a species-matched isotype control. The images were
captured by a Leica DMR microscope (Leica, Heidelberg, Ger-
many) with a �63/1.25– 0.75 numerical aperture oil objective.
All images illustrated are representative of at least four other
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areas per section, seen on at least three independent sections.
To monitor binding of FXIIa to HLF, cells were fixed and
blocked as detailed above and incubated with Alexa Fluor� 546-
labeled FXIIa overnight at 4 °C. Slides were analyzed by confo-
cal laser-scanning microscopy using a �63/1.4 numerical aper-
ture plan apochromat oil objective (LSM 780, Carl Zeiss).

FXIIa Binding to HLF—Fibroblasts or CHO cells were seeded
in 96-well plates, cultured overnight, and then washed several
times with HEPES-Tyrode’s buffer (135 mM NaCl, 2.7 mM KCl,
11.9 mM NaHCO3, 0.36 mM NaH2PO4, 14.7 mM HEPES, 50 �M

ZnCl2, 1 mM MgCl2, 2 mM CaCl2, 3.5 mg/ml BSA, 3.5 mg/ml
glucose, pH 7.4). Cells were incubated for 1 h at 37 °C with 2.75
�g/ml FXIIa in the absence or presence of heparin, HS, derma-
tan sulfate (DS), dextran sulfate (DxS), glucose (100 �g/ml
each), CS-A, or CS-C (both 200 �g/ml) in HEPES-Tyrode’s
buffer. In some experiments, cells were preincubated for 60 min
at 37 °C with various concentrations of sialidase or N-glycosi-
dase F; for 3 min at 37 °C with various concentrations of trypsin,
papain, or proteinase K; for 2, 3, or 4 days with various concen-
trations of �-D-xyloside or tunicamycin; for 2 days with 10 mM

Na3ClO3 and/or 30 mM Na2SO4; for 2 h with 0.004 units of
chondroitinase ABC; or overnight with various concentrations
of heparinase I or heparinase III. Afterward, the cells were
washed with HEPES-Tyrode’s buffer and then incubated with
goat anti-FXII antibody (Zytomed Systems, Berlin, Germany;
catalog no. 206-0056). FXII binding to the cells was detected
using horseradish peroxidase-conjugated anti-goat antibody
(Dako) and the peroxidase-specific substrate 3,3�,5,5�-tetra-
methylbenzidine dihydrochloride (TMB; Thermo Fisher Scien-
tific). Bound FXIIa was determined by measuring the absorb-
ance at 450 nm using the microtiter plate reader (Molecular
Devices, Biberach, Germany).

Cytotoxicity Assay—Cell death was assessed by measuring the
activity of cytoplasmic lactate dehydrogenase released into the cell
culture medium using a cytotoxicity detection kit (Roche Applied
Science) according to the manufacturer’s instructions.

Antisense Oligonucleotides—Commercially available siRNA
sequences directed against human u-PAR, HS6ST-1, and
SDC-1 and a universal negative-control siRNA (all from
Ambion, Austin, TX) were employed. Cells were treated with
siRNAs (100 nM each) using the siLentFect lipid reagent (Bio-
Rad) according to the manufacturer’s instructions. The
siRNA-mediated down-regulation of the target genes was
assessed 24, 48, or 72 h after transfection by RT-qPCR or West-
ern blotting. Twenty-four h after transfection, cells were seeded
onto 96-well plates for a binding assay.

Syndecan-1 Overexpression—Probe specific for mouse SDC-1
ectodomain 775-bp cDNA (232–1007 bp, X15487) was prepared
by RT-PCR from mouse primary macrophages using sense primer
(5�-TGCAGGATCCTGGGCAGCATGAGACGCGCGGCGC-
TCTGG-3�) and antisense primer (5�-CCGCTCGAGTCAGTG-
GTGATGGTGATGATGTCCCAGCACTTCCTTCCTGTCC-
AAAAGGCT-3�) containing His6 tag sequence and cloned into
BamHI/SacII sites of vector pcDNA3.1(�) (Life Technologies).
To reach high transfection efficiency, plasmids were trans-
fected into HLF-1 using Lipofectamine� 2000 (Life Technolo-
gies) according to the manufacturer’s instructions. Expression
of His-tagged SDC-1 was confirmed by Western blotting 24 h

after transfection. Eight h after transfection, cells were seeded
onto 96-well plates for a binding assay.

Filter Binding Assay—To assess FXIIa binding to GAGs a
filter-binding assay was performed, where a nylon membrane
was soaked with buffer A (10 mM Tris-Cl (pH 7.5), 50 mM NaCl,
1 mM EDTA, and 1� Denhardt’s solution (0.02% (m/v) Ficoll,
0.02% (m/v) polyvinylpyrrolidone, and 0.02% (m/v) BSA)) and
fixed into a slot-blot apparatus. One hundred �l containing 10,
20, or 30 �g of DxS or DS; 2.5, 5, or 10 �g of heparin or HS; or
10, 20, or 40 �g of CS-A, CS-C, or CS-A/C were aspirated for 30
min through the filter and then cross-linked for 30 min by expo-
sure to ultraviolet light (254 nm). After extensive washing with
buffer A, the membrane was incubated at room temperature for
2 h with 10 �g/ml FXIIa in TBS containing 0.1% (v/v) Tween 20
(TBS-T), followed by incubation with goat antibody raised
against FXII (Zytomed Systems) at 4 °C overnight. After exten-
sive washing with TBS-T, the membrane was incubated with
peroxidase-labeled secondary antibody (Dako), and FXIIa-
GAG complexes were detected by enhanced chemilumines-
cence (ECL Plus kit, Amersham Biosciences). To demonstrate
the efficiency of the GAG immobilization, the membrane was
stained for 15 min with 0.1% toluidine blue (Serva, Heidelberg,
Germany) in 10% (v/v) acetic acid and 40% (v/v) methanol.

