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Impair Sclerostin Facilitator Function™
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Humans lacking sclerostin display progressive bone over-
growth due to increased bone formation. Although it is well
established that sclerostin is an osteocyte-secreted bone forma-
tion inhibitor, the underlying molecular mechanisms are not
fully elucidated. We identified in tandem affinity purification
proteomics screens LRP4 (low density lipoprotein-related pro-
tein 4) as a sclerostin interaction partner. Biochemical assays
with recombinant proteins confirmed that sclerostin LRP4
interaction is direct. Interestingly, in vitro overexpression and
RNAi-mediated knockdown experiments revealed that LRP4
specifically facilitates the previously described inhibitory action
of sclerostin on Wnt1/f-catenin signaling. We found the extra-
cellular B-propeller structured domain of LRP4 to be required
for this sclerostin facilitator activity. Immunohistochemistry
demonstrated that LRP4 protein is present in human and rodent
osteoblasts and osteocytes, both presumed target cells of
sclerostin action. Silencing of LRP4 by lentivirus-mediated
shRNA delivery blocked sclerostin inhibitory action on in vitro
bone mineralization. Notably, we identified two mutations in
LRP4 (R1170W and W1186S) in patients suffering from bone
overgrowth. We found that these mutations impair LRP4 inter-
action with sclerostin and its concomitant sclerostin facilitator
effect. Together these data indicate that the interaction of
sclerostin with LRP4 is required to mediate the inhibitory func-
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tion of sclerostin on bone formation, thus identifying a novel
role for LRP4 in bone.

Bone homeostasis and skeletal integrity require a tightly reg-
ulated equilibrium between the activity of bone-resorbing oste-
oclasts and bone-forming osteoblasts (1, 2). Osteoporosis is a
disease where imbalance between both processes leads to low
bone mineral density (BMD)” and deterioration of bone struc-
ture. In contrast, some human patients present with abnormal
high BMD due to either decreased resorption (osteopetrosis) or
increased bone formation (high bone mass). Human genetic
studies identified LRP5 as an important regulator of BMD (3).
Osteoporosis-pseudoglioma syndrome (OMIM 259770) results
from loss-of-function mutations in LRP5, whereas gain-of-
function mutations in LRP5 cause high bone mass conditions
(4-6). LRP5 is a co-receptor for secreted Wnt ligands and thus
mediates Wnt/B-catenin signaling, which is a crucial pathway
for embryonic and postnatal bone homeostasis (7). Conse-
quently, bone phenotypes related to LRP5 loss- or gain-of-func-
tion mutations are thought to result from disturbed Wnt/3-
catenin signaling. Likewise, mutations in Wnt co-receptor
LRP6 have been linked to BMD changes in humans (8). I vitro
studies demonstrated that LRP5 high bone mass mutations
have an impaired interaction with the Wnt/[3-catenin signaling
inhibitors DKK1 and SOST (sclerostin) (4, 9—-12). Sclerostin,
encoded by the SOST gene, is a secreted glycoprotein acting
as negative regulator of bone formation. Patients afflicted
by sclerosteosis (OMIM269500) or Van Buchem disease
(OMIM239100) display lifelong massive bone overgrowth with
increased BMD and bone strength due to lack of sclerostin pro-
tein. Sclerosteosis patients have loss-of-function mutations in
SOST, whereas Van Buchem disease patients lack a 52-kb non-
coding region 35 kb downstream of the gene that contains an
enhancer element implicated in adult SOST expression (13—

®> The abbreviations used are: BMD, bone mineral density; BMP, bone mor-
phogenetic protein; TAP, tandem affinity purification; aa, amino acids;
ECD, extracellular domain.
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17). Consistent with these facts and in line with findings in
preclinical animal models, anti-sclerostin antibody treatment
was found to increase serum markers of bone formation and
BMD in healthy postmenopausal women (18, 19). Sclerostin is
secreted by osteocytes, which are terminally differentiated cells
of the osteoblastic lineage that represent over 90% of all cells in
the adult skeleton (20, 21). Osteocytes are embedded within the
mineralized bone matrix and are connected through a canalic-
ular network with each other and with cells at the bone surface,
including osteoblasts (22). It is thought that sclerostin passes
through the osteocytic canalicular network to inhibit osteoblas-
tic canonical Wnt/B-catenin signaling by binding to the Wnt
co-receptors LRP5 and LRP6. However, conclusive in vivo
proof for this hypothesis is lacking to date. In fact, it has been
proposed recently that LRP5 might not impact bone homeosta-
sis locally but rather act indirectly by controlling preosteoblast
proliferation via inhibition of serotonin synthesis in the duode-
num (23). Moreover, sclerostin was originally identified as a
bone morphogenetic protein (BMP) antagonist in bone, based
on amino acid sequence similarity to members of the DAN/
Cerberus family of cystine knot-containing secreted glycopro-
teins and its ability to bind BMPs and thereby inhibit BMP
signaling (24 —26). In summary, although the role of sclerostin
as an osteocyte-secreted bone formation inhibitor is well estab-
lished, the underlying molecular mechanisms are not fully
elucidated.

To further study sclerostin’s mechanism of action, we per-
formed a proteomics screen aiming at identification of its inter-
action partners. Here we report that the interaction between
sclerostin and LRP4 (low density lipoprotein-related protein 4)
is crucial to mediate the inhibitory function of sclerostin on
Wntl/B-catenin signaling and on bone formation. Moreover,
we describe the identification of LRP4 mutations, which are
associated with bone overgrowth and impaired sclerostin facil-
itator function.

EXPERIMENTAL PROCEDURES

Tandem Affinity Purification—In order to identify novel
partners of sclerostin, we applied a systematic tandem affinity
purification (TAP) method combined with mass spectrometry
(27, 28). In brief, C-terminally tagged sclerostin amino acids
(aa) 21-213 were stably expressed in HEK293T as well as in
osteoblastic UMR-106 cells. TAP-tagged sclerostin was found
to be secreted into the cell culture supernatant of either cell
type. The medium was replaced with fresh medium (DMEM
with 10% FCS) 48 h prior harvesting. Cells were harvested by
mechanical detachment, washed with excess PBS on ice, and
lysed in immunoprecipitation buffer as described (27). A mem-
branous fraction was isolated and used as starting material for
the TAP. Purified protein complexes were separated by one-
dimensional SDS-PAGE and stained by colloidal Coomassie
Blue. Entire gel lanes were systematically cut into slices, and
proteins were in-gel digested with trypsin as described by
Shevchenko et al. (29). Protein identification by liquid chroma-
tography-tandem mass spectrometry was done using an Eksi-
gent 1D+ HPLC system coupled to an LTQ Orbitrap mass
spectrometer (Thermo-Finnigan). Peptide mass and fragmen-
tation data were used to query an in-house curated version of
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the International Protein Index database using Mascot (Matrix
Science). Candidate lists were filtered for secreted factors and
membrane proteins by an in-house curated list.

