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ABSTRACT

To avoid malformation and disease, tissue development and homeostasis are coordinated
precisely in time and space. Secreted Frizzled-related protein 3 (sFRP3), encoded by the Frizzled-
related protein gene (FRZB), acts as an antagonist of Wnt signalling in bone development by
delaying the maturation of proliferative chondrocytes into hypertrophic chondrocytes. A
disintegrin and metalloprotease 17 (ADAM17) is a transmembrane protease that is essential for
developmental processes and promotes cartilage maturation into bone. sFRP3 s
chondroprotective and is expressed in chondrocytes of healthy articular cartilage. Upon damage
to cartilage, sFRP3 is down-regulated. Rare variants of sFRP3 are associated with osteoarthritis.
This study demonstrates a novel function of sFRP3 in suppression of the enzymatic activity of
ADAM17 which results in the inhibition of ADAM17-meditated interleukin-6 receptor (IL-6R)
shedding. By contrast, the rare double variant of sFRP3 failed to suppress ADAM17. The shed
soluble IL-6R is linked to inflammation, cartilage degeneration, and osteolysis. Accordingly,
enhanced activity of ADAM17 in cartilage, caused by the expression of the rare double sFRP3
variant, provides an explanation for the genetic effect of sSFRP3 variants in joint disease. The
finding that sFRP3 interacts with the ADAM17 substrate IL-6R also suggests a new regulatory
mechanism by which the substrate is protected against shedding.
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Summary Statement: ADAM17 activity and sFRP3 down-regulation or expression of its rare
double variant is associated with arthritis. sFRP3 interacts with IL-6R and ADAM17 and
suppresses ADAM17 activity, whereas the rare variant doesn’t; these findings provide
explanation for their opposing pathogenic associations.

Short title: A rare variant of sFRP3 failed to suppress ADAM17



INTRODUCTION

Tissue development and homeostasis are highly complex processes that are tightly controlled in
time and space. Secreted Frizzled-related protein 3 (sFRP3), encoded by the Frizzled-related
protein gene (FRZB), was identified in a chondrogenic extract of articular cartilage during a
search for proteins critical for bone development, and is expressed by chondrocytes in
developing bone and articular cartilage [1-4]. During long bone development, pre-chondrogenic
cells mature into proliferating chondrocytes, which secrete components of the extracellular
matrix, resulting in growth of the cartilaginous bone template. Later, these cells differentiate
into hypertrophic cells that mineralize the surrounding cartilage. sFRP3 suppresses this
differentiation into hypertrophic chondrocytes; thus sFRP3 expression is deliberately reduced
during this developmental stage [3]. By contrast, chondrocytes in articular cartilage, which
continually express sFRP3, show no differentiation into hypertrophy.

Evidence shows that sFRP3 plays a significant role in bone development and cartilage
homeostasis. Overexpression of sFRP3 in developing chicken limbs leads to shortening of long
bones and joint fusion, a phenotype that is associated with a delayed maturation of
hypertrophic chondrocytes [3]. In addition, sFRP3 knock-out mice show enhanced articular
cartilage loss in osteoarthritis disease models [5]. Two single nucleotide polymorphisms in the
gene encoding sFRP3, which lead to amino acid changes R200W and R324G, are linked to
osteoarthritis and other skeletal diseases [6-10], as well as cancer progression [11, 12].

sFRP3 belongs to the mammalian sFRP family, which comprises five well-established Wnt
antagonists (sFRP1-5) [13]; hence the biological effects of sSFRP3 have been connected primarily
to its role in Wnt signalling [14-19]. All sFRPs consist of an N-terminal cysteine-rich domain
(CRD) and a C-terminal Netrin (Ntr)-like domain. The CRD is homologous to those of Frizzled
receptors and represents the classical binding module of Wnt proteins [20]. Similar to those of
Frizzled receptors, the CRDs of sFRPs bind to Wnt proteins and the CRD of sFRP3 antagonizes
Whnt signalling in an identical manner to the full-length protein [21].

Whereas the CRDs of sFRPs are well characterized, little is known about the Ntr-like domains,
which are thought to act as heparin- and heparan sulphate-binding modules [22-25]; however,
additional functions have also been proposed. For instance, the Ntr-like domain of sFRP1 binds
to the N-terminal module of thrombospondin-1, thereby inhibiting its interaction with oz[3;
integrin and preventing cell adhesion [26]. In addition to those in sFRPs, C-terminal Ntr-like
domains are also present in proteins such as netrin-1, procollagen peptidase enhancer 1, and
the complement factors C3, C4, and C5 [27]. N-terminal Ntr-like domains are present in tissue
inhibitors of metalloproteases (TIMPs) [27]. Intriguingly, members of the sFRP family act as
inhibitors of metalloproteases belonging to the metzincin family, including matrix
metalloproteases (MMPs), A disintegrin and metalloproteases (ADAMs) and A disintegrin-like
and metalloprotease with thrombospondin type 1 repeats (ADAMTS) [28]. The sFRPs Sizzled and
Crescent are not thought to play a role in Wnt binding, but are well-described inhibitors of
tolloid-like metalloproteases, such as bone morphogenetic protein 1 [29-32]. Furthermore,
sFRP3 suppress MMP2 activity in prostate cancer cells [33] and interacts directly with MMP3,
whereupon its enzymatic activity is reduced [5]. sFRP1 suppresses ADAM10 activity, which is
also most likely due to a direct protein-protein interaction [34].



