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Abstract
Background: Primary osteoporosis is a rare childhood-onset skeletal condition whose pathogenesis has been largely
unknown. We have previously shown that primary osteoporosis can be caused by heterozygous missense mutations in
the Low-density lipoprotein receptor-related protein 5 (LRP5) gene, and the role of LRP5 is further investigated here.
Methods: LRP5 was analyzed in 18 otherwise healthy children and adolescents who had evidence of osteoporosis
(manifested as reduced bone mineral density i.e. BMD, recurrent peripheral fractures and/or vertebral compression
fractures) but who lacked the clinical features of osteogenesis imperfecta (OI) or other known syndromes linked to low
BMD. Also 51 controls were analyzed. Methods used in the genetic analyses included direct sequencing and multiplex
ligation-dependent probe amplification (MLPA). In vitro studies were performed using luciferase assay and quantitative
real-time polymerase chain reaction (qPCR) to examine the effect of two novel and three previously identified mutations
on the activity of canonical Wnt signaling and on expression of tryptophan hydroxylase 1 (Tph1) and 5hydroxytryptamine (5-Htr1b).
Results: Two novel LRP5 mutations (c.3446 T > A; p.L1149Q and c.3553 G > A; p.G1185R) were identified in two
patients and their affected family members. In vitro analyses showed that one of these novel mutations together
with two previously reported mutations (p.C913fs, p.R1036Q) significantly reduced the activity of the canonical Wnt
signaling pathway. Such reductions may lead to decreased bone formation, and could explain the bone
phenotype. Gut-derived Lrp5 has been shown to regulate serotonin synthesis by controlling the production of
serotonin rate-limiting enzyme, Tph1. LRP5 mutations did not affect Tph1 expression, and only one mutant (p.
L1149Q) reduced expression of serotonin receptor 5-Htr1b (p < 0.002).
Conclusions: Our results provide additional information on the role of LRP5 mutations and their effects on the
development of juvenile-onset primary osteoporosis, and hence the pathogenesis of the disorder. The mutations causing
primary osteoporosis reduce the signaling activity of the canonical Wnt signaling pathway and may therefore result in
decreased bone formation. The specific mechanism affecting signaling activity remains to be resolved in future studies.

Background
Idiopathic juvenile osteoporosis (IJO) without features of
osteogenesis imperfecta (OI) is a rare bone condition that
affects children and adolescents. It is thought to develop
as the initiation and efficiency of bone remodeling
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becomes impaired, thus leading to a reduced quantity of
cancellous bone [1]. The first symptoms of IJO appear
well before puberty and the principal symptoms include
reduced bone mineral density (BMD), vertebral compression fractures and metaphyseal fractures in the long
bones. The fractures lead to bone pain and impaired
mobility [1-3]. IJO is suggested to be inherited in an
autosomal dominant manner [4]. Thus far only one gene,
namely the gene encoding the low-density lipoprotein

© 2012 Korvala et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

Korvala et al. BMC Medical Genetics 2012, 13:26
http://www.biomedcentral.com/1471-2350/13/26

receptor-related protein 5 (LRP5), has been shown to
cause juvenile-onset osteoporosis similar to IJO [4].
LRP5 has an essential role in the Wnt signaling pathway,
since it acts as a co-receptor that binds Wnt proteins with
Frizzled-receptors [5,6]. Mutations within the gene are
known to lead to various bone disorders: gain-of-function
mutations in the LRP5 gene can cause high-bone-mass
(HBM) phenotypes in humans [7,8], whereas homozygous
loss-of-function mutations cause osteoporosis-pseudoglioma syndrome (OPPG) characterized by early-onset
osteoporosis and complications in eye development [9-11].
Similarly, transgenic mice with interrupted Lrp5 express a
low bone mass phenotype, independent of Cbfa-1, including decreased osteoblast proliferation, osteopenia and persistent embryonic eye vascularization [12]. Furthermore,
associations have also been reported between the LRP5
gene polymorphisms and bone mass and size [13-15].
LRP5 is widely expressed in most human tissues, with
greater amounts in the liver and pancreas [16]. In bone,
it is mainly expressed by the bone-forming cells, i.e.
osteoblasts, in the endosteal and trabecular bone surfaces
[7,9]. It is not known to be expressed by osteoclasts [9].
Recently, Lrp5 expressed in the murine duodenum was
shown to affect the synthesis of gut-derived serotonin (5hydroxytryptamine, i.e. 5-HT) by inhibiting expression of
the serotonin rate-limiting enzyme tryptophan hydroxylase 1 (Tph1) [17]. Serotonin then affects bone formation,
its effect being mediated by specific 5-HT transporters in
the circulation and by binding to the 5-HT receptor 1 B
(5-Htr1b) on osteoblasts [17,18]. However, other investigators have not observed a role for gut-expressed Lrp5 in
regulating serotonin production or bone mass 19.
In the present study the role of LRP5 was explored
further in 18 pediatric patients with primary osteoporosis
without features of osteogenesis imperfecta (OI). In vitro
cell culture studies were used to examine the effects of
newly found mutations on LRP5 production, the activity
of the Wnt signaling pathway, and the expression of
Tph1 and 5-Htr1b.