Cell Culture, Plasmids, and Production of Recombinant
Proteins—All cell lines used were grown in standard culture
conditions and medium (Invitrogen). C28a2 chondrocytic cells
were obtained from Dr. M. Goldring (Massachusetts General
Hospital). Kusa-A1l (JCRB1119) cells were purchased from the
Japan Health Sciences Foundation, Health Science Research
Resources Bank. All plasmids were generated using standard
molecular biology techniques, and details will be provided upon
request. Plasmids for the Wnt signaling assay were described
elsewhere (30).

For human LRP4 overexpression experiments in the Wnt
signaling assay, the following constructs harboring a CMV pro-
moter were generated. Full-length LRP4 refers to aa 1-1905;
LRP4Acytoplasm refers to aa 1-1748; and LRP4AECD refers to
aa 1723-1905 (LRP4 numbering refers to NP002325 and cor-
responds to ENSP00000378623 with 38 exons lacking exon 2).
Mutations R1170W and W1186S used in Fig. 5, A and B, were
generated by site-directed mutagenesis.

For production of secreted recombinant human LRP4 ECD,
the following construct harboring a CMV promoter was gener-
ated: CD33-hsLRP4 aa 21-1763-hIgG1 (LRP4 numbering cor-
responds to ENSP0000025991 with 39 exons and therefore also
takes into account exon 2). The CD33 leader sequence was
introduced to allow for efficient secretion and the hIgG1 tag to
facilitate protein purification. HKB-11 cells cultivated in sus-
pension culture using a proprietary Novartis medium supple-
mented with 1% fetal calf serum were transfected at high cell
density with 25-kDa linear polyethyleneimine at a ratio of plas-
mid DNA/polyethyleneimine of 1:3; the total plasmid quantity
consisted of equal amounts of huLRP4, huMESD, and huRAP
plasmids. Following a regimen of daily feeding of one volume of
medium, the cells were transferred to a Wave bioreactor on day
3 post-transfection and expanded to a final volume of 10 liters.
The supernatant was harvested 7 days post transfection, con-
centrated, and purified by affinity chromatography on a Protein
A-Sepharose column. To assess the sclerostin binding proper-
ties of LRP4 mutants (mutations introduced by site-directed
mutagenesis) in the ELISA (Fig. 5, C and D), conditioned
medium was harvested 4 days after transient transfection of
HEK?293 with the different LRP4 ECD (WT, R1170W, and
W1186S) variants and equal amounts of huMESD and huRAP
plasmids. Levels of LRP4 ECD were assessed by LRP4 immuno-
blotting (Atlas), and normalized amounts were used as a source
of LRP4.

Recombinant human sclerostin was harvested from the
supernatant of HKB11 (31) stably expressing sclerostin aa
24.-213 with a proprietary 6-aa affinity tag suitable for detec-
tion and purification. In addition, sclerostin aa 24 —213 was also
produced in Escherichia coli bacteria using standard proce-
dures. For both ways of production, quality control was per-
formed by HPLC. Recombinant human DKK1 and LRP6 were
purchased from R&D Systems.

ELISA Interaction Assay—Sclerostin was precoated for 24 h
prior to the addition for 1 h of LRP4 ECD marked with an hIgG1
tag. Upon blocking in a buffer containing 5% BSA, 10% FCS and
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Superblock T20 (Thermo) and washing steps (0.1% Tween 20 in
PBS), LRP4 was detected with the help of anti-human IgG (Fc-
specific) alkaline phosphatase-conjugated antibody (Sigma-
Aldrich), alkaline phosphatase solution (Sigma-Aldrich), and
standard techniques. In Fig. 1C, isotype control antibody or an
antibody against sclerostin (R&D Systems) was added after
LRP4 and incubated with the preformed sclerostin LRP4 com-
plex for 1 h.

Surface Plasmon Resonance Interaction Assay—Human
sclerostin or human LRP4 ECD was immobilized in 10 mm ace-
tate, pH 4.5 or 4.0, respectively, using a CM5 sensor chip,
amine-coupling kit, and Hepes-Buffered-Saline EDTA-Surfac-
tant as running buffer in a BiacoreT100 system. Binding was
measured at 20 °C with different concentrations of proteins in
running buffer. Sensograms were fitted using a 1:1 binding.
Binding of sclerostin to immobilized LRP6 was performed
using the same conditions.

Wnt Signaling Reporter Gene Assay—HEK293 and C28a2
cells were transiently transfected with LRP4, STF-LUC reporter
plasmid, and a combination of Wnt/B-catenin signaling-induc-
ing plasmids (Wntl, Wntl/LRP5, or Wntl/LRP6). Equal
amounts of each plasmid were transfected, and total DNA
quantities were adjusted with empty vectors. Five h after trans-
fection, sclerostin or DKK1 was added in a dose-dependent
manner for an additional 19 h. Cells were resuspended in lysis
buffer, and Dual-Luciferase activities were measured (Pro-
mega). For down-regulation experiments, HEK293 cells stably
expressing Wntl and the STF reporter (30) were transfected
with control siRNA or siRNA against LRP# (all synthesized in
house) for 48 h prior to a 24-h incubation with sclerostin or
DKK]1. Luciferase levels were measured as noted above.