Solid-phase Binding Assay—Heparin/GAG binding plates
were coated with heparin, HS, DS, DxS, or glucose (25 �g/ml
each) or with CS-A or CS-C (250 �g/ml each) according to the
instructions provided by the manufacturer. The efficacy of
GAG immobilization was controlled by the digoxigenin glycan
detection kit (Roche Applied Science). The plates were washed
three times with SAB buffer (100 mM NaCl, 50 mM sodium
acetate, 0.2% Tween 20) and blocked with 1% BSA in PBS for 1 h
at 37 °C. After washing the plates with SAB buffer, different
concentrations of FXIIa/biot-FXIIa in SAB buffer were added
into the wells, and HS, DS, DxS, CS-A, CS-C, or glucose was
allowed to bind to FXIIa/biot-FXIIa for 2 h at 37 °C. After
extensive washing with SAB buffer, bound FXIIa was detected
using either goat anti-FXII antibody (Zytomed Systems) fol-
lowed by peroxidase-labeled secondary antibody or peroxidase-
labeled streptavidin (Dako). Final detection was performed
using peroxidase-specific substrate, TMB. For competition
experiments, the plates were coated with HS, heparin, or DS (25
�g/ml each), and serial dilutions of heparin, HS, DS, DxS, CS-A,
CS-C, glucose, or unlabeled FXIIa were added simultaneously
with FXIIa/biot-FXIIa into the wells. The uncoated plate was
used as a control.

Microscale Thermophoresis—FXIIa interaction with HS,
DxS, or CS-A was determined by changes in the thermopho-
retic movement by means of the microscalethermophoresis
binding assay (NanoTemper Technologies, Munich, Germany)
as described previously (16). Briefly, FXIIa was labeled with the
fluorophore NT-647 (Monolith NT Protein Labeling Kit,
NanoTemper Technologies) in the presence of a small peptide-
based inhibitor, Phe-Pro-Arg-chloromethylketone. An 11-fold
titration series of HS, DxS, or CS-A (5 mM to 2.44 �M) diluted
1:1 with PBS containing 0.05% Tween 20 was prepared. The
concentration of NT-647-labeled factor XIIa was kept constant
at 250 nM. To enable binding, FXIIa was incubated with GAG
for 30 min in the dark. The reaction was then aspirated into
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hydrophobic coated glass capillaries and sealed with wax. At a
laser voltage of 30%, the thermophoretic movement of labeled
proteins was monitored with a laser on for 30 s and off for 5 s.
Fluorescence was measured before laser heating (FInitial) and
after 30 s of laser-on time (FHot). Normalized fluorescence,
FNorm � FHot/FInitial, represents the concentration ratio of
labeled molecules. To obtain the relative change in fluores-
cence per mill, FNorm was plotted directly and multiplied by a
factor of 10. KD was calculated with NanoTemper Software
(NanoTemper Technologies) from at least three independent
thermophoresis measurements.

Cell Surface Expression of Heparan Sulfate—The presence of
cell surface HS was detected using a 10E4 antibody. Donor or
IPF HLF were seeded in 96-well plates (2 � 104 cells/well) and
cultured overnight. On the following day, cells were washed
with FCS-free medium and incubated with 0.001 IU of either
heparinase I, II, or III in medium without FCS overnight. After
the medium was removed, cells were washed with PBS and
fixed with 4% paraformaldehyde for 10 min. Nonspecific bind-
ing sites were blocked by incubation with 0.1% BSA in PBS for
1 h. Next, cells were washed with PBS and incubated with 50 ng
of 10E4 antibody at 4 °C overnight. Following the washing with
PBS, cells were incubated with horseradish peroxidase-conju-
gated anti-mouse antibody (Dako). Final detection was per-
formed using peroxidase-specific substrate, TMB.

Gap Closure Assay—HLF migratory potential was assessed
using silicone cell culture inserts (Ibidi, Martinsried, Germany)
attached to a 12-well plate. First, 5 � 104 cells were seeded into
each silicone insert compartment and allowed to attach. Next,
silicone cell culture inserts were removed, the gap area was

photographed, and cells were treated with 0.0025 IU of hepari-
nase I for 2 h in medium without FCS, followed by the addition
of 0.7 �g of FXIIa. After 21 h, images of the gap area were taken,
and the cells that had migrated into the gap area were counted
using ImageJ (National Institutes of Health, Bethesda, MD).

Statistics—Comparison of multiple groups was performed by
analysis of variance followed by Tukey’s post hoc test. For com-
parison of two groups, Student’s t test was used. p � 0.05 was
considered statistically significant. Data are presented as
mean � S.D.

RESULTS

PGs Mediate FXIIa Binding to the HLF Surface—Because
FXII receptors do not share a common protein sequence motif
that could serve as docking sites on the cell surface, we set out to
evaluate whether their carbohydrate moieties may play a role in
the FXII binding to the cell membrane. Employing a cell-based
ELISA, we found that HLF robustly accommodated FXIIa on
the cell surface (Fig. 1A). Pretreatment of HLF with sialidase,
which hydrolyzes terminal sialic acid residues, or N-glycosidase
F, which entirely cleaves off N-linked GAG chains, reduced
FXIIa binding in a dose-dependent manner. This effect was
potentiated when these two enzymes were applied simultane-
ously (Fig. 1B). In order to elucidate the role of the protein
component in the association of FXIIa with HLF, the cells were
preincubated with trypsin, papain, or proteinase K. Whereas
pretreatment of HLF with trypsin diminished binding of FXIIa
by 60% (Fig. 1C), minute amounts of papain and protease K
caused cell loss, precluding the assessment of FXIIa interaction
with the cell surface (data not shown). Together, these results