Methods
Subjects

The study included eight Italian and ten German patients.
All 18 pediatric patients had been referred for recurrent
fractures of long bones, bone pain, findings of osteopenia
on imaging and/or low BMD. The diagnosis of primary
osteoporosis was based on the following criteria: I) clinical
exclusion of OI, II) exclusion of secondary causes of osteoporosis, and III) low BMD, defined as Z score below -2.0,
history of recurrent peripheral fractures (≥3 fractures)
caused by low impact trauma, and/or findings of vertebral
compression fractures on x-ray films [19,20].
The control group, comprising 51 healthy individuals,
was taken from the same geographical area as the two
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German patients who had novel LRP5 mutations. In
addition, three affected and three healthy family members of the two probands with newly found mutations
were analyzed. The study was approved by the local
ethics committees, and signed informed consent was
obtained from each subject.
Molecular analysis

DNA was extracted from EDTA blood samples using
standard procedures. The 23 exons and intronic boundaries of LRP5 were amplified using the polymerase chain
reaction (PCR) method with AmpliTaq Gold DNA polymerase (Applied Biosystems), and dimethyl sulfoxide
(DMSO) was added to the reaction mixture for exon 4.
Exons 5 and 21 were amplified using AmpliTaq Gold360
(Applied Biosystems) and exon 1 was amplified with the
GC Rich PCR kit (Roche Applied Sciences). PCR primer
sequences are available on request. Mutation analysis was
performed with direct sequencing using the ABI PRISM®
3100 Genetic Analyzer and BigDye terminator cycle
sequencing chemistry (Applied Biosystems). GenBank
accession number NG_015835.1 was used as a genomic
LRP5 reference. Mutation nomenclature is in accordance
with the guidelines by den Dunnen et al. [21], and the
cDNA and protein reference sequences used were
NM_002335.2 and NP_002326.2 (GenBank).
Samples were also screened for insertions or deletions
using Multiplex Ligation-dependent Probe Amplification
(MLPA) [22]. The MLPA analysis was performed according to MRC-Holland (Amsterdam, The Netherlands) procedure using LRP5 and control probes specifically
designed in Dr. Warman’s laboratory (Additional file 1:
Table S1). The probes target sites in LPR5 differ from the
sequence of a pseudogene containing LRP5 exons 3-9
(GenBank accession number AL022324). As a control for
detecting deletion or duplication of the whole LRP5 gene
(chromosome 11), a probe pair targeting for acetylcholinesterase (ACHE) exon 2 (chromosome 7) was used.
Probes were synthesized by Integrated DNA Technologies (Coralville, IA). Unique amplicon sizes are presented
in Additional file 2: Table S2. Amplification products
were separated on ABI-PRISM® 3100 Genetic Analyzer
(Applied Biosystems) in the Case Western Reserve Genomics Core Facility (Case Western Reserve University
School of Medicine, Cleveland, Ohio), and results were
analyzed with GeneScan® Analysis 3.7 (Applied Biosystems). Peak heights of amplicons were normalized for the
ACHE peak or for the LRP5 exon 15.
In vitro studies
Constructs for in vitro studies

The wild type construct of full-length LRP5 with a carboxyl mycHis-tag (WT-LRP5-mycHis) was received from
Dr. Warman’s laboratory, having been created as
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described by Ai et al. [23]. The mutations identified in
the osteoporosis patients were introduced into the WTLRP5-mycHis construct using the QuikChange XL sitedirected mutagenesis kit (Stratagene) and the resulting
constructs were sequenced to confirm their correctness.
Five LRP5 mutants were created that included two
previously reported primary osteoporosis mutations
(C913fs, R1036Q) [4], the two novel mutations (L1149Q,
G1185R), and one HBM mutation G171V [13].
The reporter constructs SuperTOPflash (STF) and
b-galactosidase (b-Gal-CMV) were received from Prof.
Vainio’s laboratory and were used to detect the activity of
the canonical Wnt signaling pathway.
Expression of LRP5

Chinese Hamster Ovarian (CHO) cells were cultured
with 10% fetal bovine serum (FBS) (HyClone) in Dulbecco’s modified Eagle’s medium (DMEM) (BIOCHROM
AG), plated on 10 cm plates and transfected with 3 μg of
WT-LRP5-mycHis or mutant construct using Lipofectamine transfection reagent (Invitrogen) according to the
manufacturer’s protocol. After 48 h of transfection, the
cell medium was collected and the cells were lysed using
1% Triton-X-homogenisation buffer. A 7.5% SDS-PAGE
gel was prepared and 25 μl of medium or cell lysate and
10 μl of SDS-PAGE loading buffer were loaded on the gel
and analyzed under reducing conditions. Western blot
analysis was performed using the Anti-Myc tag, clone
9E10 antibody (Upstate).
Producing Wnt3a -conditioned media

Wnt3a-conditioned medium was produced and collected
from mouse L1 cells expressing Wnt3a (L Wnt3a; ATCC
CRL-2647) according to the manufacturer’s instructions.
The control-conditioned medium (L1-CM) was prepared
from a normal L1 cell line (ATCC CRL-2648) using the
same protocol as for the L Wnt3a cells.
Luciferase gene reporter assay