Immunohistochemistry—Human femoral neck bone samples
were obtained from hip replacement patients afflicted with
coxarthrosis. Bone biopsies were fixed in 4% paraformaldehyde
phosphate-buffered solution, pH 7.4, for 3 days at 4 °C, decal-
cified in 15% EDTA solution, pH 7.4, dehydrated, and embed-
ded in paraffin. Five-um paraffin sections were processed
according to standard protocols and incubated for 3 h at room
temperature with a rabbit polyclonal antibody directed against
human LRP4 (Orbigen) in 1% BSA, 0.1% Triton X-100 in Tris-
buffered saline (TBS; Sigma-Aldrich), followed by a 1-h incu-
bation with biotinylated goat anti-rabbit secondary antibodies
and chromogenic detection using the ABC Elite Kit (both from
Vector Laboratories) and 3,3’-diaminobenzidine substrate-
chromogen (Dako). Prior to mounting, sections were briefly
counterstained in Gill’s hematoxylin solution (Merck). Images
were collected on a Zeiss Axiophot microscope.

Similar staining procedures were used for mouse femora
with the exception that femoral sections were incubated over-
night with a rabbit polyclonal anti-LRP4 antibody (Atlas). Neg-
ative controls were processed in the same way but without the
addition of primary antibodies.

Osteoblastic Differentiation Assays with Lentivirus-mediated
shRNA Delivery—Kusa-Al osteoblastic cells were transduced
(multiplicity of infection of 5) with lentiviral particles harboring
four different shRNAs against Lrp4 or -2 control shRNA from
Sigma. Upon selection with 2 pg/ml puromycin (Invivogen),
down-regulation of Lrp4 RNA levels were assessed by real-time
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quantitative PCR using Tagman gene-specific probes (Applied
Biosystems). Two control shRNA and two shLRP4s were sub-
sequently selected for osteoblastic differentiation experiments.
The osteogenic mixture contained 5 mm S-glycerophosphate
(32). Matrix-associated calcium levels were assessed 4 days
after the induction of differentiation using a commercially
available kit (AxonLab). This assay is based on the property of
2-cresolphthalein-complexone to react with calcium ion in an
alkaline environment and give rise to a purple-red color. The
color intensity is directly proportional to the calcium concen-
tration and is measured spectrophotometrically (595 nm).

Material from Patient—Ethical approval for clinical investi-
gations and informed consent by all patients were obtained
prior to the study.

Direct Sequencing of PCR-amplified LRP4 DNA—DPrimer design
was done using a template sequence (ENSG00000134569)
retrieved from the Ensembl Data base (available on the World
Wide Web), taking into account that Ensembl predicts that
there are two transcripts in this gene (ENST0000025991 and
ENST00000378623). Amplification was performed using
GoTaq DNA polymerase-mediated PCR (Promega). Primers
for PCR were designed to cover all 38 or 39 (depending on the
transcript) coding exons and the respective exon-intron
boundaries (primer sequences are available upon request).
Amplification of the fragments was verified by agarose gel elec-
trophoresis, simultaneously running a Generuler 100bp Plus
DNA Ladder (Fermentas). To remove primers and unincorpo-
rated dNTPs, exonuclease I (New England Biolabs) and calf
intestine alkaline phosphatase (Roche Applied Science) were
used. Sequencing was carried out directly on purified fragments
with the ABI 310 Genetic Analyzer (Applied Biosystems), using
an ABI Prism BigDye terminator cycle sequencing ready reac-
tion kit, version 1.1 (Applied Biosystems). The primers used
here were identical to the primers that were used for amplifica-
tion. The BigDye XTerminator purification kit was used as
purification method for DNA sequencing with the purpose of
removing unincorporated BigDye terminators.

Direct Sequencing of Spanish Patient cDNA—Total RNA was
isolated from Epstein Barr virus-transformed cell lines with
TRIzol according to the manufacturer’s instructions (Invitro-
gen). Concentration and purity of RNA were verified using
UV-visible spectrophotometry (NanoDrop ND-1000, Thermo
Fischer Scientific) and agarose gel electrophoresis. The Super-
script III first strand synthesis system for RT-PCR (Invitrogen)
was used to synthesize first strand cDNA from total RNA. More
precisely, 2.5 ug of total RNA was reverse transcribed with oli-
go(dT),, primers provided with the kit. The cDNA products
were directly used as templates for PCR amplification with the
following primers: 5'-CCA GTG TCT ACA CCA TGT GC-3’
and 3'-GTT AAA ACC TAG TGG CTG TGC-5'. To improve
efficiency of the amplification, we made use of a touchdown
approach. This resulted in a 931-bp fragment containing the
site of interest. Amplification of the fragment was verified by
agarose gel electrophoresis, simultaneously running a Gener-
uler 100bp Plus DNA Ladder. Enzymatic purification and
sequencing were carried out as described above, using the same
primers as were used for amplification. In addition, one extra
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FIGURE 1. LRP4 is a direct SOST interaction partner. A, LRP4 was identified as sclerostin interaction partner by tandem affinity purification. C-terminal
TAP-tagged sclerostin was expressed into HEK293T and affinity-purified from a cellular membrane fraction. The purified material was then loaded on an SDS
gel and stained with Coomassie Blue as exemplified for one gel lane. The interaction partners were identified through mass spectrometry. B, sclerostin interacts
with LRP4 in an ELISA. Sclerostin was precoated prior to the addition of recombinant LRP4 ECD. After binding and washing, LRP4 was detected by anti-Fc
antibody coupled to alkaline phosphatase (AP). The left panel shows an LRP4 dose-response curve with a fixed sclerostin dose of 200 nm. The right panel shows
a sclerostin dose-response curve with a fixed LRP4 dose of 20 nwm. Interaction is shown as alkaline phosphatase activity (arbitrary units). C, sclerostin antibody
disrupts a preformed sclerostin LRP4 complex. Binding of sclerostin (200 nm) to LRP4 (5 nm) was challenged with control antibody or antibody against sclerostin
in a dose-response manner. Detection was as described in B. D, sclerostin interacts with LRP4 in surface plasmon resonance. Binding of sclerostin (four
concentrations, 6.25, 12.5, 25, and 50 nm, are shown in gray) toward immobilized LRP4 was measured. Sensograms (shown in black) were fitted using a 1:1

binding model. RU, response units. Error bars, S.E.

primer for sequencing was used to cover the site of interest:
5'-CAC CAC AGG GCT ACA GACC-3'.