FIGURE 1. Glycosidases and proteases affect FXIIa binding to the HLF surface. A, HLF were treated with 1 �g/ml biotin-labeled FXII/FXIIa for 1 h at 37 °C.
Following the incubation with peroxidase-labeled streptavidin, binding of FXII/FXIIa to the cell surface was analyzed. Data represent mean � S.D. (n � 4); ***,
p � 0.001 versus control; ###, p � 0.001 versus FXII. B, cells were treated with 1, 0.1, or 0.01 units/ml sialidase (Sial), N-Glycosidase F (N-GlyF), or a combination
of both enzymes (0.1 units/ml each) for 60 min at 37 °C to remove surface GAG. C, to digest surface proteins, cells were incubated with 0.00025, 0.0001, or
0.00005% (w/v) trypsin for 3 min at 37 °C. B and C, after enzyme removal, cells were incubated with 2.75 �g/ml FXIIa and subjected to cell-based ELISA with
anti-FXII antibodies to determine the degree of FXIIa accumulation on the cell surface. Data represent mean � S.D. (error bars) (n � 4); ***, p � 0.001 versus
control; #, p � 0.05; ##, p � 0.01; ###, p � 0.001 versus FXIIa only. D, representative immunofluorescence pictures demonstrating binding of Alexa Fluor�
546-labeled FXIIa to HLF. Magnification was �630.
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indicate that glycoproteins/proteoglycans may be involved in
the binding of FXIIa to the cell surface. We also monitored the
binding of Alexa Fluor� 546-labeled FXIIa to HLF by an immu-
nofluorescence analysis. A prominent pericellular staining, pre-
dominantly localized to cell-cell contacts and lamellopodia-like
structures, was observed (Fig. 1D). Collectively, all of these
experiments prompted the question of whether PG might con-
tribute to the binding of FXIIa to the cell surface.

To examine the role of PG GAG side chains in the interaction
of FXIIa with HLF, the cells were treated with �-D-xyloside, an
inhibitor of O-linked GAG attachment to the core protein, and
thereafter the association of FXIIa with the cell membrane was
studied. As illustrated in Fig. 2A, FXIIa binding was gradually
decreased during incubation with increasing concentrations of
�-D-xyloside. Moreover, prolonged incubation with �-D-xylo-
side resulted in pronounced reduction of FXIIa binding capac-
ity (to 56% of control cells treated with the vehicle). In parallel,
the impact of protein N-glycosylation on the attachment of
FXIIa to HLF was investigated. Treatment of cells with tunica-
mycin, an inhibitor of N-linked oligosaccharide biosynthesis,
resulted in a time- and concentration-dependent reduction of
FXIIa binding to 50% of control cells grown in the presence of
the vehicle (Fig. 2B). To exclude the possibility that the changes
in FXIIa binding capacity of HLF result from cell damage

caused by 4-day-long incubation of cells with 10 �M �-D-xylo-
side or 200 ng/ml tunicamycin, a lactate dehydrogenase cyto-
toxicity assay was performed. This experimental procedure
revealed that �-D-xyloside and tunicamycin exhibited no cyto-
toxic effects on the cells (Fig. 2C). Furthermore, microscopic
inspection of the cells treated for 4 days with �-D-xyloside or
tunicamycin did not display any changes in the cell shape (Fig.
2D). In summary, these data suggest that PG-associated GAGs
may contribute to the FXIIa binding to HLF.

HS Provides Binding Sites for FXIIa on HLF—Previously,
Badellino and Walsh (17) provided evidence of a FXIIa interac-
tion with immobilized heparin, a GAG structurally related to
HS. Therefore, we wondered whether membrane-bound
HS-PG might be involved in FXIIa accumulation on the fibro-
blast surface. Enzymatic digestion of surface HS by heparinase I
or protein removal by trypsin treatment reduced FXIIa binding
by 24 and 45%, respectively (Fig. 3A). This effect was potenti-
ated when heparinase I and trypsin were applied simultane-
ously. Next, we investigated the role of differently sulfated HS
structures in FXIIa binding by using heparinase I and hepari-
nase III. N- and 6-O-sulfated glucosamine linked to 2-O-sul-
fated iduronic acid is a preferred dissacharide recognized by
heparinase I, whereas heparinase III cleaves glycosidic linkage
between N-acetylated or N-sulfated glucosamine and glucu-

FIGURE 2. Interference with GAG biosynthesis decreases accumulation of FXIIa on the cell surface. A and B, HLF were treated with 2.5, 5, or 10 �M

�-D-xyloside (A) or 50, 100, or 200 ng/ml tunicamycin (B) for 2, 3, or 4 days to prevent initiation of GAG synthesis or to inhibit N-linked glycosylation, respectively.
Following the FXIIa treatment, accumulation of FXIIa on the cell surface was assessed by cell-based ELISA, and resulting values are given as a percentage of FXIIa
binding to �-D-xyloside- or tunicamycin-untreated cells (set as 100%) (n � 4); #, p � 0.05; ##, p � 0.01; ###, p � 0.001 versus FXIIa only. C and D, cell damage
caused by 4-day-long incubation of HLF with 10 �M �-D-xyloside or 200 ng/ml tunicamycin as assessed by release of lactate dehydrogenase (LDH) into cell
culture media (C) or by microscopic inspection of the cells (D). The data are representative of three independent experiments. Magnification was �100. Data
represent mean � S.D. (error bars).
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ronic acid (18). This distinct substrate specificity dictates deg-
radation of high- or low-sulfated HS regions by heparinase I or
heparinase III, respectively. As shown in Fig. 3B, treatment of
cells with heparinase I or heparinase III decreased FXIIa
binding in a dose-dependent manner. Interestingly, at a lower
enzyme concentration, the heparinase III effect was less pro-
nounced than that of heparinase I, implying that highly sulfated
HS domains account for the majority of FXIIa binding to HLF.
Eventually, however, a higher dose of heparinase III reduced
FXIIa binding to the same level as did heparinase I, implying
that the progressive removal of the otherwise intact highly sul-
fated domains accounts for this phenomenon. Combined
action of heparinase I and heparinase III diminished FXIIa
binding capacity below the level observed when these two
enzymes were applied separately. To ultimately prove the
involvement of HS in the FXIIa binding, we employed cells that

do not express GAG entirely (CHO-A745 cell line) or specifi-
cally lack HS (CHO-D677 cell line) at the cell surface (19). As
shown in Fig. 3C, mutant cell lines showed a significantly lower
FXIIa binding capacity. Accumulation of FXIIa on CHO-A745
was reduced by 45% and on CHO-D677 by 22% when compared
with wild-type cells. Although CHO-D677 cells are HS-defi-
cient, this cell line expresses increased amounts of CS at the cell
surface (17). Because the reduction of FXIIa binding to CHO-
D677 was less pronounced than to CHO-A745, we assumed
that elevated CS levels compensate for the lack of HS and assist
in the interaction of FXIIa with the cell surface. To verify
whether CS moieties participate in the FXIIa binding to HLF,
the cells were treated with chondroitinase ABC in order to
remove CS chains. As seen in Fig. 3D, FXIIa binding was not
affected by chondroitinase ABC treatment, demonstrating that
CS is not involved in the FXIIa sequestration to HLF. Collec-