ADAM10 is the closest relative of ADAM17, which is required for proper long bone development
[35, 36]. ADAM17, a transmembrane type-l metalloprotease, was initially shown to cleave
membrane-bound tumour necrosis factor a (TNFa), resulting in the release of the actual pro-
inflammatory active cytokine [37, 38]. ADAM17 can also cleave cytokine receptors such as the
interleukin-6 receptor (IL-6R), and membrane-bound proforms of epidermal growth factor
receptor ligands, such as transforming growth factor o (TGFa). The release of these substrates
from the cell surface is called shedding [39]. These substrates imply the role for ADAM17 in
developmental processes; accordingly, ADAM17 null mice display perinatal lethality [40].
Selective deletion of ADAM17 in mouse chondrocytes demonstrates its importance in bone
development [35, 36]; compared with wild type animals, these mice display shorter long bones
with extended hypertrophic zones. This growth retardation is the consequence of delayed
remodelling of the hypertrophic cartilage template to bone caused by a halt in differentiation,
most likely due to the absence of TGFa release by ADAM17 [35, 36]. This phenotype is similar to
that of chicken embryos overexpressing sFRP3 [3]. IL-6R is another prominent substrate of
ADAM17, and is connected to bone homeostasis. Similar to the membrane-bound proform of
TNFa, membrane-bound IL-6R is associated with regenerative processes and only becomes a
pro-inflammatory mediator after shedding from the cell surface [39, 41, 42]. The shed soluble
IL-6R (sIL-6R) promotes pathological inflammatory responses [42-44], but also induces osteolytic
conditions due to its positive effect on osteoclastogenesis [45, 46]. Activation of chondrocytes
by the IL-6/IL-6R complex stimulates expression of the aggrecanases ADAMTS4 and ADAMTS5,
which promote cartilage degeneration [47].

ADAM17 can act as a releasing factor of TNFa and sIL-6R in the synovial fluids of arthritis
patients, and the amount of sIL-6R in the synovial fluid correlates with the grade of joint
destruction [41, 48]. The aim of this study was to unravel the relationships between the
chondroprotective sFRP3 and ADAM17, and the joint destructive sIL-6R. sFRP3 suppressed
ADAM17, thereby preventing sIL-6R release. The rare sFRP3 double variant was not able to
perform this task, which might be an explanation for its association with joint degenerative
diseases.



EXPERIMENTAL
sFRP3 expression constructs

For easy detection of sFRP3, a PC-tag was introduced between its signal peptide and its CRD.
This cDNA was obtained from Life Technologies/GeneArt (Regensburg, Germany) and cloned
into pcDNA3.1 (-) via Nhel and Notl cleavage sites.

The amino acid exchanges of the rare variants were introduced by site directed mutagenesis. To
introduce the R200W exchange, an overlapping PCR was applied, using primer pair, forward and
partl_rev, as well as, part2_fwd and reverse, or rev_R324G. The latter pair (part2_fwd and
rev_R324G) was used to obtain the rare double variant. To obtain the single R324G variant, the
primer pair forward and rev_R324G was used.

primer mutation sequence

forward R200W;R324G GCAGCTAGCGCCACCATGGTCTGCGGC
partl_rev R200W AGTCTTTATCTCTTTAACTTTAGCCCAAATGACATAGTTGTAATTGTTCCG
part2_fwd R200W TACAACTATGTCATTTGGGCTAAAGTTAAAGAGATAAAGACTAAGTGC
rev_R324G R324G TTTTCCTTTTGCGGCCGCTTAGTTGCCTGCTTGCCGGGGGTTCG

reverse R200W TTTTCCTTTTGCGGCCGCTTAGTTGCGTGCTTGCCGGGGGTTCG

Cell culture and transfection

HEK293T cells and PC3 cell lines were cultured in a humidified incubator at 37 °C, 5 % CO,, in
Dulbecco’s modified Eagle’s medium (DMEM) high-glucose with 10 % foetal calf serum (FCS),
streptomycin (100 mg/I) and penicillin (60 mg/l) (all from PAA Laboratories, Célbe, Germany).
For pull-down and co-immunoprecipitation experiments, 2 x 10° HEK293T cells were seeded in
10 cm culture dishes. After 24 h, a pre-mixed solution of 8 ug DNA and 20 ul polyethylenimine (1
mg/ml) in 1 ml DMEM was added for transient transfection. Cells were harvested 48 h after
transfection.

For flow cytometric analysis, immunofluorescence staining, proximity ligation assay - and
ADAM17 activity assays, cells were transfected using a mixture of 2 ug DNA and 5 ul
polyethylenimine (1 mg/ml) in 100 pl DMEM. 0.3 x 10° HEK293T cells were seeded 1 day prior to
transfection for immunofluorescence- and proximity ligation assay. 0.45 x 10° cells were seeded
1 day prior to transfection for flow cytometric analysis and ADAM17 activity assay.

ADAM17 activity assay

ADAM17 endogenously expressing HEK293T cells were used to measure shedding activity of
ADAM17, by co-transfecting them with extracellularly alkaline phosphatase (AP)-tagged
substrates (IL-6R, proTNFa or proTGFa) [49] and sFRP3 variants or empty vector. One day later,
cells were stimulated; for that medium was replaced by DMEM plus 100 uM cycloheximide
(Sigma-Aldrich, Taufkirchen, Germany) supplemented either with dimethylsulfoxide (DMSO),
100 nM phorbol-12-myristate-13-acetate (PMA) [50, 51] (Sigma-Aldrich, Taufkirchen, Germany)
or 100 nM PMA plus 10 puM of the metalloprotease inhibitor marimastat (Merck, Darmstadt,
Germany). After 30 minutes (in case of TNFa one hour), supernatants and cells were harvested,
AP activities were measured and the relative shedding activities were calculated as described
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previously [49, 51, 52]. In brief, cells were lysed in lysis buffer (50 mM Tris (pH 7.5), 200 mM
NaCl, 2 mM EDTA, 1 % Triton X-100 and complete protease inhibitor mixture without EDTA
(Roche Applied Science, Mannheim, Germany)). AP activities of supernatants and cell lysates
were measured at 405 nm using p-nitrophenylphosphate (Sigma-Aldrich, Taufkirchen, Germany)
as substrate. Absorptions of supernatants were divided by those of the corresponding lysates.
The obtained ratios were normalized to the corresponding sample treated with metalloprotease
inhibitor marimastat and PMA which were set to one. Afterwards, the shedding activity of the
PMA-treated control sample was set to 100 %. Student’s t-tests were performed using the
online tool at http://www.physics.csbsju.edu/stats/t-test.html.