Determination of LRP4 Expression Levels—HEK293 cells
were transiently transfected for 24 h with the respective LRP4
expression plasmids. Membrane-enriched extracts performed
using Mem-PER eukaryotic membrane protein extraction rea-
gent (Pierce) or hypotonic buffer (10 mm KCl and 10 mm Tris-
HCI) were subjected to anti-LRP4 immunoblotting (Atlas). Cell
surface protein isolation was performed according to the man-
ufacturer’s instructions (Pierce cell surface protein isolation
kit) prior to anti-LRP4 immunoblotting. RNA from human
femoral neck and rodent calvaria/femor samples was extracted
using TRIzol (Invitrogen), cDNA was synthesized, and gene
expression was assessed by real-time quantitative PCR using
Tagman gene-specific probes (Applied Biosystems).

Structural Modeling—LRP4 structural model was based on
Swiss-Prot entry O75096. Sequence alignment identified eight
LDL receptor class A repeats, 20 LDL receptor class B repeats,
and six EGF-like domains. LRP4 is likely to have four B-propel-
ler domains, each one formed by five LDL receptor class B
repeats (referred to as blades) and followed by an EGF-like
domain. For the modeling, each blade of the first LRP4 3-pro-
peller was modeled on the structure of the closest blade forming
the B-propeller of LDLR (Protein Data Bank code 1IJQ). The
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Protein Data Bank structure of tachylectin-2 from horseshoe
crab (1TL2) was used as template to assemble the whole five-
blade propeller domain of LRP4. The model of the EGF-like
domain next to LRP4 propeller 1 was built by using as template
the structure of the EGF-like 3 domain of LDLR (Protein Data
Bank code 1IJQ). The final model of LRP4 B-propeller 1 fol-
lowed by the EGF-like domain was obtained by superimposing
the two built models with the LDLR structure (Protein Data
Bank code 1IJQ). The localization of residues mutated in high
bone mass present on propeller 3 was mapped on the structural
model of propeller 1 by aligning the respective residues.

Statistical Analysis—Data representing mean = S.E. ¢ test
(two-tailed, unpaired) have been used. The following p values
were considered as significant: *, p < 0.05; **, p < 0.01.

RESULTS

SOST Interacts with LRP4 in a Direct Manner—To identify
novel interaction partners of SOST we performed a series of
TAP-MS experiments with a TAP-tagged version of the pro-
tein. C-terminal tagged sclerostin was stably expressed in
HEK293T cells by retrovirus-mediated gene transfer. Monitor-
ing the expression of tagged sclerostin by Western blotting
demonstrated that the protein is robustly secreted into the cell
culture supernatant and is present in a cellular membrane frac-
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TABLE 1

Details of mass spectrometry-based protein identification of sclerostin interaction partners (reverse database-derived false positive rate <1%)

Sclerostin interaction partners were identified through tandem affinity purification screens. The following information is provided for the known interaction partner LRP5
and LRP6 as well as for the newly identified LRP4: representative International Protein Index (IPI) accession number, Entrez gene name, number of total spectral matches

to the protein, and distinct identified peptide sequences.

IPI accession number Gene name Mascot score

Total spectrum matches Peptide sequence

1P1I00306851.3 LRP4 372
1P100744811.1 LRPS 134
1P100000203.1 LRP6 936

11 ANLDGSER
IEAADLNGANR
ELVFWSDVTLDR
TVLIWENLDRPR
VYYTDVFLDVIR
ADKGTGSNVILVR
AVLINNNLGWPNGLTVDK
VLIGSQLPHPFGLTLYGER
SEYTLLLNNLENAIALDFHHR

5 NHVTGASSSSSSSTK
AIDYDPLDKFIYWVDGR

24 AALDGSDR
AIVVNPEK
CANGQCIGK
IYWTDISLK
ANGLTIDYAK
CDHNVDCSDK
DGATELLLLAR
IESSDLSGANR
IEVSNLDGSLR
ILISEDLEEPR
IEVSNLDGSLRK
KILISEDLEEPR
EASALDFDVTDNR
EVIIDQLPDLMGLK
AHVTGASSSSSSSTK
AIDYDPLDKQLYWIDSR
ISLETNNNNVAIPLTGVK
ISLDTPDFTDIVLQLEDIR
AIVLDPMVGYMYWTDWGEIPK

tion (data not shown). Protein complexes were isolated (Fig.
1A) from both fractions (cell culture supernatant and mem-
brane fraction) and were subsequently analyzed by tandem
mass spectrometry. Identified candidate interactors were fil-
tered for membrane proteins and secreted factors. We con-
firmed the binding of the published interaction partners LRP5
and LRP6 while identifying another member of the low density
lipoprotein receptor-related protein family, LRP4, as a poten-
tial novel candidate interaction partner (Table 1). BMPs were
not identified under any tested condition. Association of LRP4
with sclerostin was confirmed in an independent TAP-MS
experiment from stably expressing osteoblastic UMR106 cells
(data not shown). To test whether the interaction between
LRP4 and sclerostin is direct, we produced both proteins as
purified recombinant material. For LRP4, we generated con-
structs allowing for the secretion of the full extracellular
domain (LRP4 ECD marked with a hIgG1 tag) consisting of four
highly structured B-propellers. We performed ELISA experi-
ments assessing the binding of LRP4 to precoated sclerostin by
detection of LRP4 through an alkaline phosphatase-coupled
anti-Fc antibody. Recombinant LRP4 dose-dependently bound
to recombinant sclerostin (Fig. 1B, left). Varying doses of pre-
coated sclerostin also depicted a dose dependence of the bind-
ing (Fig. 1B, right), showing that recombinant LRP4 is correctly
folded at least for the part that interacts with sclerostin. The
specificity of the sclerostin LRP4 interaction was further stud-
ied using a commercial anti-sclerostin antibody. Preincubation
of the antibody with sclerostin prevented the binding of LRP4
to sclerostin (Fig. 1C). Moreover, the antibody was able to dis-
rupt a preformed sclerostin LRP4 complex. Surface plasmon
resonance experiments demonstrated that recombinant
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sclerostin bound to immobilized LRP4 with an affinity (K},) of 9
nM (Fig. 1D), whereas the binding of sclerostin to immobilized
LRP6 was in the same range as LRP4 (K, of 15 nm). Performing
the experiment in the opposite direction yielded similar bind-
ing affinities between sclerostin and LRP4 (data not shown).
Taken together, these data demonstrate that sclerostin inter-
acts with LRP4 in a direct manner.