FIGURE 3. HS mediates interaction of FXIIa with HLF. A, to simultaneously remove HS and surface proteins, HLF were co-incubated with 0.0016 IU of
heparinase I (Hep I) and 0.0001% (w/v) trypsin. B, HLF were incubated with 0.0032, 0.0016, or 0.0008 IU of heparinase I; with 0.001, 0.0004, or 0.0002 IU of
heparinase III (Hep III); or with both enzymes (0.0016 IU of heparinase I and 0.001 IU of heparinase III) to remove HS from the cell surface. A and B, after incubation
with anti-FXII antibodies, FXIIa binding capacity of HLF was analyzed by cell-based ELISA. Data represent mean � S.D. (n � 4); ***, p � 0.001 versus control; #,
p � 0.05; ##, p � 0.01; ###, p � 0.001 versus FXIIa only; ††, p � 0.01 versus Hep I-treated cells. C, wild-type (CHO-WT), GAG-deficient (CHO-A745), or HS-deficient
(CHO-D677) CHO cells were treated with FXIIa. Surface accumulation of FXIIa was examined as described above. Data represent mean � S.D. (error bars) (n �
4); ***, p � 0.001 versus control; #, p � 0.05; ###, p � 0.001 versus CHO-WT cells incubated with FXIIa. D, impact of CS degradation on FXIIa binding. Cells were
treated with 0.004 units of chondroitinase ABC (Ch ABC) for 2 h, followed by incubation with FXIIa and measurement of FXIIa binding capacity as described
above. Date are given as a percentage of FXIIa binding to chondroitinase ABC-untreated cells (set as 100%) (n � 3). E, effect of heparinase I enzymatic activity
on HS surface expression. Cell-based ELISA was performed on the intact HLF and on the cells treated with 0.0016 IU of heparinase I and subsequently incubated
with 10E4 antibodies directed against native HS-type GAG (�HS). Data represent mean � S.D. (n � 4); ***, p � 0.001 versus IgG; ###, p � 0.001 versus
anti-HS-type GAG only. F, representative fluorescence microscopy images of CHO-WT and CHO-A745 cells stained with antibodies directed against native
heparin sulfate chains (green). Cells were either treated with 0.0016 IU of heparinase I or left untreated (CTRL). Magnification was �400.
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tively, these data indicate that HS-PG plays an important role in
the interaction of FXIIa with the cell surface.

Heparinase I activity toward cell surface HS was controlled by
cell-based ELISA performed with 10E4 antibody, which recog-
nizes native HS-type GAG. Heparinase I decreased 10E4 antibody
binding to HLF as compared with control (Fig. 3E). Likewise, HS
immunoreactivity was reduced upon heparinase I treatment of
CHO-WT cells and was not visible on CHO-A745 cells (Fig. 3F).

FXIIa Binds to Immobilized HS—To analyze the binding of
FXIIa to immobilized GAGs, a slot-blot filter-binding assay was
performed. Increasing concentrations of DxS, DS, HS, CS-C,
CS-A, and CS-A/C were spotted on the membrane and subse-
quently probed with FXIIa. Heparin was employed as a positive
control (17). Although we observed association of FXIIa with
heparin, HS, DS, DxS, and CS-A (Fig. 4A, right), a direct com-
parison of FXIIa interaction with diverse GAGs was not possi-
ble due to different binding affinities of GAGs to the nylon
membrane (Fig. 4A, left panel). To further characterize the
interaction of FXIIa with various GAGs, a solid-phase binding
assay was employed. Here, a microtiter plate was coated with
GAGs, and increasing concentrations of FXIIa were applied.
The efficacy of the coating procedure was monitored by a
digoxigenin-based enzyme-linked immunosorbent assay (data
not shown). While the most efficient binding of FXIIa to hepa-
rin and HS was observed, the interaction of FXIIa with DxS, DS,
and CS-A was less pronounced. FXIIa did not bind CS-C and
glucose applied as a control (Fig. 4B).

To further analyze the binding of FXIIa to GAGs, we per-
formed competition experiments with HS- or DS-coated
microwell plates, which were then incubated with FXIIa in the
presence of serial dilutions of heparin, HS, DxS, DS, CS-A,
CS-C, or glucose. Free heparin and HS effectively blocked bind-
ing of FXIIa to immobilized HS (Fig. 4C) or DS (Fig. 4D). DxS,
DS, and CS-A at the highest concentration used (100 –200
�g/ml) moderately competed with immobilized HS or DS for
FXIIa binding, whereas CS-C and glucose were ineffective (Fig.
4, C and D). Next, we followed the interaction between
immobilized HS and biotinylated FXIIa in the presence of
unlabeled FXIIa acting as a competitor. Unlabeled FXIIa effi-
ciently blocked binding of biotin-labeled FXIIa to HS (Fig. 4E).
Similar results were obtained when immobilized heparin
instead of HS was used (Fig. 4F). Although biotinylated FXIIa
did not bind efficiently to DS, this interaction was also abro-
gated by unlabeled FXIIa (Fig. 4G). To confirm FXIIa binding to
HS, we performed microscale thermophoresis. As depicted in
Fig. 4H, FXIIa bound to HS with a KD of 270 � 38 �M. Con-
versely, no binding of FXIIa to DxS (Fig. 4I) or CS-A (Fig. 4J) was
observed. The measurements of FXIIa interaction with C1
inhibitor served as a positive control (data not shown).

Finally, we tested whether free GAGs compete with FXIIa
binding to HLF. To this end, HLF were incubated with FXIIa in
the absence or presence of heparin, HS, DxS, DS, CS-A, CS-C,
or glucose. As shown in Fig. 4K, heparin and HS inhibited the
association of FXIIa with HLF by 29 and 26%, respectively.
When compared with heparin and HS, DxS showed a moderate
effect (15%), whereas DS, CS-A, CS-C, and glucose failed to
interfere with the binding of FXIIa to the cells (Fig. 4K).