Conditioned media was obtained from HEK293T cells cultured in DMEM containing 5 % FCS
which were transfected with eGFP as control or indicated variants of sFRP3. After two days
supernatants were harvested, sterile filtered and frozen at —20 °C. Expression of sFRP3
constructs was proven by Western blot analysis of aliquots from the supernatant. After
expression of the constructs of interest was confirmed, the conditioned media was diluted one
to one and applied in the activity assay using HEK293T cells solely transfected with AP-tagged IL-
6R, in the same way as described for DMEM medium with cycloheximide.

Western blotting

To confirm successful expression of proteins of interest, Western blot analysis was performed as
described previously [53]. For detection of PC-tagged sFRP3 variants murine HPC4 antibody (Ab)
was applied in the presence of 4 mM CaCl; in the antibody- and washing buffers. Expression of
ADAM17 was detected using A300D monoclonal antibody (mAb) [54], expression of the IL-6R
was detected with the murine 4-11 Ab [55], and B-actin expression was detected using C4 mAb
(Santa Cruz Biotechnologies, USA). AP-tagged proTNFa was detected via its myc-tag (71D10 Cell
Signaling, USA) and AP-tagged proTGFa via its AP-tag (ab11299, Abcam, England).

Whnt Signalling Phospho Antibody Microarray.

Two samples were analysed with the Wnt Signaling Phospho Antibody Microarray (Full moon
BioSystems/ Bio Cat, Heidelberg, Germany). To obtain them an ADAM17 activity assay was
performed by applying conditioned media containing 100 nM PMA on HEK293T cells. One
sample was treated with conditioned medium from sFRP3 transfected HEK293T cells, the
second one was treated with conditioned medium from eGFP transfected HEK293T cells. Five
minutes after stimulation cells were harvested and subjected to the Wnt Signalling Phospho
Antibody Microarray, which was performed according to manufacturer’s instructions. This assay
was performed once only as no changes were observed in the Wnt pathway.

Co-immunoprecipitation experiments

Co-immunoprecipitation experiments were performed as described previously [56]. “Lysis
buffer plus sucrose” (50 mM Tris (pH 7.5), 200 mM NaCl, 2 mM EDTA, 0.5 % Triton X-100, 5 %
glycerol, 250 mM sucrose, complete protease inhibitor mixture without EDTA (Roche Applied
Science, Mannheim, Germany) and marimastat (Merck, Darmstadt, Germany, 10 uM) were
used. In brief, beads were pre-incubated with lysis buffer supplemented with 6 % BSA. HA-
tagged ADAM17 was immunoprecipitated using rabbit anti-HA Ab (C29F4, Cell Signaling, USA)
and Protein A beads (Thermo Scientific, USA). To precipitate wild type ADAM17 A300E mAb [57,
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58] and Protein G (Thermo Scientific, USA) beads were applied. Cell lysates were divided into
two aliquots, after an input sample was taken. In one aliquot Abs and beads were added. In the
second aliquot, only beads were added, to serve as control. After incubation, beads were
washed and analysed by Western blotting. Experiments were performed and thereby
reproduced in at least 3 independent experiments.

Flow cytometric analysis

Flow cytometric analysis was performed as described previously [53]. PC3 cells were stimulated,
5 minutes prior to staining, by the addition of 100 nM PMA. Afterwards, 3 x 10° PC3 cells or 5 x
10° HEK293T cells were washed twice in FACS solution (PBS, 0.05 % NaNs) and stained for 1 h at
4 °C with 20-30 pg/ml of primary Abs. For detection of ADAM17, anti-ADAM17 A300E mAb [54],
for the IL-6R, murine anti-IL-6R 4-11 mAb [55], and for detection of PC-tagged sFRP3 constructs,
murine HPC4 mAb was used. When using HPC4, PBS was replaced by HEPES buffer (10 mM
HEPES (pH 7.5), 140 mM NacCl, 4 mM KCl, 0.75 mM MgCl; 3 mM CacCl,). Afterwards, cells were
washed and stained with 2 pl of allophycocyanin-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch Laboratories, USA) for 1 h at 4 °C. Subsequently, cells were measured with a
FACScan flow cytometer (BD Biosciences; USA) and experiments were analysed using BD
FACSDiva software. All presented flow cytometric measurements were confirmed at least 3
times in independent experiments.

Co-immunostaining experiments

HEK293T cells (0.3 x 10°) were seeded in six-well plates on coverslips one day prior to
transfection. Two days after transfection, cells were used for co-immunostaining experiments.
In the case of PMA stimulation, 100 nM PMA was added for 5 minutes. Afterwards, coverslips
were washed with PBS, blocked with 10 % FCS and incubated sequentially for 1-2 h with
primary and secondary Abs at 4 °C. Cells were then fixed by incubation with 4 %
paraformaldehyde (Merck, Darmstadt, Germany) at room temperature, the reaction was
stopped by incubation with 0.12 % glycine in PBS, followed by the addition of Mowiol 4-88 (151
mg/ml Calbiochem, USA)/ Diazabicyclooctan (18 mg/ml, Sigma-Aldrich, Taufkirchen, Germany)
plus DAPI in PBS for anchorage onto object plate. Objects were analysed by confocal
fluorescence microscopy (Olympus IX 81, cLSM FluoView 1000, Olympus, Hamburg, Germany).
For staining of ADAM17 murine A300E mAb, for sFRP3 rabbit H170 Ab (Santa Cruz
Biotechnologies, USA) and for staining of IL-6R murine 4-11 mAb was used. The following
secondary tools were used for detection: Alexa Fluor® 488 Goat Anti-Rabbit Ab (A11034) and
Alexa Fluor® 594 Goat Anti-Mouse Ab (A11032; both from Life Technologies, Regensburg,
Germany).

Proximity ligation assay

The Duolink in Situ® Assay (Sigma-Aldrich, Germany) was used to perform proximity ligation
assays. Cells were seeded and treated as for co-immunostaining experiments. The assays were
performed according to manufacturer’s instructions. For primary Abs, the same Abs were used
as in the co-immunostaining experiments, presenting a pair of murine and rabbit primary Abs.
The co-immunostaining experiments proximity ligation assays were repeated and confirmed in 3
independent experiments.