LRP5 mutants and 10% FBS-DMEM medium CHO
cells were plated at 2 × 104 cells/well onto a 24-well plate
and transfected 24 h later using Lipofectamine (Invitrogen). To study the effect of LRP5 mutants on Wnt signaling activity, the WT-LRP5 or mutant LRP5 construct
(20 ng), STF (100 ng) and b-Gal-CMV (5 ng) were cotransfected into cells. The total amount of transfected
DNA was adjusted to 250 ng/well by adding pcDNA3.1+
vector. Five hours later 10% FBS-DMEM was added to
each well, and the cells were collected after a further
48 h. Each transfection was performed in triplicate and
repeated at least three times on separate occasions.
LRP5 mutants and Wnt3a -conditioned medium In
experiments where Wnt3a was used to induce the activity of the pathway the transfections were performed as
described above but with 300 μl of Wnt3a-CM or control L1-CM and 200 μl of 10% FBS-DMEM added to
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each well 5 h after transfection. The cells were collected
48 h after transfections.
Measurement of luciferase activity Cell culture lysis
reagent (CCLR) was used to lyse the cells according to
the manufacturer’s instructions (Promega). The luciferase
(STF) activity was measured in a solution of 10 μl of cell
lysate and 50 μl of Luciferase Assay Reagent (Promega)
and the activity of b-galactosidase using 10 μl of cell
lysate and 70 μl of 1 × CPRG substrate (chlorophenol
red-b-D-galactopyranoside) according to the Stratagene
instructions. In both cases a VictorTM3 V 1420 Multilabel
Counter (Perkin Elmer) was used, and the relative luciferase unit (RLU) was determined from the ratio between
the luciferase and b-galactosidase activities.
Quantitative real-time polymerase chain reaction (qPCR)

The effect of LRP5 mutants on the expression of Tph1 and
5-Htr1b was studied by qPCR. CHO cells were plated at 1
× 105 cells/well on 6-well plates and transfected 24 h later
using Lipofectamine (Invitrogen) with 2 μg of either WTLRP5, the mutant LRP5 construct or pcDNA3.1+. Four
hours later 10% FBS-DMEM or Wnt3a-CM or control L1CM was added to each well (see detailed description of
CM production above), and cells were collected 48 h after
transfection. Each experiment was performed in triplicate
and repeated at least three times on separate occasions.
Total RNA was isolated using the E.Z.N.A. RNA isolation kit including a treatment with RNase-free DNase
(OMEGA Bio-Tek). RNA concentrations were measured
using a NanoDrop™ ND-1000 spectrophotometer
(Thermo Scientific) and cDNA was synthesized by reverse
transcript PCR (RT-PCR) from 1 μg of extracted RNA
using the iScript™ cDNA Synthesis kit (BioRad). Quantitative real-time PCR (qPCR) analyses of Tph1 and 5-Htr1b
expression were performed with specifically designed murine primers (available on request), and the Tph1 and
5-Htr1b results were compared with those for a standard
b-actin control. The qPCR reactions were performed
using iTaq™ SYBR Green Supermix with ROX (BioRad)
in a Mx3005P QPCR instrument (Stratagene), and the
data were assessed using MxPRo - Mx3005P v4.10 software (Stratagene). The gene expression change upon treatment was presented as relative expression (fold relative to
the non-treated control, i.e. pcDNA3.1+ transfected sample) after normalizing to b-actin, and was calculated by the
2-ΔΔCT method [24]. Student’s t test was used to compare
the expression of Tph1 and 5-Htr1b in samples transfected
with LRP5 mutants with expression in samples transfected
with WT-LRP5.
Statistical analysis

Statistical analyses were performed using Student’s t
test. Values of p < 0.05 were considered statistically
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significant. Results are presented as mean ± standard
deviation (SD).