Sclerostin-mediated Inhibition of Wnt1/B-Catenin Signaling
Is Enhanced by LRP4—Next, we tested whether modulation of
LRP4 levels by in vitro overexpression or RNAi-mediated
knockdown experiments affects the ability of sclerostin to
inhibit Wnt1/B-catenin signaling. Interestingly, sclerostin-me-
diated inhibition of Wntl-induced signaling was increased in
the presence of LRP4 in HEK293 (Fig. 24 and supplemental Fig.
S1, B and C) and C28a2 cells (supplemental Fig. S1A), whereas
the activity of the Wnt inhibitor and LRP4 ligand DKK1 was not
modified, suggesting specificity for sclerostin under the tested
conditions. These effects were observed in Wntl/LRP5-in-
duced (Fig. 2A4), Wnt1/LRP6-induced (supplemental Fig. S1C),
or Wntl-induced (supplemental Fig. S1B) conditions, and the
IC,, of sclerostin was decreased in the presence of LRP4 by 35-,
20-, and 5-fold, respectively. In the C28a2 chondrocytic cell
line, where the basal sclerostin activity is lower than in HEK293,
we observed not only a shift in potency but also an increased
maximal inhibitory effect (supplemental Fig. S14). Consistent
with overexpression studies, partial 75% knockdown of LRP4
(supplemental Fig. S2B) in HEK293 diminished sclerostin- but
not DKK1-mediated suppression of Wnt signaling (Fig. 2B).
The relief of sclerostin inhibitory function was moderate yet
significant and consistent, as documented with four different
siRNAs against LRP4 (supplemental Fig. S2A). LRP4 truncation
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FIGURE 2. LRP4 is a specific facilitator of sclerostin-mediated inhibition of Wnt1/B-catenin signaling. A, LRP4 expression specifically facilitates sclerostin
inhibitory action on Wnt1/B-catenin signaling. HEK293 cells were transiently transfected with LRP4, STF-LUC reporter plasmid, and Wnt signaling-inducing
(Wnt1 + LRP5) plasmids. Five h after transfection, sclerostin or DKK1 was added in a dose-dependent manner for an additional 19 h. Cells were resuspended
inlysis buffer, and luciferase levels were measured. B, down-regulation of LRP4 diminishes sclerostin action on Wnt1/B-catenin signaling. Stable HEK293-Wnt1-

STF cells were transfected with control siRNA or siRNA against LRP4 for 48 h prio
C, LRP4 extracellular domain is required to mediate the sclerostin facilitator
LRP4AECD) were compared with full-length LRP4, as described in A. Error bars,

mutation studies proved that the extracellular B-propeller
structured domain of LRP4 is required for the sclerostin facili-
tator activity (Fig. 2C). Indeed, a membrane-anchored LRP4
lacking the whole cytoplasmic tail (LRP4Acytoplasm) was fully
active in terms of sclerostin enhancer effect, whereas a LRP4
variant without the extracellular domain (LRP4AECD) was not
able to exert the enhancer effect. Overall, the data demonstrate
that LRP4 facilitates sclerostin’s inhibitory action on the Wnt/
B-catenin signaling reporter readout by binding with its extra-
cellular domain to sclerostin.

Sclerostin-mediated Inhibition of in Vitro Mineralization Is
Blunted upon Lrp4 Silencing—We found Lrp4 RNA to be
expressed in calvariae and femora from rodents as well as LRP4
RNA in human femoral neck samples. The LRP4 levels are in
the range of SOST and LRP6 and one-sixth of PTHIR (parathy-
roid hormone receptor 1), which is known for its high bone
expression levels (33) and its role in bone homeostasis (Fig. 3B).
LRPS5 RNA expression levels were comparable with PTHIR lev-
els. Immunohistochemistry of human femoral neck samples
and mouse femora confirmed that the protein is present in
osteoblasts and osteocytes, both presumed target cells of
sclerostin action (Fig. 34 and supplemental Fig. S3). To assess
the role of LRP4 in osteogenesis, we performed silencing of
Lrp4 by lentivirus-mediated shRNA delivery in osteoblastic
cells. To analyze the LRP4 dependence of the sclerostin-medi-
ated inhibition of mineralization, we used of a rapid Kusa-A1l
osteoblastic differentiation assay in which mineralization can
be inhibited by recombinant sclerostin treatment. The silenc-
ing of Lrp4 RNA by >90% (supplemental Fig. S2C) almost com-
pletely blocked sclerostin inhibitory action on in vitro bone
mineralization as assessed by calcium content measurement
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rto a 24-h incubation with sclerostin or DKK1.*, p < 0.05 versus SOST in control.
effect. Membrane-anchored LRP4 truncation mutants (LRP4Acytoplasm and
S.E.

(Fig. 3C). These studies identify a role for LRP4 in bone forma-
tion. Based on these in vitro findings, we hypothesized that the
interaction of sclerostin with LRP4 is required to mediate
sclerostin inhibitory function on bone formation and pro-
ceeded to investigate whether LRP4 is also implicated in human
bone mass regulation.

Clinical Description of Two Isolated Sclerosteosis Cases,
Which Are Not Related to Mutations in SOST or LRP5—The
patients referred to us with a sclerosing high bone mass bone
phenotype were first screened for mutations in both the exons
of the SOST gene and all exons of the LRPS gene. However, in a
number of patients, analysis of both SOST and LRPS did not
reveal any mutations, indicating further genetic heterogeneity.
Based on our functional findings, these samples were used for
the mutation analysis of LRP4, and two patients indeed pre-
sented with findings of high relevance for testing of our
hypothesis.