Surface biotinylation assay

For biotinylation of cell surface proteins HEK293T cells were washed 3 times with PBS (pH 7.4),
ones with PBS (pH 8, 4 °C), incubated with 5 ml of 0.25 mg/ml EZ-Link Sulfo-NHS-LC-Biotin
(Perbio Science, Germany) in PBS (pH 8) for 45 minutes at 4 °C and afterwards harvested.
Harvested cells were lysed in lysis buffer (20 mM Tris (pH 7.4), 150 mM NacCl, 2 mM EDTA, 0.5 %
Triton X-100, 0.1 % SDS and complete protease inhibitor mixture without EDTA (Roche Applied
Science, Germany)). Protein concentration was measured using the BCA Protein Assay Kit
(Perbio Science, Germany). For pull-down of biotinylated proteins 2000 ug were incubated with
40 pl streptavidin beads for 1 h at 4 °C. Afterwards beads were washed three times with lysis
buffer and three times with wash buffer (20 mM Tris (pH 7.4), 500 mM NaCl, 2 mM EDTA, 0.5 %
Triton X-100). For Western Blot analysis the beads were heated in 70 pl 2.5x Lammli buffer.

Surface plasmon resonance measurement

Affinity measurements were performed using a BiacoreX100 (GE Healthcare, Germany).
Recombinant ectodomain of the human ADAM17 (R&D systems; 930-ADB-010/CF) in a 1:1
mixture of PBS (pH 7.4) and 10 mM acetate buffer (pH 4) was immobilized on a CM5 biosensor
chip (GE Healthcare, Germany) according to the manual. Recombinant human sFRP-3 (R&D
systems; 192-SF-010/CF) was analysed in a range from 0.29 to 2.85 uM using PBS (pH 7.4) as
running buffer.

RESULTS
ADAM17-mediated IL-6R shedding is suppressed by sFRP3

Because of the opposing roles of sFRP3 and ADAM17 in bone development and cartilage
homeostasis, and the fact that sFRP1 suppresses ADAM10 activity [34], the influence of sFRP3
on ADAM17-mediated shedding was analysed (Figure 1A). HEK293T cells, which endogenously
express ADAM17, were co-transfected with a plasmid encoding AP-tagged IL-6R, an ADAM17
substrate, and a plasmid encoding PC-tagged sFRP3 or empty vector as a control. At 1 day post-
transfection, PMA was added to stimulate ADAM17 shedding activity [50, 51]. The AP activities
in the supernatants and cell lysates were measured and used to calculate relative shedding
activities. sFRP3 decreased ADAM17-dependent sIL-6R release (Figure 1A). A Western blot
analysis of the cell lysates showed that this suppressive effect was not due to differences in the
expression levels of the substrate, because the samples displayed comparable levels of IL-6R
(Figure 1B).

Suppression of ADAM17-mediated IL-6R shedding is abrogated in the rare double sFRP3
variant

To examine the activities of sFRP3 variants, amino acid substitutions were introduced into the
common variant and shedding assays were performed with the resulting rare single variant
(R324G) and rare double variant (R200W R324G) (Figure 1A). In contrast to the single variant,
the rare double sFRP3 variant failed to suppress ADAM17 activity, leading to an increased
release of sIL-6R by ADAM17. A Western blot analysis showed that this effect was not due to
differences in the expression levels of IL-6R or the sFRP3 variants (Figure 1B).
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Since only the rare double variant of sFRP3, and not the single R324G variant, failed to suppress
ADAM17-mediated IL-6R shedding, we investigated whether the failure of suppression was
caused by the R200W exchange only, or whether both amino acid substitutions were required.
For this experiment, the corresponding nucleotide was exchanged in the common sFRP3 variant
and ADAM17 activity assays were performed. The R200W variant of sFRP3 showed the same
inhibitory effect as the common variant, implying an additive effect of both amino acid
substitutions in the rare double sFRP3 variant (Figure 1C).

To determine whether ADAM17 suppression is in fact mediated by secreted sFRP3, ADAM17
activity assays were performed in the presence of conditioned media. In the first series of
experiments, these media were obtained from HEK293T cells expressing eGFP (as a control),
sFRP3, the sFRP3 rare single variant (R324G), or the sFRP3 rare double variant (R200W R324G).
The resulting data showed comparable effects to those observed in the previous activity assays.
Since the data displayed high standard derivations, a second series of experiments were
performed using new conditioned media, this time also from cells expressing the rare R200W
variant. Both experimental runs confirmed the suppressive effect of sSFRP3 on ADAM17 activity
and its abrogation by the double variant but not the single variants of sFRP3 (Figures 1E and 1F).

Suppression of ADAM17 activity by sFRP3 does not have exclusive effects on the shedding of
IL-6R

Besides IL-6R, ADAM17 also processes the membrane-bound proforms of TGFa and TNFa. Like
sIL-6R, both of these soluble proteins are described in the context of cartilage and bone.
Whereas TGFa is thought to be the key substrate of ADAM17 during bone development [35,
36], TNFa is a well-known mediator of inflammatory situations such as rheumatoid arthritis [41];
therefore, the suppressive effects of sFRP3 on ADAM17-mediated shedding of these two
additional substrates were studied (Figures 1G and 1H). Notably, shedding of the proforms of
TGFa and TNFa was reduced to approximately 30 % when sFRP3 was overexpressed, which was
comparable to the effects of SFRP3 on the shedding of IL-6R.

Suppression of ADAM17 by sFRP3 is independent of Wnt signalling

sFRP3 is a well-known inhibitor of Wnt-mediated signalling; thus the involvement of Wnt
signalling in sFRP3-mediated suppression of ADAM17 activity was investigated. HEK293T cells
transfected with AP-tagged IL-6R were incubated with conditioned medium from sFRP3-
transfected or eGFP-transfected HEK293T cells. After PMA stimulation for 5 minutes, the cells
were harvested and activated/phosphorylated signalling molecules of the Wnt pathway were
analysed using a Wnt Signaling Phospho Antibody Microarray. This array included probes for the
B-catenin-dependent canonical pathway, the Wnt calcium pathway, and the Wnt planar cell
polarity pathway. No differences between the phosphorylation levels of signalling molecules
involved in the different Wnt Pathways were detected (Figures 2A—E). This result suggests that
the suppressive effect of sSFRP3 on ADAM17 activity is independent of its function as a Wnt
antagonist. This hypothesis is reasonable because ADAM17 activity assays using transfected
cells or conditioned media revealed the same suppressive effects, regardless of whether sFRP3
was present for a long time before stimulation or only a short time during stimulation.