Overexpression of HS-type PG Modulates FXIIa Binding to
Cell Surface—We then explored whether transfection of HLF-1
with a vector carrying SDC-1, a prototype transmembrane
HS-PG, might influence FXIIa binding capacity of the cells (20).
Gradual SDC-1 overexpression progressively enhanced FXIIa
accumulation, ultimately doubling the binding capacity of
untransfected cells (Fig. 5A). Next, we verified whether the HS
component of SDC-1 is responsible for increased FXIIa binding
capacity of HLF-1. Digestion of sulfate-rich HS domains by
heparinase I abolished the favorable effect of SDC-1 overex-
pression and reduced FXIIa binding to the level observed in
untransfected cells (Fig. 5B). Collectively, these results demon-
strate that HS-type PGs mediate FXIIa accumulation on the cell
surface. To investigate whether decreased SDC-1 expression
will reduce FXIIa binding, we employed siRNA directed against
SDC-1. Interestingly, FXIIa binding capacity of HLF was not
affected upon SDC-1 knockdown (Fig. 5C). This implies that
endogenous SDC-1 provides a minority of FXIIa binding sites
on HLF and that other HS-PGs are responsible for accumula-
tion of FXIIa on this cell type. Fig. 5D demonstrates the efficacy
of SDC-1 overexpression in HLF-1, and Fig. 5E shows the effi-
cacy of SDC-1 knockdown.

Altered HS Sulfation Enhances FXIIa Binding Capacity of IPF
HLF—In a recent paper, Lu et al. (21) reported elevated levels of
HS 6-O-sulfation in the lungs of patients suffering from idio-
pathic pulmonary fibrosis (IPF). This phenomenon was associ-
ated with the increased expression of HS 6-O-sulfotransferase
(HS6ST)-1 and -2 (21), enzymes catalyzing sulfation at the 6-O-
position of N-acetylglucosamine residues. Thus, we investi-
gated whether increased HS 6-O-sulfation may have an impact
on FXIIa binding capacity of IPF HLF. In agreement with pre-
viously published data (21), analysis of HS6ST-1 and HS6ST-2
expression revealed increased HS6ST-1 mRNA levels in fibro-
blasts isolated from IPF lungs as compared with fibroblasts iso-
lated from donor lungs (Fig. 6A). Moreover, IPF HLF bound
FXIIa more efficiently than donor HLF (Fig. 6B). Pretreatment
of cells with heparinase I reduced FXIIa association with HLF,
irrespective of whether the cells were derived from donor or IPF
lungs (Fig. 6B). Bearing in mind that heparinase I is unable to
entirely remove surface HS (22), we assumed that residual HS
chains attached to the core proteins after heparinase I treat-
ment can still act as functional FXIIa binding sites and confer
similar FXIIa binding capacity of both cell types. To ultimately
prove the role of increased HS6ST-1 expression in the FXIIa
binding capacity of IPF HLF, HS6ST-1 was knocked down using
siRNA technology. Depletion of HS6ST-1 reduced the accumu-
lation of FXIIa on both the donor and IPF fibroblast cell surface
(Fig. 6C). This effect was potentiated when u-PAR, the receptor
involved in the binding of FXIIa to HLF,3 was knocked down.
Remarkably, simultaneous depletion of u-PAR and HS6ST-1
had an additive effect on FXIIa binding to IPF, but not to donor,
HLF (Fig. 6C), implying that enhanced HS 6-O-sulfation, not
related to u-PAR, plays a role in the attachment of FXIIa to IPF
HLF. The efficiency of u-PAR and HS6ST-1 knockdown in
donor and IPF HLF is demonstrated in Fig. 6D. To further ana-

3 L. Wujak and M. Wygrecka, unpublished observation.
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lyze the role of HS sulfation in the accumulation of FXIIa on IPF
HLF, we performed experiments in the presence of sodium
chlorate, an inhibitor of intracellular sulfation. Pretreatment of
the cells with NaClO3 inhibited the attachment of FXIIa to
donor HLF by 37% and to IPF HLF by 51% when compared with

the respective control (Fig. 6E). The sodium chlorate effect in
IPF HLF was attenuated when the culture medium was supple-
mented with sodium sulfate used to overcome sodium chlorate
inhibition. In order to investigate the sulfation pattern of donor
and IPF HLF, we assessed the binding of a 10E4 antibody to the

FXIIa Binds Cell Surface via Heparan Sulfate

7034 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 11 • MARCH 13, 2015



cells pretreated with heparinases from Flavobacterium hepari-
num. Under control conditions, the binding of the 10E4 anti-
body to IPF HLF was 2-fold higher than to donor HLF (Fig. 6F).
Because the 10E4 antibody epitope contains N- or O-sulfate
groups (23), these data point to an increased amount of these
groups associated with HS on the cell surface of fibroblasts
derived from diseased lung. When the cells were subjected to
enzymatic HS digestion, we observed that combined hepari-
nase I and III or I, II, and III treatment reduced the amount of
10E4 epitopes on IPF HLF by 40 and 42%, respectively (Fig. 6F).

As mentioned above, heparinase I cleaves within highly sulfated
HS domains, whereas heparinase III displays specificity toward
non-sulfated HS regions, thus indicating that combined treat-
ment resulted in the progressive removal of the major portion
of cell surface HS. Moreover, because the effect of heparinase
treatment was observed only in cells isolated from diseased
lungs, we postulate that HS chains on IPF HLF are character-
ized by a higher sulfation when compared with donor HLF.
Collectively, these results point to an important role of HS sul-
fation in the elevated FXIIa binding capacity of IPF HLF.