Results
Altogether 18 patients were analyzed for LRP5 gene mutations by sequencing and MLPA. No changes were
observed by MLPA (data not shown). Two new heterozygous missense mutations were found by sequencing, in
patients M11 (Figure 1A III:1) and M13 (Figure 1B II:1).
Both of these mutations, c.3446 T > A and c.3553 G > A,
were located in exon 16 of the LRP5 gene, in the fourth
YWTD/EGF domain of the LRP5 protein (Figure 2). The
mutations led to L1149Q and G1185R amino acid substitutions, respectively. Changes were also detected in
affected family members whereas neither was observed in
the non-affected family members or in the control group.
Patient M11 (Figure 1A III:1) had recurrent fractures
during childhood and adolescence and repeatedly subnormal BMD (the Z-score at lumbar spine at the time of
diagnosis was -3.20), measured by dual-energy X-ray
absorptiometry (DXA), and was diagnosed as having primary osteoporosis. M11 is currently 32 years and the
most recent BMD measurements at the lumbar spine are
normal (T-score 0.0) but osteopenic in the femoral neck
(T-score -1.5). The patient has not received bisphosphonate treatment.
The mother (Figure 1A II:2) and sister (Figure 1A
III:2) of patient M11 had the same mutation as the
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patient (c.3446 T > A; L1149Q), whereas the father (Figure 1A II:1) did not carry the mutation. In addition, the
DNA samples of maternal grandparents (Figure 1A I:1
and I:2) and maternal aunt and uncle (Figure 1A II:3
and II:4) were analyzed, but none was found to have the
mutation. Since the mother and sister have been diagnosed as having osteoporosis whereas the father shows
no signs of reduced BMD, the genetic findings are concordant with the clinical status of the patient and his
family members. The mother’s lumbar spine and
femoral neck BMD T-scores at age 48 years, after some
years of bisphosphonate treatment, were -2.3 and -1.3.
The sister’s lumbar spine and femoral neck BMD Tscores at 25 years were -1.4 and -2.5.
For the rest of the relatives, the grandmother (Figure 1A
I:1) had reduced BMD at age 83 years with lumbar spine
and hip T-scores of -2.0 and -2.2, respectively. The grandfather’s (Figure 1A I:2) BMD measurements at 83 years
were somewhat reduced (BMD T-scores of -0.9 and -2.7
for lumbar spine and hip). The aunt (Figure 1A II:3) had
osteopenia at 43 years (BMD T-scores 0.7 and -1.5 for
lumbar spine and hip). No clinical data were available for
the uncle of M11 (Figure 1A II:4). The results suggest that
M11 inherited a de novo mutation that had arisen in his
mother.
Patient M13 (Figure 1B II:1) was first presented at 13
years of age with multiple fractures in his shoulder, forearms and upper arms. The first fracture occurred at

Figure 1 A) The pedigree of patient M11, and a chromatogram showing the missense mutation c.3446 T > A (L1149Q), B) The
pedigree of patient M13, and a chromatogram showing the missense mutation c.3553 G > A (G1185R). Affected individuals carrying the
mutation are marked in black and the mutations are pointed out by means of arrows.
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Figure 2 Schematic presentation of the protein structure and domain organization of LRP5. Mutations associated with primary
osteoporosis are marked above the protein structure, and the two novel mutations found in the present study (L1149Q, G1185R) are underlined.

7 years, and he has sustained altogether 8 fractures by
age 14.5 years. When examined at the age of 13, the
patient’s alkaline phosphatase, parathyroid hormone,
25-hydroxyvitamin D 3, calcium, phosphate and creatinine levels were normal and renal function was normal.
Radiographs of the spine revealed reduced mineralization but no vertebral compression fractures or structural
abnormalities. Peripheral quantitative computed tomography (pQCT; Stratec QCT 900) of the distal radius
showed reduced total and trabecular volumetric BMD
Z-scores of -1.5 and -2.8. The lumbar spine BMD Zscore, measured by DXA, was -2.4. The diagnosis of
osteoporosis was confirmed by bone biopsy, which
showed reduced bone volume and loss of trabecular
connectivity, consistent with osteoporosis.
The father (Figure 1B I:2) of patient M13 (Figure 1B II:1)
shared the mutation (c.3553 G > A; G1185R) with his son,
but the change was not detected in the patient’s unaffected
mother (Figure 1B I:1) or sister (Figure 1B II:2). The father
has slightly reduced BMD on DXA (T-score at lumbar
spine -0.3 and at femoral neck -1.7). Otherwise the family
has a negative history of osteoporosis.
Neither one of the novel mutations (L1149Q, G1185R)
was detected in controls. The evolutionary importance of
the observed disease-causing missense mutations was
assessed by aligning the human protein sequences with
the corresponding sequences of other species. Both the
newly found mutations encode for conserved amino acids
(Additional file 3: Figure S1).
In vitro studies

Examination of the effect of the observed LRP5 gene
mutations on protein expression using SDS-PAGE and
Western blotting revealed no changes in expression levels
(data not shown).
The effect of the LRP5 mutations on the activity of the
Wnt signaling pathway was studied by comparing the
effect of the transfected mutant LRP5s with that of the
WT-LRP5. These studies were performed in the presence of 10% FBS-DMEM, Wnt3a-CM or L1-CM, and
the results were presented as fold changes relative to