The first patient was a 45-year-old female of Greek origin,
whose clinical history was previously reported elsewhere (Fig.
4, A and B) (34). She had syndactyly of the fingers with hypopla-
sia of the second finger on both hands as well as dysplastic nails,
which were separated in two parts, especially on both index
fingers (Fig. 4B). She had been hospitalized several times
because of multiple complications, such as dizziness, difficul-
ties with gait and coordination, vertigo, and spastic and ataxic
gait disturbances. Several neurological complications, such as
facial nerve palsy and hearing loss, were present due to bone
compression of cranial nerves. X-rays revealed severe thicken-
ing of the calvaria and the cortices of the long bones. The par-
ents of the patient were reported to be normal. Overall, the
findings were fully consistent with the diagnosis of scleroste-
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FIGURE 3. LRP4 is expressed in human bone, and Lrp4 silencing blunts sclerostin-mediated inhibition of in vitro bone mineralization. A, LRP4 protein
is expressed in human osteoblasts (arrowheads) and osteocytes (arrows). Inmunohistochemistry of LRP4 in human femoral neck from a male subject aged 75
is shown. Scale bar, 50 um. B, LRP4 RNA is expressed in samples from human femoral neck. RNA was extracted from a female subject aged 65 and a male subject
aged 80. PTHIR, LRP4, SOST, LRP5, and LRP6 RNA levels were assessed by real-time quantitative PCR and normalized with GAPDH, and relative expression
compared with PTH1R is shown. C, knockdown of LRP4 in Kusa-A1 blocks the inhibitory effect of sclerostin on in vitro mineralization activity. Kusa-A1 cells were
transduced with lentiviral particles harboring shRNA against Lrp4. Reduction of Lrp4 RNA levels was assessed by real-time quantitative PCR, prior to the addition
of an osteoblastic differentiation medium. Calcium content was assessed 4 days later. Error bars, S.E.

osis. The second patient, a young Spanish male, was also
described in an earlier publication (Fig. 4, D—F) (35). This tall
male (>97th percentile) was reported with syndactyly and
shortening of several phalanges in his hands (Fig. 4D) as well as
mild facial nerve palsy. X-rays revealed a sclerotic calvaria and a
very dense base of the skull (Fig. 4E). Furthermore, all long
bones were showing cortical hyperostosis (Fig. 4F). No abnor-
malities were noticed in the parents. Again a diagnosis of
sclerosteosis was made.

Mutations R1170W and WI1186S in LRP4 Identified in
the Two Sclerosteosis Patients—In the Greek patient, we
identified a homozygous R1170W mutation in exon 26 (Fig.
4C) (the numbering refers to the transcript with ID
ENST00000378623), whereas we found in the Spanish patient
a heterozygous W1186S mutation in exon 27 (Fig. 4G, left).
c¢DNA obtained from lymphoblastoid cells from the latter
patient indicated the presence of both wild type and mutant
mRNA (Fig. 4G, right). 110 control individuals, including 56
Spanish subjects and 54 with a mixed European descent, were
analyzed for the presence of both variations. However, we did
not detect any of the variations in these control subjects.
Because contact was lost with the Greek patient, DNA from her
parents was not accessible for testing. However, we were able to
collect blood from the parents, the daughter, and the son of the
Spanish patient. None of these four showed any relevant clini-
cal abnormalities. Mutation analysis revealed that the mutation
in the patient is a de novo mutation that did not segregate to his
children (Fig. 4G, left). These data are fully consistent with the
absence of clinical abnormalities in parents and children.
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Human LRP4 protein sequence and those of other species
were aligned using the Ensembl data base (available on the
World Wide Web) and Clustal W multiple sequence alignment
program, version 1.83 (available on the World Wide Web). This
alignment revealed that both affected residues and the sur-
rounding residues are highly conserved among all species (sup-
plemental Fig. S4A). Moreover, the Greek mutation reported
here implies a change from an arginine, which is a positively
charged polar amino acid, into a tryptophan, a large and non-
polar amino acid. The Spanish mutation, on the other hand,
results in a change of a tryptophan into an uncharged and polar
serine. The putative consequences of both substitutions were
tested in Polyphen and SIFT, two software-based tools that sort
intolerant from tolerant amino acid substitutions on the basis
of sequence homology (36, 37). According to SIFT, both substi-
tutions are predicted to be not tolerated, whereas Polyphen
scores the R1170W as putatively damaging and the W1186S as
benign (absolute difference between the profile scores is 1.839
and 1.440, respectively).

Sclerostin Interaction and Sclerostin Facilitator Function Are
Impaired in LRP4 (R1170W and W1186S) Mutants—The dis-
covery of the LRP4 (R1170W and W1186S) mutations in indi-
viduals with high bone density and a sclerosteosis phenotype
prompted us to assess the functional consequence of these
mutations on the LRP4 activities previously described in this
paper. The expression levels as well as the homing to the cell
surface were not impaired because both R1170W and W1186S
LRP4 mutants were detected at similar levels as wild type LRP4
in membrane-specific extracts as well as in surface protein iso-
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FIGURE 4. Clinical features and LRP4 mutation analysis of a Greek female
(A-C) and a Spanish male sclerosteosis patient (D-G). A, front view of the
patient’s face showing right facial asymmetry. B, dysplastic finger with short-
ening and nail malformation with unguis bipartitus. C, partial sequence chro-
matogram displaying the DNA sequence of the patient. The arrowhead indi-
cates the presence of a homozygous ¢.3508C— T missense mutation (in exon
26 of the LRP4 gene), resulting in a R1170W substitution. D, plain radio-
graphs of the hands; modeling defect of the metacarpal bones and complex
fusion anomaly of the individual bones of the hands. E, plain radiograph of
the skull (lateral view). Shown is extensive sclerosis of the calvaria, maxilla,
mandible, and cervical spine. F, plain radiograph of the left lower leg. Shown
is thickening of the cortical bone of the diaphysis of the tibia with extension
into the proximal metaphysis. G, left, family pedigree. All of the proband'’s
relatives are unaffected. Direct sequencing analysis of the proband demon-
strated a heterozygous c.3557G— C missense mutation (in exon 27), resulting
ina W1186S substitution (arrowhead). The mutation was absent in the DNA of
both the parents, suggesting that the mutation is a de novo mutation. The
mutation is not segregated to either child. N.D., mutation not detected. Right,
partial sequence chromatogram displaying the cDNA (mRNA) sequence of
the Spanish male, confirming the heterozygous presence of the ¢.3557G—C
missense mutation. The numbering refers to the transcript with ID
ENST00000378623 in the Ensembl data base.