FIGURE 4. FXIIa binds to immobilized and cell surface-associated HS. A, binding of FXIIa to DxS or DS (30, 20 or 10 �g of each), heparin or HS (10, 5, or 2.5 �g
of each), and CS-A, CS-C, or CS-A/C (40, 20, or 10 �g of each) immobilized on a nylon membrane. Toluidine blue (TB) staining and immunodetection with
anti-FXII antibodies were used to visualize immobilized GAGs and bound FXIIa, respectively. The membranes shown are representative of six independent
experiments. B–D, FXIIa binding to GAGs immobilized onto the surface of microtiter plates. B, heparin, HS, DxS, DS, or glucose (25 �g/ml each) and CS-A or CS-C
(250 �g/ml each) were surface-immobilized and incubated with the indicated amounts of FXIIa. C and D, surface-immobilized HS (C) or DS (D) was incubated
with 2 �g/ml FXIIa in the presence of the indicated amounts of heparin, HS, DxS, DS, CS-A, CS-C, or glucose used as competitors. E–G, surface-immobilized HS
(E), heparin (F), or DS (G) was incubated with increasing amounts of biotinylated FXIIa in the presence or absence of a 100-fold molar excess of unlabeled FXIIa
acting as a competitor. Following the washing steps, bound FXIIa was quantified using anti-FXII antibody (B–D) or directly with peroxidase-coupled strepta-
vidin (E–G). B–G, data are representative of three independent experiments performed in triplicates. H–J, binding of FXIIa to HS (H), DxS (I), or CS-A (J) as assessed
by microscale thermophoresis. KD values were calculated from three independent thermophoresis measurements. K, effect of solubilized GAG on the FXIIa
binding to HLF. Biotinylated FXIIa was incubated with HLF in the absence or presence of 100 �g/ml heparin, HS, DxS, DS, or glucose or 200 �g/ml CS-A or CS-C.
After extensive washing steps to remove unbound FXIIa and competitors, the amount of cell surface bound FXIIa was quantified using peroxidase-coupled
streptavidin. Data represent mean � S.D. (error bars) (n � 4); ***, p � 0.001 versus control; #, p � 0.05; ##, p � 0.01 versus FXIIa only.

FIGURE 5. Overexpression of HS-PG increases FXIIa binding capacity of HLF. A, HLF-1 cells were either left untransfected (UT) or transfected with empty
vector (EV) or with increasing concentrations of SDC-1-encoding vector (His-mSDC-1), incubated with FXIIa on the following day, and subjected to cell-based
ELISA with anti-FXII antibodies to determine the degree of FXIIa accumulation on the cell surface. Data represent mean � S.D. (error bars) (n � 4); ***, p � 0.001
versus control; ###, p � 0.001 versus FXIIa-treated cells transfected with empty vector. B, prior to the incubation with FXIIa, SDC-1-overexpressing cells were
treated with 0.0016 IU of heparinase I (Hep I). The amount of FXIIa on the cell surface was measured as described above. Data represent mean � S.D. (n � 3); ***,
p � 0.001 versus control; ##, p � 0.01 versus FXIIa-treated cells transfected with empty vector; †††, p � 0.001 versus cells treated with FXIIa only. C, SDC-1 or
universal control siRNA (si-SDC-1 or si-UNC, respectively)-transfected cells were incubated with FXIIa, followed by measurement of FXIIa binding capacity using
a cell-based ELISA. Date are given as a percentage of FXIIa binding to siUNC-treated cells (set as 100%). (n � 3). D, evaluation of SDC-1 overexpression in HLF-1
cells. Cells were either left untransfected or transfected with empty vector or various doses of SDC-1-encoding vector (His-mSDC-1). Expression of SDC-1 was
detected with anti-His antibody, and �-actin served as a loading control. Representative blots are shown (n � 3). E, evaluation of SDC-1 knockdown. Cells were
transfected with 100 nM si-SDC-1 or si-UNC. After 72 h, the efficacy of SDC-1 knockdown was assessed by RT-qPCR. RT-qPCR data are presented as �Cq. �-Actin
served as a reference gene (n � 3).
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FIGURE 6. Sulfate groups mediate increased FXIIa accumulation on the surface of IPF HLF. A, HS6ST-1 and HS6ST-2 mRNA expression in fibroblasts isolated
from donor (n � 6) or IPF (n � 6) lungs. RT-qPCR data are presented as �Cq. �-Actin served as a reference gene. *, p � 0.05; n.s., non-significant. B, donor and
IPF HLF were treated with 0.001 IU of heparinase I (Hep I), followed by incubation with FXIIa. FXIIa binding capacity was analyzed by cell-based ELISA with
anti-FXII antibodies. Data represent mean � S.D. (error bars) (n � 4); ***, p � 0.001 versus control; ##, p � 0.01; ###, p � 0.001 versus HLF treated with FXIIa only;
†††, p � 0.001 versus FXIIa-treated donor HLF. C, donor and IPF HLF were transfected with universal control siRNA (si-UNC) or siRNA directed against u-PAR
(si-u-PAR) or HS6ST-1 (si-HS6ST-1) (100 nM each) and incubated with FXIIa. Binding of FXIIa on the cell surface was estimated as described above. Data represent
mean � S.D. (n � 4); ***, p � 0.001 versus control; #, p � 0.05; ##, p � 0.01; ###, p � 0.001 versus FXIIa-treated cells transfected with si-UNC; †, p � 0.05 versus
IPF HLF transfected with si-u-PAR. D, efficacy of u-PAR and HS6ST-1 knockdown in donor and IPF HLF. RT-qPCR data are presented as �Cq. �-Actin served as a
reference gene (n � 3); *, p � 0.05; ns, not significant. E, binding of FXIIa to donor and IPF HLF treated for 48 h with 10 mM NaClO3, 30 mM Na2SO4, or a
combination of these reagents. Surface accumulation of FXIIa was measured by cell-based ELISA. Data represent mean � S.D. (n � 4); ***, p � 0.001 versus
control; ##, p � 0.01; ###, p � 0.001 versus FXIIa; †, p � 0.05 versus NaClO3- and FXIIa-treated cells. F, effect of heparinase enzymatic activity on HS surface
expression on donor and IPF HLF. Cells were treated with 0.001 IU of either heparinase I, II, or III or with combinations of these enzymes. The expression of cell
surface HS was assessed by cell-based ELISA using the 10E4 antibody. Data represent mean � S.D. (n � 3); *, p � 0.05; **, p � 0.01 versus heparinase-untreated
HLF; ###, p � 0.001 versus heparinase-untreated donor HLF. G, migratory potential of donor and IPF HLF as assessed by the gap closure assay. Cells were
incubated with 0.0025 IU of heparinase I, followed by treatment with 0.7 �g of FXIIa. Cell migration is expressed as a percentage of migrated cells in various
experimental groups relative to the number of migrating untreated donor HLF (set as 100%). Data represent mean � S.D. (n � 3); **, p � 0.01 versus untreated
IPF HLF; ##, p � 0.01 versus FXIIa-treated donor HLF; †, p � 0.05 versus FXIIa-treated IPF HLF.
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HS Mediates FXIIa-induced IPF HLF Migration—Finally, our
efforts concentrated on elucidating the functional consequence
of increased FXIIa binding to IPF HLF. We profiled the expres-
sion of several profibrotic genes upon stimulation of donor or
IPF HLF with FXIIa and observed that expression of collagen 1,
collagen 4, matrix metalloproteinase-9, matrix metalloprotei-
nase-2, or vimentin remained unaffected by the treatment (data
not shown). We then endeavored to determine whether FXIIa
may modify HLF cellular properties and observed no FXIIa
effect on the donor HLF migration (Fig. 6G). However,
FXIIa had a striking effect on the IPF HLF by inducing pro-
nounced cell migration that was 18-fold higher than in the non-
stimulated cells. Moreover, heparinase I treatment nearly abol-
ished the effect of FXIIa and reduced fibroblast migration to a
value just 3-fold higher then the control cells, indicating that
the promigratory effect of FXIIa on IPF HLF depends on the
presence of cell surface HS chains.