the results of 10% FBS-DMEM (Figure 3). As expected,
Wnt3a-CM increased the activity of the pathway in all
the LRP5 constructs, varying from 4 (C913fs) to 9-fold
(G171V) as compared with the corresponding constructs
when using 10% FBS-DMEM (Figure 3). The addition of
Wnt3a-CM also brought out differences between the
effects of the LRP5 constructs that were not seen in the
samples treated with 10% FBS-DMEM or L1-CM. The
HBM mutation G171V showed similar activity of the
pathway to that of WT-LRP5, while a tendency for a
decrease in activity was detected with mutations C913fs,
R1036Q and L1149Q, the effects of C913fs and L1149Q
being statistically significant (p = 0.0023 and p = 0.043,
respectively) (Figure 3). The LRP5 mutant G1185R did
not affect the signaling activity.
Expression levels of Tph1 and 5-Htr1b were studied by
qPCR in CHO cells transfected with WT-LRP5 or LRP5
mutants, and in the presence of either 10% FBS-DMEM,
Wnt3a-CM or L1 control medium. Tph1 and 5-Htr1b
gene expressions were reported as fold changes relative to
the untreated control sample (pcDNA3.1+) and normalized to b-actin. The expression resulting from each LRP5
mutant in the presence of Wnt3a-CM was first compared
to the corresponding sample with L1-CM and then to
expression with WT-LRP5 (using Wnt3a-CM).
No differences were observed in the effect of the LRP5
mutants on Tph1 expression when using 10% FBS-DMEM
(data not shown), and stimulating cells with Wnt3a-CM
did not affect expression of Tph1 as compared with L1CM (Figure 4A). Only one LRP5 mutant, G1185R,
responded to Wnt3a-CM, although the difference relative
to L1-CM was still marginal (p = 0.045).
The 5-Htr1b expression was not affected by the LRP5
mutants in the presence of 10% FBS-DMEM (data not
shown), but it did increase in cells transfected with
LRP5 mutants C913fs and G1185R after the addition of
Wnt3a-CM and as compared with L1-CM (p = 0.034
and p = 0.035, respectively; Figure 4B). These 5-Htr1b
expressions did not differ from that with WT-LRP5,
however, while expression was significantly reduced in
the LRP5 mutant L1149Q (p = 0.0051 as compared with

Korvala et al. BMC Medical Genetics 2012, 13:26
http://www.biomedcentral.com/1471-2350/13/26

Page 6 of 10

Figure 3 Luciferase activity in CHO cells transfected with WT-LRP5 or mutant LRP5 in the presence of Wnt3a-CM (white bars) or L1
control medium (grey bars). The activities of the signaling pathway are presented in relative luciferase units (RLU) determined by the ratio
between the luciferase and b-galactosidase activities and given as a fold change relative to corresponding samples treated with 10% FBS-DMEM.
* p < 0.05, **p < 0.01 as compared with WT-LRP5. Results are expressed as mean ± SD.

WT-LRP5; Figure 4B). Also, the R1036Q mutation
decreased 5-Htr1b expression (p = 0.02), although the
statistical significance of this effect was lost after two triplicate repeats (p = 0.50).

Discussion
We have previously identified three mutations in
the LRP5 gene that were associated with primary

osteoporosis without features of OI [4]. The present
work provides further proof of the role of LRP5 in the
disorder by revealing two additional heterozygous missense mutations (L1149Q and G1185R) in patients with
primary osteoporosis. Also, the in vitro studies showed
that the LRP5 mutations C913fs and L1149Q alter Wnt
signaling activity, as indicated by impaired activation of
LRP5 by Wnt3a.