ADAM17 and sFRP3 interact on the surface of cells

To determine whether the suppressive effect of sFRP3 on ADAM17 is mediated by a direct
protein-protein interaction, as reported for sFRP1 and ADAM10 [34], co-immunoprecipitation
experiments were performed. ADAM17 co-precipitated with sFRP3 after overexpression in
HEK293T cells (Figure 3A). Next, lysates of untransfected HEK293T cells were used to determine
whether these cells express sFRP3 endogenously. Subsequent co-precipitation experiments
revealed an interaction between endogenously expressed sFRP3 and ADAM17 (Figure 3B).

A flow cytometry analysis was used to evaluate whether ADAM17 and sFRP3 interact on the cell
surface. The human prostate cancer cell line PC3 was stably transfected with an ADAM17-
specific ShRNA to reduce ADAM17 expression, or a scrambled shRNA to ensure normal ADAM17
expression [59]. Western blot and flow cytometry analyses confirmed the successful
suppression of ADAM17 expression in the PC3 knock-down cells (Figures 3C and 3D). The flow
cytometric analysis also revealed that the amount of ADAM17 on the cell surface of both cell
lines increased after 5 minutes of treatment with PMA. These cell lines were transiently
transfected with N-terminal PC-tagged sFRP3 (Figure 40) and treated with PMA for 5 minutes,
at 1 day post-transfection. Afterwards, the localization of sFRP3 on the cell surface was
determined by flow cytometry. Notably, the ADAM17-expressing control cells showed increased
sFRP3 cell surface staining compared with the ADAM17 knock-down cells (Figure 3E).

To prove the interaction of sFRP3 and ADAM17 on the cell surface, co-immunostaining of non-
permeabilized HEK293T cells was performed. Attempts to use endogenously expressed sFRP3
failed; therefore, HEK293T cells were transiently transfected with PC-tagged sFRP3. The
transfected cells were stained with a murine A300E mAb, which detects the ectodomain of
ADAM17, and a rabbit polyclonal anti-sFRP3 H170 Ab (Figures 4A—H). Overexpressed sFRP3 was
clearly detectable on the surface of unstimulated HEK293T cells (Figure 4A). By contrast, there
was very little ADAM17 staining on the surface of these cells (Figure 4B); however, the presence
of ADAM17 on the cell surface increased upon PMA treatment (Figure 4F). In addition, in
contrast to the untreated samples, the PMA-treated samples displayed colocalization of sFRP3
and ADAM17 of approximately 10 % (Figures 4C and 4D versus Figures 4G and 4H), indicating
that these two proteins indeed interact on the cell surface. To confirm that the amount of
ADAM17 on the surface of HEK293T cells increases upon stimulation with PMA, flow cytometric
analyses and cell surface biotinylation experiments were performed (Figures 41 and 4J).

To strengthen the results indicating colocalization of ADAM17 and sFRP3 on the cell surface,
proximity ligation assays were performed (Figures 4K and 4L). This highly sensitive method
allows the detection of protein-protein interactions by fluorescent microscopy. Advantages of
this method are that signals occur only in the case of close proximity of the target proteins, and
the signals are amplified. Because of the high sensitivity of this method, endogenously
expressed proteins were analysed. Also, HEK293T cells were stimulated for 5 minutes with PMA
to increase the cell surface presence of ADAM17. The appearance of green spots (Figure 4K)
indicated that endogenously expressed sFRP3 and ADAM17 interacted on the surface of
HEK293T cells. To verify this direct interaction further, surface plasmon resonance
measurements were performed with purified proteins (Figure 4M); these experiments revealed
that the two proteins interacted directly, albeit with a low affinity (Kp ~1 uM).
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The cell surface interaction with ADAM17 is abrogated by the rare double variant of sFRP3

The failure of the rare double sFRP3 variant to suppress ADAM17 could be due to a reduced
interaction with the protein; hence, flow cytometric analyses of PC3 control cells and PC3
ADAM17 knock-down cells (Figures 3C and 3D) were performed with the sFRP3 variants (Figures
4N-4P). Both single variants, R200W and R324G, displayed an ADAM17-dependent cell surface
association that was comparable to that of the common variant (Figure 3E). By contrast, the
rare double variant did not exhibit this ADAM17-dependent cell surface association.

IL-6R interacts with sFRP3

Because sFRP3 suppresses the generation of sIL-6R, the question of whether sFRP3 binds to IL-
6R, thereby preventing its release from the cell surface, was addressed. To this end, co-
immunoprecipitation experiments were performed using lysates of co-transfected HEK293T
cells expressing IL-6R and N-terminal PC-tagged sFRP3. Co-immunoprecipitation of PC-tagged
sFRP3 with IL-6R was observed (Figure 5A) and vice versa (Figure 5B), providing evidence for an
interaction between sFRP3 and IL-6R. To confirm this novel interaction, flow cytometry and
proximity ligation assays were performed. For both types of experiments, HEK293T cells were
transfected with IL-6R because they do not endogenously express this protein. For flow
cytometry analyses, HEK293T cells were co-transfected with plasmids encoding sFRP3 and IL-6R,
or a plasmid encoding sFRP3 or IL-6R and an empty vector as a control. These experiments
revealed that the presence of IL-6R on the cell surface caused a significant increase in sFRP3 cell
surface association (Figures 5C and 5D). This interaction was confirmed by a proximity ligation
assay using a murine anti-IL-6R mAb [55] and a rabbit anti-sFRP3 Ab as primary Abs (Figures 5G
and 5H). Because of differences between the expression levels of the endogenous and
transfected proteins, it was not feasible to compare this result to that of the proximity ligation
assays of the sFRP3-ADAM17 interaction.