DISCUSSION

In the present work, we demonstrate that HS-type PGs con-
tribute to FXIIa binding capacity of HLF. HS is a linear biopo-
lymer containing numerous negatively charged sulfated groups
(24). The repetitive nature of HS chain structure is used by
numerous proteins to bind to the cell surface. These interac-
tions usually occur between positively charged amino acids of
the respective protein and the negatively charged sulfate groups
of HS (25). Thus, changes in the sulfation pattern of HS may
result in altered affinity for growth factors, adhesion molecules,
or cytokines. Our study demonstrates the direct binding of
FXIIa to immobilized HS and heparin and, to a lesser extent, to
other GAG species. Interestingly, heparin interacted with FXIIa
slightly stronger than with HS. Compared with heparin, HS is
characterized by lower sulfation of disaccharide residues and,
thereby, lower negative net charge. Because the strength of
FXIIa binding depends on the negative charge density of the
surface (3), the reduced number of sulfated residues in HS may
explain the slightly diminished FXIIa binding capacity of HS
and, in addition, points toward the role of sulfation in the asso-
ciation of GAGs with FXIIa.

At present, we can only speculate about the region of FXIIa
involved in the interaction with HS chains. In general, the pro-
tein HS-binding platforms are organized into large, positively
charged surfaces composed of several basic amino acids that do
not display a common sequence pattern (24). Although several
structural domains of FXII/FXIIa have been described to bind
negatively charged surfaces, the precise location of the FXII site
involved in the interaction with GAG chains has not yet been
identified (1, 17). Analysis of heparin binding to a number of
other coagulation factors may provide mechanistic and struc-
tural insights as to how FXIIa associates with HS-type GAGs
(25). For example, heparin binding to thrombin is mediated by
a large electropositive area on the protein surface composed of
several basic amino acids (26). Similarly, the number of basic
amino acids on the surface of activated protein C provides a
binding site for heparin and HS (27). Moreover, structural stud-
ies on factor IX or factor X indicate that these proteins interact
with heparin via positively charged surfaces homologous to the
heparin binding site described in thrombin (28, 29). Interest-

ingly, the study of FXII architecture reveals the presence of an
electropositive path on the protein surface formed by the
fibronectin type II domain and the epidermal growth factor-
like region on the protein N terminus (30). Because similar
structures were found to mediate the binding of various coag-
ulation factors to heparin, it is tempting to speculate that this
electropositive area may mediate FXIIa interaction with HS-
type GAGs. However, whether this positively charged region of
FXIIa is essential for the binding to HS-type GAGs remains the
objective of further studies.

Although the role of GAGs in the modulation of FXII activity
is well characterized, studies describing the involvement of
GAGs in the binding of FXIIa to the cell surface are lacking, and
available reports rather highlight the role of GAG chains in
association with other coagulation factors and their inhibitors
with the cell membrane. Ho et al. (31) reported that microvas-
cular endothelial cells utilize HS to bind, and subsequently
degrade, factor Xa-tissue factor pathway inhibitor complexes.
Furthermore, cell surface HS chains were found to bind throm-
bin to the endothelial cells (32). HS was also shown to bind
antithrombin, a physiological inhibitor of thrombin, to the
microvascular endothelial cells (33, 34). Finally, several studies
demonstrated the importance of HS for the attachment of HK
to the cell surface (35, 36). Interestingly, the degree of HS
involvement in this process varied depending on the cell type
used. Surface HS was shown to account for the majority of HK
binding to endothelial cells, whereas accumulation of HK on
fibroblasts and epithelial cells predominantly depended on
chondroitin sulfate (37). With regard to FXII/FXIIa, several
studies demonstrated its binding to the cell surface. Whereas
FXII was shown to interact with neutrophils (7), endothelial
cells and platelets were found to bind both FXII and FXIIa
(8 –10, 12). Moreover, FXIIa was shown to compete with HK for
the binding to endothelial cells and platelets, suggesting that
these two proteins share binding sites on the cells (10, 11). The
present study develops this idea and demonstrates that FXIIa
utilizes HS-PG to dock on the cell surface of HLF. Furthermore,
it provides evidence of a collaborative action of u-PAR and
HS-PG in the binding of FXIIa to the cell surface of fibroblasts
isolated from the lungs of patients suffering from IPF. Idio-
pathic pulmonary fibrosis is a devastating disease that is char-
acterized by excessive proliferation and invasive phenotype of
fibroblasts in the lungs of affected patients (38 – 40). Here, we
demonstrate that FXIIa induces IPF, but not donor, HLF migra-
tion in an HS-dependent manner. The role of HS-decorated PG
in modulation of cell motility was stressed before (e.g. in breast
cancer cells, where elevated syndecan-1 and -4 expression was
associated with changes in cell adhesion and migration) (41,
42). Moreover, our unpublished results4 demonstrating potent
mitogenic activities of FXIIa toward HLF further support a role
of FXIIa in fibrogenesis. The ability of FXII/FXIIa to stimulate
proliferation of alveolar type II cells, aortic smooth muscle cells,
hepatocytes, and endothelial cells has been described previ-
ously (43, 44). Furthermore, FXII/FXIIa-induced endothelial
cell proliferation was shown to be physiologically relevant