Figure 4 A) Tph1 gene expression and B) 5-Htr1b gene expression in CHO cells transfected with wild type LRP5 (WT-LRP5) or mutant
LRP5 and treated with Wnt3a-CM or L1-CM. Expression of the Tph1 and 5-Htr1b genes is shown as a fold change relative to the untreated
control (pcDNA3.1+) and normalized to b-actin. The effects of the LRP5 mutants on the expression of these genes were examined by comparing
the results for the mutants with those for WT-LRP5 using Student’s t test. The statistical significance of each pair is denoted below the mutant
columns; **p < 0.01 as compared to WT-LRP5. Results are expressed as mean ± SD.
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All LRP5 mutations associated with primary osteoporosis in our patient set (A29T, C913fs, R1036Q, L1149Q,
G1185R) are located in the coding regions of the LRP5
gene. The L1149 and G1185 amino acids are conserved
between species (Additional file 3: Figure S1), and are
thereby likely to have structural and/or functional importance. Also, the site R1036 is quite well preserved as only
one species out of eight differs from the human sequence
at this position. The novel mutations (L1149Q and
G1185R), as well as two mutations we have identified
earlier (C913fs and R1036Q [4]), are located on the
fourth propeller domain of LRP5 protein. Only one of
the disease associated mutations (A29T) is situated in the
first propeller domain of LRP5 [4]. However, primary
osteoporosis and osteopenia have been confirmed in heterozygous carriers of OPPG-causing mutations located in
other domains and on splice sites of LRP5 [10,25]. One
of our patients (M13) with G1185R on the fourth propeller domain presented a graver phenotype than did his
father who also had the mutation. The father had
reduced BMD, but no osteoporosis. This finding is congruent with our previous and yet unpublished results
([4], Korvala et al. unpublished data) showing that phenotypes of affected offspring tend to be more severe than
those of their parents. Reasons accounting for this may
be variations in mutation penetrance or presence of
other predisposing genetic factors [26,27] or the disorder
may be multigenic in nature [28].
There is an interesting connection between the location
of LRP5 mutations and resulting disorders (and presumably the disease causing mechanisms). HBM mutations are
located in the first propeller domain of LRP5 whereas
OPPG causing mutations are scattered mainly in the second and third propeller domains. Furthermore, different
LRP5 domains bind to certain ligands in the Wnt signaling
pathway: the first and second propeller domains of LRP5/6
participate in binding a certain class of the inducing
ligands of the pathway e.g. Wnt1 and Wnt9b [29-31], but
also the Wnt signaling inhibitors Wise, Sclerostin (SOST)
and Dkk1 [31-33]. At the same time, the third and fourth
propeller domains bind DKK1 [34,35] and another class of
Wnt proteins e.g. Wnt3a (in LRP6) [30,31] while the cytoplasmic domain binds Axis inhibitor-1 (Axin) [36]. Moreover, the latest studies have indicated that different Wnts
are able to bind to specific LRP6 propellers simultaneously
[31], and compete with DKK1 binding [31,37]. These
results may potentially be implicated also in LRP5. In conclusion, the site of mutation may be an important indicator for the resulting disorder, when assuming that the
mutation affects the interaction between LRP5 and the
ligand binding the mutation site.
Our in vitro studies with four LRP5 mutations causing
primary osteoporosis showed that all the LRP5 constructs
were able to mediate signaling and that the signaling
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activity was enhanced several-fold in all the constructs
when Wnt3a was added (Figure 3), supporting the role of
Wnt3a as a ligand for LRP5. Wnt3a also enabled us to
elucidate the differences in signaling response between
the LRP5 constructs: mutants C913fs and L1149Q
reduced activity significantly (by 47% and 29%, respectively) as compared with WT-LRP5, and activity was also
reduced by R1036Q (by 24%), whereas G1185R had no
effect on signaling activity. Although no clinical significance has been reported for R1036Q (GenBank
rs61889560), it has been detected in four OPPG patients
[38] since its identification in a patient with primary
osteoporosis [4], supporting its role in bone development
or maintenance. Further functional studies are necessary
for G1185R as no effect was detected using the current
methods and a different experimental approach may
identify the underlying mechanism.
The fact that the signaling activity of HBM mutation
G171V in our study was close to that of WT-LRP5 is
consistent with earlier findings that HBM-LRP5’s are not
constitutively active but need a Wnt ligand to be activated [39-41]. In vitro LRP5 studies by others have
focused on HBM mutations and the few studies addressing the impact of mutations causing osteoporosis have
mainly been associated with OPPG. These have shown
that mutations causing OPPG reduce Wnt and/or Norrin
signaling [11,38,42], while some mutants are trafficked
unequally to the cell membrane [23]. Crabbe et al. [43]
concluded that mutations associated with idiopathic
osteoporosis in adult men may change the expression of
LRP5 protein and/or interfere with the interaction of
LRP5 with Mesd or with the Wnt/Fzd complex. Saarinen
et al. [38] found an association between three homozygous OPPG mutations (R570W, R925C, R1036Q) and
glucose tolerance, and suggested a potential association
with diabetes. Taken together, our findings are in line
with the results of other in vitro LRP5/OPPG studies
showing that mutations associated with low bone mass
disorders reduce the ability of LRP5 to mediate Wntinduced signaling and consequently result in a low bone
mass phenotype.
Since Yadav et al. [17] have shown that Lrp5 produced
in the intestine can inhibit Tph1 expression, and consequently also 5-HT synthesis and bone formation, we
examined whether the LRP5 mutations causing primary
osteoporosis influence Tph1 and/or 5-Htr1b expression in
an in vitro system. Our results showed that only one of
the mutations (L1149Q) reduced 5-Htr1b expression significantly in the presence of Wnt3a (p < 0.002; Figure 4B),
but neither HBM nor primary osteoporosis LRP5 mutations influenced Tph1 expression (Figure 4A). We cannot
readily compare our in vitro results to the in vivo studies
of Yadav et al. [17], and although the 5-Htr1b finding is of
potential interest, it is still tentative and further
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investigation using alternative methods is needed to examine its biological significance. One restriction of the current study is the use of only one reference gene, b-actin,
which has been commonly used as a reference gene in
human and murine gynecological tissue studies [44-47]
and has shown stable expression in human endometrium
[48].
The effect of 5-HT in regulating bone formation [17]
still has some open questions as discussed by Warden et
al. [18]. This is also illustrated by opposing results of Cui
et al. [49] who showed that osteocyte specific activation
or inactivation of Lrp5 in mice causes high or low bone
mass, respectively [49]. Furthermore, the bone mass of
these mice did not correlate with circulating serum serotonin levels nor did the bone markers or bone mass of
ovariectomised mice change upon treatment with Tph1
inhibitor which still resulted in decreased circulating 5HT [49]. Hence, the role of Wnt signaling pathway in
bone cannot be totally overlooked. It is supported by
both LRP5 studies [23,38,42], and by bone pathologies
caused by mutations in other components of the pathway
(e.g. SOST and DKK1). SOST mutations lead to severe
HBM disorders, sclerosteosis and van Buchem disease
[50,51], while DKK1 is shown to associate with bone
lesions in multiple myeloma [52,53]. Taken together the
studies describe the complexity of bone biology that we
are only starting to understand and unravel.