This study shows that sFRP3 interacts specifically with ADAM17 and its substrate IL-6R, pointing
to a new connection between a protease, a suppressor, and a substrate. By contrast, the rare
double variant of sFRP3 failed to interact with ADAM17 and failed to suppress ADAM17-
mediated IL-6R release. However, flow cytometry analyses showed that the rare double variant
could still interact with IL-6R (Figures 5E and 5F). This result suggests that the rare double
variant of sFRP3 lacks the cartilage protective effect because of its inability to interact with
ADAM17.

DISCUSSION

sFRP3 is an antagonist of the Wnt signalling pathway and two rare coding variants of the
secreted protein are associated with hip osteoarthritis. Notably, the amino acid substitutions in
the rare sFRP3 variants are located within the C-terminal Ntr-like domain and not the N-terminal
located CRD which is responsible for the Wnt antagonistic feature [21]. Although an effect on
Whnt signalling was suggested in the original report [6], this link to the Ntr-like domain suggests a
Whnt-independent association of the rare variants with osteoarthritis [6-10]. Western blot
analyses of the common-, both single rare-, and the double rare variant of sFRP3 showed that all
proteins were successfully expressed and properly secreted into the medium of transfected
HEK293T cells (Figure 1F). The levels of secretion and expression of the rare variants appeared
11



to be comparable and were not lower than those of the common variant in our experimental
setting. Thus, reduced levels of sFRP3 rare variants within the synovial fluid are unlikely, and the
Whnt antagonistic capability would likely remain the same between variants.

Therefore, a Wnt signalling-independent function of sFRP3 that is dependent on its Ntr-like
domain seems probable. Because overexpression of sFRP3 in chicken embryos causes a
comparable phenotype [3] to the absence of ADAM17 in chondrocytes of mice [35, 36], namely
shortened long bones, this protease seems to be an attractive candidate for suppression by
sFRP3. Our in vitro studies confirmed this suppression of ADAM17 activity by sFRP3. By contrast,
the rare double variant of sFRP3, which has reduced cartilage protective properties, failed to
interact with ADAM17 or suppress its shedding activity towards IL-6R. These results suggest that
the loss of cartilage protection observed for the rare double variant of sSFRP3 might be due to an
enhanced release of soluble factors into the synovial fluid by increased ADAM17 activity, caused
by the inability of the rare double variant to interact and suppress the protease.

TIMPs are additional natural inhibitors of ADAM proteases that contain Ntr-like domains. TIMP3
inhibits the activity of ADAM17 [60]. In contrast to sFRPs, the Ntr-like domain of TIMPs is
located at the N-terminus rather than the C-terminus. The N-termini of TIMPs are directly
involved in inhibitory binding to the active centre of metalloproteases [61]; these interactions
block the proteolytic activity of MMPs and ADAMSs [61]. Because of differences in their domain
structures, TIMPs and sFRPs do not suppress ADAMs in the same manner. Studies examining the
well-established inhibitors of the sFRP family, Sizzled and Crescent, have reported that their
inhibitory potential is dependent on the CRD, and not the Ntr-like domain [29-32]. However, the
Ntr-like domain of sFRP3 has a major impact on the suppression of ADAM17, since two amino
acid substitutions in this domain in the rare double variant lead to abrogation of ADAM17
binding and suppression. The specific interaction of sFRP3 with ADAM17 and the proper
secretion of the rare double variant of sFRP3 indicates that the decreased cartilage degenerative
potential of the rare variants, as well as the cell surface interaction of the common sFRP3
variant, are unlikely to be due to heparin/proteoglycan binding. The involvement of the Ntr-like
domain in the interaction of sFRP3 with ADAM17 suggests that it is not limited to proteoglycan
binding.

Soond et al. [62] demonstrated previously that ADAM17 is only prominently present on the cell
surface upon its activation. Prior to its activation, the protease is located intracellularly in
perinuclear regions. Also in the cell lines used here activation of ADAM17 leads to its
translocation to the cell surface. Because only minor amounts of the enzyme were on the
surface of non-stimulated cells no unambiguous statement can be made whether sFRP3
interacts with activated ADAM17 only, or whether this interaction also takes place in the
secretory compartments prior to activation.

Because both sFRP3 and ADAM17 pass through the secretory pathway, it is difficult to use
overexpression experiments to determine where they actually meet, since the densities of these
proteins are extremely high in the endoplasmic reticulum and Golgi apparatus. Accordingly, the
use of intracellular co-immunostaining to detect colocalization might be subject to
concentration-dependent artefacts and may not reflect a specific interaction. Hence, it is a
challenge for future research to clarify the timing and location of the initial sSFRP3-ADAM17
interaction. The complexity of these molecular interactions is underlined further by the
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observation that sFRP3 also interacts with IL-6R, a prominent substrate of ADAM17. The product
of IL-6R shedding, sIL-6R, is involved in the degeneration of cartilage as well as bone [45-47].
The presence of the rare double variant of sSFRP3 might result in an inadequate suppression of
ADAM17 activity, thereby increasing the release of sIL-6R and promoting joint degeneration.
The finding that sFRP3 interacts with both ADAM17 and IL-6R, leads to the fascinating idea that,
upon activation and translocation of ADAM17 to the cell surface, the inhibitor is directly
provided to the protease by the substrate. The low affinity interaction between sFRP3 and
ADAM17 suggests that there might be cooperative binding, by which IL-6R increases the affinity
of sFRP3 for ADAM17. This hypothesis suggests a new level of control, which could be necessary
in systems or situations in which the activity of ADAM17, and therefore the release of factors
from the cell surface, is particularly dangerous.

Since the rare double variant of sFRP3 failed to bind ADAM17 on the surface of cells but still
bound to cell surface-located IL-6R, one might suggest that binding of ADAM17 by sFRP3 is
essential for suppression of its enzymatic activity, particularly since the rare double variant
failed to suppress IL-6R shedding by ADAM17. Additional work will be necessary to unravel the
binding sites for sFRP3 within the protease and its substrate. These investigations will allow to
determine whether sFRP3 blocks the binding or cleavage site in IL-6R, or whether its blocks the
catalytic centre of ADAM17. Overexpression of sFRP3 leads to reduced release of TNFa, a
prominent pharmacological target in the treatment of rheumatoid arthritis, and TGFa, a key
substrate in bone development [35, 36]. The binding capacities of these proteins for sFRP3, as
well as the impact of this suppression and the influence of the rare variants of sFRP3, should be
addressed in vitro and in vivo.