4 E. Jablonska and M. Wygrecka, unpublished results.
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because it had a profound impact on angiogenesis (45). Thus,
HS-dependent sequestration of FXII/FXIIa to the cell surface
may have important (but not related to its procoagulant activ-
ities) consequences in vivo.

Interestingly, the association of FXIIa with IPF HLF was
dependent on the degree of HS sulfation, because the knock-
down of HS6ST-1 and the addition of sodium chlorate to the
culture medium markedly diminished FXIIa binding capacity
of this cell type. The expression of HS6ST-1 was found to be
dysregulated in the lungs of IPF patients. In particular, HS6ST-
1-positive fibroblast foci were detected in the IPF lungs, and
increased HS6ST-1 mRNA levels were found in primary IPF
lung fibroblasts (21). The amount of O-sulfate groups, espe-
cially 6-O-sulfates, in HS determines its ability to interact with
proteins. For example, 6-O-sulfation of HS was found to regu-
late TGF-� signaling in fibroblasts and to promote the interac-
tion of urokinase with u-PAR on the cell surface (46). In addi-
tion, 6-O-sulfation mediated the binding of the platelet-derived
growth factor, hepatocyte growth factor, and lipoprotein lipase
to the HS, whereas the binding of the epidermal growth factor,
fibroblast growth factor (FGF)-2, and FGF receptor to HS was
dependent on both 6-O- and 2-O-sulfation, and the interaction
with antithrombin required the presence of 6-O- and 3-O-sul-
fate groups (47, 48). Moreover, the expression of SULF1, an
enzyme catalyzing the removal of 6-O-sulfate groups from HS,
was found to be down-regulated in several cancer cell types,
resulting in increased HS sulfation and subsequently enhanced
epidermal growth factor signaling (41). Here, we demonstrate
an increased 10E4 antibody binding to the IPF HLF when com-
pared with donor HLF, an effect that was reduced following
treatment with heparinase I and III. The specificity of hepari-
nase I directs its activity toward a linkage between N- and 6-O-
sulfated glucosamine and 2-O-sulfated iduronic acid, whereas
heparinase III cleaves between non-sulfated or N-sulfated glu-
cosamine and iduronic acid or glucoronic acid (18). Because
immunoreactivity of IPF, but not donor, HLF was reduced after
combined treatment with heparinase I and III, we concluded
that IPF HLF contain more N-sulfated and 6-O- and 2-O-sul-
fated HS chains at the cell surface. This interpretation is in line
with the results of our FXIIa binding experiments with sodium
chlorate and HS6ST-1 knockdown, which showed greater sus-
ceptibility of IPF HLF to the inhibition of HS sulfation. Thus, we
propose that elevated HS sulfation observed in IPF lungs,
although not directly required, could help to bring FXIIa into
close proximity of its signaling receptors and help to increase
FXIIa local concentration. The question of whether HS chains
may regulate FXII activation on the fibroblast cell surface still
requires further investigation.

In summary, our results demonstrate an important role of
HS-decorated PG in the binding of FXIIa to the cell surface and
in particular to IPF HLF characterized by increased expression
of u-PAR and HS6ST-1. Thus, enhanced sequestration of FXIIa
to IPF HLF may dictate its new, until now undiscovered, role in
the pathogenesis of pulmonary fibrosis.
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27. Friedrich, U., Blom, A. M., Dahlbäck, B., and Villoutreix, B. O. (2001)
Structural and energetic characteristics of the heparin-binding site in an-
tithrombotic protein C. J. Biol. Chem. 276, 24122–24128

28. Johnson, D. J., Langdown, J., and Huntington, J. A. (2010) Molecular basis
of factor IXa recognition by heparin-activated antithrombin revealed by a
1.7-Å structure of the ternary complex. Proc. Natl. Acad. Sci. U.S.A. 107,
645– 650

29. Pol-Fachin, L., and Verli, H. (2014) Structural glycobiology of heparin
dynamics on the exosite 2 of coagulation cascade proteases: implications
for glycosaminoglycans antithrombotic activity. Glycobiology 24, 97–105

30. Beringer, D. X., and Kroon-Batenburg, L. M. (2013) The structure of the
FnI-EGF-like tandem domain of coagulation factor XII solved using
SIRAS. Acta Crystallogr Sect. F Struct. Biol. Cryst. Commun. 69, 94 –102

31. Ho, G., Broze, G. J., Jr., and Schwartz, A. L. (1997) Role of heparan sulfate
proteoglycans in the uptake and degradation of tissue factor pathway inhibi-
tor-coagulation factor Xa complexes. J. Biol. Chem. 272, 16838–16844

32. Shimada, K., and Ozawa, T. (1985) Evidence that cell surface heparan
sulfate is involved in the high affinity thrombin binding to cultured por-
cine aortic endothelial cells. J. Clin. Invest. 75, 1308 –1316

33. Kojima, T., Leone, C. W., Marchildon, G. A., Marcum, J. A., and Rosen-
berg, R. D. (1992) Isolation and characterization of heparan sulfate pro-
teoglycans produced by cloned rat microvascular endothelial cells. J. Biol.
Chem. 267, 4859 – 4869

34. de Agostini, A. I., Watkins, S. C., Slayter, H. S., Youssoufian, H., and
Rosenberg, R. D. (1990) Localization of anticoagulantly active heparan
sulfate proteoglycans in vascular endothelium: antithrombin binding on
cultured endothelial cells and perfused rat aorta. J. Cell Biol. 111,
1293–1304
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