lation experiments (Fig. 54). When tested for their sclerostin
enhancer function in Wnt signaling, the LRP4 mutants were
completely inactive (Fig. 5B), suggesting that these variants are
not able to interact normally with sclerostin. Indeed, condi-
tioned medium-containing secreted versions of the LRP4
mutants R1170W and W1186S were impaired in their interac-
tion with sclerostin, as demonstrated in the sclerostin LRP4
interaction ELISA (Fig. 5C), indicating that the mutated resi-
dues are involved in sclerostin interaction and concomitant
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sclerostin function. The results suggest comparable behavior of
mutations R1170W and W1186S, which is in accordance with
our structural model (supplemental Fig. S4B) predicting the
adjacent localization at the surface of propeller 3 of both muta-
tions (Fig. 5D). To assess whether the mutants of LRP4 have a
dominant negative effect on the wild type LRP4, we utilized the
sclerostin LRP4 interaction assay. Both mutants impair the
interaction of wild type LRP4 with sclerostin (Fig. 5E), provid-
ing a potential explanation for the phenotype observed espe-
cially in the heterozygous patient. Our results demonstrated
that the two to date best established functions of sclerostin,
namely inhibition of Wnt/B-catenin signaling and inhibition of
in vitro bone mineralization, are facilitated through its interac-
tion with LRP4. Notably, our data also suggest that the identi-
fied LRP4 mutations might be disease-causing by hindering
sclerostin function as a negative bone formation regulator.

DISCUSSION

The role of sclerostin as an osteocyte-secreted key bone for-
mation inhibitor in humans and in model organisms is well
established (16, 25, 38, 39). However, the underlying molecular
mechanisms are not fully understood. Although an increasing
amount of evidence identifies it as an antagonist of Wnt/3-
catenin signaling in bone (7, 10, 11, 25, 40), a direct impact on
BMP signaling has been also described (24 —26). Our aim was to
find, with an unbiased tandem affinity purification proteomics
approach, sclerostin interaction partners (27, 28). The identifi-
cation of the Wnt co-receptors LRP5 and LRP6 as sclerostin
interaction partners corroborates previously published in vitro
discoveries pinpointing sclerostin as a Wnt/3-catenin signaling
antagonist (10, 11, 25, 40). In contrast, no interaction between
sclerostin and BMP molecules could be identified under any
tested condition, providing thus no further support for the
hypothesis that sclerostin exerts its action as a BMP antagonist.
Furthermore, LRP4, another member of the lipoprotein-related
protein family of membrane receptors, was identified as a can-
didate sclerostin interaction partner. An involvement of the
LRP4 receptor in Wnt/S-catenin signaling has been suggested
previously (41), although a link between its inhibitory action on
Wnt/B-catenin signaling and the Wnt signaling-related ligands
had not been established. Because the proteomics data were
supportive of the hypothesis of a predominant role of sclerostin
in Wnt/B-catenin signaling, we focused our detailed analysis on
the LRP4 sclerostin interaction.

Recently, putative LRP4 ligands, including RAP, Dkk1, Wise,
and, interestingly, sclerostin, were described (42, 43). Further-
more, LRP4 has lately been identified as a co-receptor of agrin,
a motor neuron-derived ligand that stimulates MuSK phosphor-
ylation and subsequent signaling at the neuromuscular syn-
apses (44, 45). Knowledge about the in vivo function of LRP4
has been obtained to date using genetically designed or natu-
rally occurring mutations in mice and cattle (46 —49). Lrp4 null
mutations in mice result in limb development defects and in
perinatal death due to a lack of neuromuscular junction forma-
tion (50). Animals with partial loss-of-function mutations
(hypomorphic) are viable and present with different degrees of
polysyndactyly (41, 49). A recent study identified a role of Lrp4
in bone metabolism based on a mouse model harboring a stop
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FIGURE 5. LRP4 mutations (R1170W and W1186S) impair sclerostin interaction and concomitant sclerostin-enhancer function. A, expression levels of
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wild type and mutants, STF-LUC reporter plasmid, and Wnt signaling-inducing (Wnt1 with or without LRP5) plasmids. Five h after transfection, sclerostin was
added in a dose-dependent manner for an additional 19 h. Cells were resuspended in lysis buffer, and luciferase levels were measured. C, mutations (R1170W
and W1186S) in LRP4 lead to reduced sclerostin binding properties. Conditioned medium from HEK293 cells transfected for 4 days with wild type and mutant
LRP4 ECD were harvested. Levels of secreted proteins were assessed by immunoblotting, and adjusted amounts were used as a source of LRP4 in the sclerostin
LRP4 interaction ELISA, as shown in Fig. 1B.*, p < 0.05; **, p < 0.01 versus LRP4 WT. D, co-localization of LRP4 mutations (R1170W and W11865) at the surface
of propeller 3 based on the structural model. £, dominant negative effect of LRP4 mutants (R1170W and W1186S) on the SOST LRP4 wild type interaction. A
combination of mutant LRP4 and wild type LRP4 was used as a source of LRP4 in the sclerostin LRP4 ELISA. **, p < 0.01 versus LRP4 WT plus medium. Error bars,
S.E.

codon just upstream of the transmembrane domain of LRP4
(42). Ten-week-old growing hypomorph animals presented
with increased bone formation and resorption and thus
increased bone turnover associated with decreased BMD. How-
ever, the dysfunctional receptor, lacking the membrane anchor,
could still interact with its extracellular ligands. Consequently,
although implicating Lrp4 for the first time in bone metabo-
lism, one cannot conclusively judge from the published data
whether the model represented a gain- or loss-of-function
model.

We found LRP4 RNA and LRP4 protein to be expressed in
human femoral neck samples. Osteoblasts and osteocytes from
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humans of both sexes stained positive for LRP4, whereas no
expression was observed in osteoclasts. The above described
paper on the Lrp4 role in bone metabolism describes Lrp4
expression in osteoblasts based on extraction of RNA from
mineralized bone (42). Taking into account that osteocytes rep-
resent 90% (21) of the cells in mineralized bone and the extrac-
tion method used, the data are in agreement with our findings.
It is tempting to speculate that LRP4, localized at the osteocyte
cell surface, may modulate osteocyte function in concert with
interaction partners like sclerostin and potentially agrin, whose
bone tissue expression is also established (51). LRP4 expression
on osteoblasts may mediate paracrine effects of sclerostin. This
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hypothesis is supported by our data demonstrating that scleros-
tin cannot exert its inhibitory effect on osteoblastic in vitro
bone mineralization upon Lrp4 silencing. Tightly regulated
expression of LRP4 might be required to mediate response to
specific signaling pathways at different stages of osteoblastic
differentiation involving diverse ligands, including sclerostin.
Consistent with the recent identification of several putative
LRP4 ligands and thus additional roles of LRP4, we observed
that Lrp4 silencing also promotes osteoblast differentiation in
the absence of sclerostin as a ligand (data not shown).