Notably, the inhibitory TIMP3-ADAM17 interaction [63] and the inhibitory ADAM17-3;-integrin
complex [64, 65] decompose upon ADAM17 stimulation; however, this decomposition does not
occur for ADAM17 and sFRP3 because the interaction was clearly detectable upon activation of
ADAM17 by PMA. This difference might point to new mode of regulation. TIMP3 and B;-integrin
prevent the activity of ADAM17 prior to its activation, because the prodomain of the zymogen is
already removed in the Golgi apparatus [66], and both interactions are abrogated upon
activation of ADAM17. In the case of sFRP3, its interaction with ADAM17 does not diminish
upon enzyme activation, supporting its function as a general inhibitor of the protease activity.
However, more research is required to confirm this hypothesis and to determine the
mechanism by which sFRP3 suppresses the activity of ADAM17, for example, by interacting with
the catalytic site or by steric hindrance of proper substrate binding.

In conclusion, the results presented here reveal a novel function of sFRP3 as a suppressor of the
important enzyme ADAM17, which acts as a main switch in physiological and pathophysiological
situations. This function of sFRP3 can explain how its rare double variant has inferior cartilage
protective properties and is associated with arthritis, since it has lost its ADAM17 suppressive
ability.
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FIGURE LEGENDS

Figure 1: ADAM17-mediated IL-6R shedding is suppressed by the common variant of sFRP3
but not its rare double variant. (A) HEK293T cells were transiently co-transfected with AP-
tagged IL-6R and a control plasmid or a plasmid expressing sFRP3, sFRP3 R324G, or sFRP3
R200W R324G. One day later, ADAM17 activity was stimulated by the addition of 100 nM PMA
for 30 minutes. As controls, cells were either untreated (DMSO) or stimulated by PMA in the
presence of the metalloprotease inhibitor marimastat (Ma). After the supernatants and lysates
were harvested, the AP activities were measured and the relative shedding activities were
calculated from the ratio between the supernatant and lysate, as described previously [49, 51,
52]. The shedding activities were first normalized to the PMA- and marimastat-treated samples;
thereby their values were set to one. Then the relative AP activities of the PMA-treated control
samples were set to 100 %. The mean, standard deviations and significance (Student’s t-test) of
six independent experiments were calculated. ***P < 0.001, which was considered significant.
(B) To confirm that the observed effect of sFRP3 on IL-6R shedding activity was not due to
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variations in the expression levels of the AP-tagged IL-6R or sFRP3 variants, Western blot
analyses of the cell lysates were performed. sFRP3 and its variants contained an N-terminal PC-
tag, which was introduced between the signal peptide and the CRD, and was used for detection
by a murine anti-PC mAb (HPC4). AP-tagged IL-6R was detected using a mAb against human IL-
6R [55]. B-actin was used as a loading control. (C) Suppression of ADAM17 activity by sFRP3 was
not abrogated by the single R200W variant. The experiments were performed as described in
(A). (D) Correct expression of the transfected constructs within the experiment shown in (C) was
confirmed by Western blotting, as described in (B). (E) ADAM17 activity assay performed as
described for (A), with the exceptions that cells were transfected solely with AP-tagged IL-6R
and incubated with conditioned medium from HEK293T cells, containing the indicated proteins,
during PMA stimulation. As a control, conditioned medium from HEK293T cells expressing eGFP
was used. The mean, standard deviation, and significance (Student’s t-test) of five independent
experiments were calculated. **P < 0.01 and *P < 0.05, both of which were considered
significant. (F) To confirm that the differences in the ADAM17 activities were not due to
differences in the expression levels of the sFRP3 constructs, conditioned media (supernatants)
and the corresponding cell lysates were analysed by Western blotting before use in shedding
assays (E). (G) sFRP3 suppressed ADAM17-mediated shedding of extracellular AP-tagged
proTNFa and proTGFa. These experiments were performed as described in (A), with the
exception that ADAM17 activity was stimulated for 1 h in the case of AP-tagged proTNFa. (H)
Equal expression levels of overexpressed proteins were confirmed by Western blotting. The C-
terminal AP-tagged proTNFa was detected by its myc-tag. N-terminal AP-tagged proTGFa was
detected using an antibody recognizing the AP-tag.

Figure 2: Suppression of ADAM17 by sFRP3 is independent of the Wnt signalling pathway. (A)
The first row of the Wnt Signaling Phospho Antibody Microarray, which was probed with lysates
of HEK293T cells stimulated for 5 minutes with PMA in the presence or absence of sFRP3. (B-E)
The ratios of the signal intensities of sFRP3-treated and untreated (eGFP) samples. The graphs
show typical examples of signalling molecules involved in the canonical Wnt signalling pathway
(B), the planar cell polarity Wnt signalling pathway (C), and the calcium Wnt signalling pathway
(D), as well as other molecules (E). The white bars represent the ratios of protein levels,
independent of their phosphorylation, and the grey bars represent the ratios of specific
phosphorylation sites. The microarray revealed no significant differences between the
phosphorylation statuses of molecules in the sFRP3-treated and untreated cells. No changes in
the protein expression levels were expected as cells were only stimulated for 5 minutes; hence
variations in the ratios up to 0.3 were part of the normal variation within the assay. No
consistent tendencies were detectable for a single Wnt pathway; therefore, the assay was only
performed once and no error bars could be shown.