Conclusions
We have shown here that mutations causing juvenileonset primary osteoporosis reduce the signaling activity
of the canonical Wnt signaling pathway and may therefore result in decreased bone formation. Our preliminary results show reduced signaling in primary
osteoporosis mutants but the specific mechanism affecting signaling activity remains to be resolved. Since the
pathogenesis of primary osteoporosis has been largely
unknown, our results provide additional information on
the role of LRP5 mutations and their effects on the
development of this disorder.
Additional material
Additional file 1: Table S1. Probes for MLPA of LRP5 and the gene
control Acetylcholinesterase (ACHE). LRP5 probes were carefully designed
not to overlap with a pseudogene (GenBank accession number
AL022324) covering the exons 3-9 of LRP5.
Additional file 2: Table S2. Expected amplicon sizes for LRP5 and ACHE
(exon 2) in MLPA presented in increasing size order.
Additional file 3: Figure S1. Partial alignment of the human LRP5
protein sequence with Pan troglodytes, Bos taurus Mus musculus, Rattus
norvegicus, Gallus gallus, Danio rerio, Drosophila melanogaster and
Anopheles gambiae. The sites for three missense mutations associated
with primary osteoporosis are shown within boxes. Lines show lacking
sequence, and the arrowheads below the alignments point to sequence
variations.

Page 8 of 10

Acknowledgements
We would like to thank all the patients and their family members for
participating in the study. We thank Antti Railo, Ph.D., Minna Komu, Ph.D.,
Mari Taipale, M. Sc. and Marja-Riitta Väisänen, M.D., Ph.D., for their valuable
help and advice in setting up the in vitro studies. Seppo Vainio, Prof., is
acknowledged for providing the STF and b-Gal-CMV constructs. Laboratory
technicians Aira Erkkilä and Helena Satulehto are thanked for their excellent
technical assistance. The study was supported by grants from the Finnish
Cultural Foundation (to MM, LAK and JK), the Academy of Finland (LAK), the
Alma and K.A. Snellman Foundation, Oulu, Finland (JK), the Olga and Vilho
Linnamo Foundation (JK) and the Orion-Farmos Research Foundation (JK).
Author details
1
Oulu Center for Cell-Matrix Research, Biocenter and Department of Medical
Biochemistry and Molecular Biology, University of Oulu, Oulu, Finland.
2
Departments of Medicine and Pediatrics, Massachusetts General Hospital
and Harvard Medical School, Boston, MA, USA. 3Children’s Hospital, Helsinki
University Central Hospital and University of Helsinki, and Folkhälsan
Research Center, Helsinki, Finland. 4Hospital for Sick Children, University of
Toronto, Toronto, ON, Canada. 5Department for Pediatric Endocrinology and
Diabetes, Otto-Heubner-Centrum für Kinder- und Jugendmedizin, Charite,
University Medicine Berlin, Berlin, Germany. 6Laboratory of Pediatric
Endocrinology, BoNetwork, Division of Metabolic and Cardiovascular
Sciences, San Raffaele Scientific Institute, Milan, Italy. 7Case Western Reserve
University, Department of Genetics, Cleveland, OH, USA. 8Orthopaedic
Research Laboratories, Children’s Hospital Boston, Boston, MA, USA.
9
Department of Medicine, Winchester Hospital, Winchester, MA, USA.
10
Division of Orthopaedic Surgery, Hospital for Sick Children, University of
Toronto, Toronto, ON, Canada. 11Department of Surgery, North Karelia
Central Hospital, Joensuu, Finland. 12Connective Tissue Gene Tests,
Allentown, PA, USA. 13Department of Medical Biochemistry and Molecular
Biology, University of Oulu, P.O. Box 5000, 90014 Oulu, Finland.
Authors’ contributions
JK and HH carried out the molecular genetic studies. JK performed the in
vitro studies and drafted the manuscript. CFB and MLW performed the MLPA
analysis and MLW provided the WT-LRP5 construct. HJ, OM, ES, DS, SM, DD,
WGC, HH, LAK and MM conceived of the study, participated in its design
and coordination and commented on the manuscript. All authors read and
approved the manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 6 June 2011 Accepted: 10 April 2012 Published: 10 April 2012
References
1. Rauch F, Travers R, Norman ME, Taylor A, Parfitt AM, Glorieux FH: Deficient
bone formation in idiopathic juvenile osteoporosis: a histomorphometric
study of cancellous iliac bone. J Bone Miner Res 2000, 15(5):957-963.
2. Rauch F, Travers R, Norman ME, Taylor A, Parfitt AM, Glorieux FH: The bone
formation defect in idiopathic juvenile osteoporosis is surface-specific.
Bone 2002, 31(1):85-89.
3. Lorenc RS: Idiopathic juvenile osteoporosis. Calcif Tissue Int 2002,
70(5):395-397.
4. Hartikka H, Mäkitie O, Männikkö M, Doria AS, Daneman A, Cole WG, AlaKokko L, Sochett EB: Heterozygous mutations in the LDL receptor-related
protein 5 (LRP5) gene are associated with primary osteoporosis in
children. J Bone Miner Res 2005, 20(5):783-789.
5. Cadigan KM, Nusse R: Wnt signaling: a common theme in animal
development. Genes Dev 1997, 11(24):3286-3305.
6. Westendorf JJ, Kahler RA, Schroeder TM: Wnt signaling in osteoblasts and
bone diseases. Gene 2004, 341:19-39.
7. Boyden LM, Mao J, Belsky J, Mitzner L, Farhi A, Mitnick MA, Wu D,
Insogna K, Lifton RP: High bone density due to a mutation in LDLreceptor-related protein 5. N Engl J Med 2002, 346(20):1513-1521.
8. Little RD, Carulli JP, Del Mastro RG, Dupuis J, Osborne M, Folz C,
Manning SP, Swain PM, Zhao SC, Eustace B, Lappe MM, Spitzer L, Zweier S,
Braunschweiger K, Benchekroun Y, Hu X, Adair R, Chee L, FitzGerald MG,
Tulig C, Caruso A, Tzellas N, Bawa A, Franklin B, McGuire S, Nogues X,
Gong G, Allen KM, Anisowicz A, Morales AJ, Lomedico PT, Recker SM, Van