The presence of LRP4 on cells of the osteoblastic lineage and
the identification of LRP4 function as sclerostin facilitator
prompted us to search for the presence of LRP4 mutations in
patients with a sclerosing high bone mass phenotype, who do
not present with mutations in SOST or LRPS, which are known
to give rise to such phenotypes (4—6, 9-13, 15). The subse-
quent discovery of mutations p.R1170W and p.W1186S in
LRP4 in two high bone mass patients of Mediterranean origin
represents a novel finding. Both patients share several typical
sclerosteosis features, such as syndactyly of the fingers, facial
asymmetry, and thickening of the corticalis of long bones and
skull. However, the phenotype of the Greek female patient is
more severe, with additional neurological complications. Our
functional studies clearly indicated that both missense muta-
tions result in a complete loss of sclerostin facilitator function
of the LRP4 protein. In the Greek patient, the p.R1170W muta-
tion was present in the homozygous state, implying the absence
of any LRP4 sclerostin facilitator function.

The W1186S mutation, on the other hand, was found in the
heterozygous state. We confirmed the presence of wild type
mRNA along with mutated mRNA at the cDNA level, exclud-
ing the possibility of a compound heterozygous state. The
genetic analysis of the parents and two children of the patient,
all of them unaffected, further confirmed the de novo nature of
this mutation, supporting causality of the heterozygous muta-
tion for the observed phenotype. In line with the heterozygous
state of the mutation, the patient presented with a relatively
mild phenotype because he is, aside from increased bone mass,
his hand abnormalities, and a mild facial palsy, asymptomatic.
Whether the phenotype can be explained by haploinsufficiency
for LRP4 or by a dominant negative effect of the mutation,
which is supported by in vitro evidence, is difficult to conclude
at this point.

Despite a potential role for LRP4 in neuromuscular junction
formation, the two patients were not reported to display any
sign of a dysfunctional locomotor system. Interestingly, the
mandibular overgrowth, as seen in SOST-associated scleroste-
osis and Van Buchem patients (13-15, 17), is less severe or
absent in these subjects in analogy to some patients with gain-
of-function mutations in LRPS5 (4, 6). Both identified mutations
reside in the third propeller of the extracellular domain of
LRP4. Our structural model predicts that the mutated residues
co-localize at the surface of the propeller and could thereby
form a region of interaction for sclerostin. We hypothesize that
the mutations in LRP4 preclude sclerostin from binding and
thus from exerting its negative role on bone formation, thereby
mimicking the phenotype observed upon sclerostin loss of
function in sclerosteosis and Van Buchem patients. Our bone
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overgrowth findings in humans suggest a LRP4 sclerostin facil-
itator loss-of-function phenotype and might thereby explain
the discrepancy with the bone phenotype reported in the Lrp4
mutant mice, which express the LRP4 ECD that can still inter-
act with its multiple extracellular ligands.

Recently, Li et al. (52) reported the identification of missense
mutations in LRP4 underlying Cenani-Lenz syndrome. These
findings are clearly supportive of our data because these
patients also show syndactyly. This phenotype is also observed
in patients with mutations in SOST and related to the recently
elucidated role of sclerostin modulation of Wnt/B-catenin sig-
naling in limb development (53). However, in comparison with
our patients, patients with Cenani-Lenz syndrome have addi-
tional kidney problems (hypoplasia and agenesis) and synosto-
ses into radius and ulna, whereas no increase in cortical thick-
ening of the long bones was reported. None of the mutations
found are localized within the third propeller domain, where
both sclerosteosis mutations cluster. Taking into account the
highly restricted expression of sclerostin to bone, the data sup-
port the hypothesis that the sclerosteosis mutations in LRP4
might indeed selectively affect the binding with sclerostin,
whereas in Cenani-Lenz syndrome, most likely the binding to
other ligands is disturbed, explaining the divergent clinical fea-
tures. The binding properties of the LRP4 high bone mass
mutants (R1170W and W1186S) toward other ligands will
allow us in the future to determine whether these residues are
involved in additional interactions with LRP4 sclerostin.

In contrast to previous publications using LRP4 proteins
from conditioned medium (44), most of our binding assays
were performed with purified recombinant proteins. The cor-
rect folding of the produced LRP4 ECD was documented by its
interaction with sclerostin and by the fact that we can perform
sandwich ELISA by precoating an anti-LRP4 antibody and
detecting LRP4 as described previously (data not shown). In
addition, we could also detect a direct interaction between
recombinant LRP4 and DKK1 (data not shown), consistent
with the recent report identifying multiple ligands for LRP4,
including DKK1 (42). The lack of impact of LRP4 overexpres-
sion on DKK1 inhibition of Wnt1/B-catenin signaling in our
experimental setting does not exclude the possibility that LRP4
impacts DKK1 action under other conditions. To date, we
could demonstrate the functional consequence of the binding
of sclerostin to LRP4 Wntl/B-catenin signaling. Our findings
demonstrate that the cytoplasmic domain of LRP4 is dispensa-
ble for sclerostin responsiveness, as reported for agrin respon-
siveness (44). Thus, the signaling and/or clustering functions of
the cytoplasmic domain of LRP4 remain to be elucidated in
future studies.

Finally, there are several examples, including the LRPS and
SOST gene, where the role of certain proteins in bone homeo-
stasis was initially identified by the study of monogenic bone
disorders (4, 6, 13, 14), which was subsequently confirmed by
genetic association studies illustrating that natural variants
within these genes had an influence on BMD in the general
population (54). Interestingly, a recent genome-wide associa-
tion study of BMD in individuals of European descent has
showed that non-synonymous SNPs in the LRP4 gene are asso-

VOLUME 286+NUMBER 22+JUNE 3, 2011



Increased Bone Mass Due to Missense Mutations in the LRP4 Gene

ciated, providing further support for a role of LRP4 in bone
metabolism (55, 56).

In summary, our datareveal a novel role for LRP4 in bone and

provide further understanding of sclerostin’s mode of action as
anegative regulator of bone formation. Better understanding of
the interaction between LRP4 and sclerostin may have wider
implications for the development of therapeutic agents for the
treatment of osteoporosis.
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