Figure 3: sFRP3 interacts with ADAM17. (A) N-terminal PC-tagged sFRP3 was co-
immunoprecipitated with C-terminal HA-tagged ADAM17. Both proteins were co-expressed in
HEK293T cells. HA-tagged ADAM17 was immunoprecipitated from one half of the cell lysate.
The second half of the lysate was used as a control and was treated similarly, but no Ab was
added. (B) Co-immunoprecipitation (IP) of endogenously expressed proteins. ADAM17 was
precipitated from lysates of HEK293T cells using the A300E mAb. The pull-down was analysed by
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Western blotting using A300D [54] and a rabbit H170 Ab to detect ADAM17 and sFRP3,
respectively. (C) Confirmation of ADAM17 knock-down in PC3 cells by Western blotting.
Expression of ADAM17 was analysed in HEK293T cells as well as stably transfected PC3 cell lines
expressing a scrambled shRNA or an ADAM17-specific ShRNA [59]. The levels of the proform of
ADAM17, containing the prodomain, as well as mature ADAM17, which lacks the prodomain,
were lower in the sample from the ADAM17-specific shRNA-transfected PC3 cells than the
sample from the scrambled shRNA-transfected cells. B-actin was detected as a loading control.
(D) Cell surface expression of ADAM17 was lower in PC3 cells transfected with shRNA targeting
the protease (blue) than control cells (light green), both prior to and after 5 minutes of PMA
stimulation (purple and dark green, respectively). (E) Increased sFRP3 cell surface localization
due to the cell surface presence of ADAM17. The presence of sFRP3 on the cell surface was
dependent on ADAM17. Flow cytometric measurements revealed an increase in sFRP3 cell
surface staining in ADAM17-expressing PC3 cells (green), compared with ADAM17 knock-down
PC3 cells (red).

Figure 4: Figure 4: Cell surface interaction of sFRP3 and ADAM17. (A-D). Co-immunostaining of
sFRP3 and ADAM17 on the surface of untreated cells. (E-H) Co-immunostaining of sFRP3 and
ADAM17 on the surface of cells stimulated for 5 minutes with PMA. (A, E) sFRP3 and (B, F)
ADAM17 staining, together with DAPI-stained nuclei. (C, G) Merged images were overlaid onto
the differential interference images. The red boxes show magnifications of the white boxes
within the overlays. (D, H) The colocalization modus of Olympus Fluoview FV 1000 indicated no
colocalization of ADAM17 and sFRP3 in untreated cells, but 10 % colocalization in cells treated
for 5 minutes with PMA prior to staining. In both experiments, non-permeabilized HEK293T cells
were stained with a rabbit polyclonal anti-sFRP3 Ab (H170) and a murine anti-ADAM17 A300E
mAb, and the nuclei were stained with DAPI. Scale bars, 10 um. (I) HEK293T cells showed an
increased ADAM17 presence after stimulation with PMA as shown by flow cytometry. After 5
minutes of PMA treatment, the amount of ADAM17 was increased. (J) Cell surface biotinylation
of ADAM17. Cell surface proteins of HEK293T cells, which were untreated or treated for 30
minutes with PMA, were biotinylated. The biotinylated proteins were precipitated using
streptavidin beads and the presence of ADAM17 was determined by Western blotting. As a
control for intact cells, Western blotting was performed to detect B-actin. (K) sFRP3 and
ADAM17 interaction on the surface of HEK293T cells was confirmed by a proximity ligation assay
(Duolink in Situ® Assay; Sigma-Aldrich) using a rabbit anti-sFRP3 Ab and a murine anti-ADAM17
mAb. The cells were stained with primary and secondary Abs, directed against murine or rabbit
heavy chains. The secondary Abs were conjugated with special oligonucleotides, which, in the
case of close proximity of both target proteins, hybridized and formed a cyclic DNA double helix.
In the final step, a rolling cycle amplification induced by exogenous polymerase occurred.
Together with the addition of fluorescent labeled oligonucleotides that hybridize to the rolling
cycle amplification product, an amplified signal of the interaction could be detected. Green
spots appeared only if the target proteins were in close proximity. (L) In the control sample, only
one primary Ab directed against ADAM17 was used. All other steps were performed as
described for (K). For the control, only background and non-specific amplified DNA should be
detected. (M) Surface plasmon resonance measurements confirming low affinity binding
between ADAM17 and sFRP3. The extracellular part of mature ADAM17 was immobilized and
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the binding capacity of sFRP3 in PBS was analysed. (N) Flow cytometric analysis of rare sFRP3
variants, performed as described for the common variant (Figure 3E). Analysis of the R200W and
R324G single variants and the R200W R324G double variant revealed that only the latter failed
to interact with ADAM17 on the surface of PC3 cells. (O, P) Western blot analysis demonstrating
comparable expression of the rare variants of sFRP3 in PC3 cells relative to the common variant.
Cell lysates left over from the flow cytometry analysis (N) were analysed to determine the
expression of PC-tagged sFRP3 variants and B-actin. The non-cut image of Western blot (O) is
shown in Supplementary Figure S1.

Figure 5: Cell surface interaction of sFRP3 and IL-6R. (A) Co-immunoprecipitation analyses of
SFRP3 and IL-6R. PC-tagged sFRP3 and IL-6R were co-transfected into HEK293T cells. After cell
lysis, sSFRP3 was immunoprecipitated using an anti-HPC4 mAb, and co-precipitated IL-6R was
detected by Western blotting. (B) Reverse experiment of that described in (A). IL-6R was
precipitated using mAb 4-11 [55] and sFRP3 was detected by Western blotting. (C) Flow
cytometric analyses of IL-6R cell surface expression. Isotope control (grey), cells transfected with
IL-6R and pcDNA3.1 (blue), and cells transfected with sFRP3 and IL-6R (red). (D) Analysis of the
sFRP3 cell surface presence by flow cytometry using an anti-HPC4 mAb for detection. Isotope
control (grey), cells transfected with sFRP3 and pcDNA3.1 (blue), and cells transfected with
sFRP3 and IL-6R (red). (E, F) The rare double variant of sFRP3 interacted with IL-6R on the cell
surface. Experiments were performed as described in (C, D). (G) Proximity ligation assay to
confirm the interaction of sFRP3 with IL-6R. A murine mAb A300E and a rabbit anti-sFRP3 Ab
were used as primary Abs. (H) The control sample of (G); the preparation was treated in the
same way, with the exception that mAb A300E was the only primary Ab used.
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Figure 4
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