Korvala et al. BMC Medical Genetics 2012, 13:26
http://www.biomedcentral.com/1471-2350/13/26

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Eerdewegh P, Recker RR, Johnson ML: A mutation in the LDL receptorrelated protein 5 gene results in the autosomal dominant high-bonemass trait. Am J Hum Genet 2002, 70(1):11-19.
Levasseur R, Lacombe D, de Vernejoul MC: LRP5 mutations in
osteoporosis-pseudoglioma syndrome and high-bone-mass disorders.
Joint, Bone, Spine 2005, 72(3):207-214.
Gong Y, Slee RB, Fukai N, Rawadi G, Roman-Roman S, Reginato AM,
Wang H, Cundy T, Glorieux FH, Lev D, Zacharin M, Oexle K, Marcelino J,
Suwairi W, Heeger S, Sabatakos G, Apte S, Adkins WN, Allgrove J, ArslanKirchner M, Batch JA, Beighton P, Black GCM, Boles RG, Boon LM,
Borrone C, Brunner HG, Carle GF, Dallapiccola B, De Paepe A, Floege B,
Halfhide ML, Hall B, Hennekam RC, Hirose T, Jans A, Jüppner H, Kim CA,
Keppler-Noreuil K, Kohlschuetter A, LaCombe D, Lambert M, Lemyre E,
Letteboer T, Peltonen L, Ramesar RS, Romanengo M, Somer H, SteichenGersdorf E, Steinmann B, Sullivan B, Superti-Furga A, Swoboda W, van den
Boogaard MJ, Van Hul W, Vikkula M, Votruba M, Zabel B, Garcia T, Baron R,
Olsen BR, Warman ML: Osteoporosis-Pseudoglioma Syndrome
Collaborative group: LDL receptor-related protein 5 (LRP5) affects bone
accrual and eye development. Cell 2001, 107(4):513-523.
Ai M, Heeger S, Bartels CF, Schelling DK: Osteoporosis-Pseudoglioma
Collaborative group: Clinical and molecular findings in osteoporosispseudoglioma syndrome. Am J Hum Genet 2005, 77(5):741-753.
Kato M, Patel MS, Levasseur R, Lobov I, Chang BH, Glass DA: Hartmann C,
Li L, Hwang TH, Brayton CF, Lang RA, Karsenty G, Chan L: Cbfa1independent decrease in osteoblast proliferation, osteopenia, and
persistent embryonic eye vascularization in mice deficient in Lrp5, a
Wnt coreceptor. J Cell Biol 2002, 157(2):303-314.
Van Wesenbeeck L, Cleiren E, Gram J, Beals RK, Bénichou O, Scopelliti D,
Key L, Renton T, Bartels C, Gong Y, Warman ML, de Vernejoul MC,
Bollerslev J, Van Hul W: Six novel missense mutations in the LDL
receptor-related protein 5 (LRP5) gene in different conditions with an
increased bone density. Am J Hum Genet 2003, 72(3):763-771.
Ferrari SL, Deutsch S, Choudhury U, Chevalley T, Bonjour JP, Dermitzakis ET,
Rizzoli R, Antonarakis SE: Polymorphisms in the low-density lipoprotein
receptor-related protein 5 (LRP5) gene are associated with variation in
vertebral bone mass, vertebral bone size, and stature in whites. Am J
Hum Genet 2004, 74(5):866-875.
Koay MA, Woon PY, Zhang Y, Miles LJ, Duncan EL, Ralston SH,
Compston JE, Cooper C, Keen R, Langdahl BL, MacLelland A, O’Riordan J,
Pols HA, Reid DM, Uitterlinden AG, Wass JA, Brown MA: Influence of LRP5
polymorphisms on normal variation in BMD. J Bone Miner Res 2004,
19(10):1619-1627.
Hey PJ, Twells RC, Phillips MS, Nakagawa Y, Brown SD, Kawaguchi Y, Cox R,
Xie G, Dugan V, Hammond H, Metzker ML, Todd JA, Hess JF: Cloning of a
novel member of the low-density lipoprotein receptor family. Gene 1998,
216(1):103-111.
Yadav VK, Ryu JH, Suda N, Tanaka K, Gingrich JA, Schütz G, Glorieux FH,
Chiang CY, Zajac JD, Insogna KL, Mann JJ, Hen R, Ducy P, Karsenty G: Lrp5
controls bone formation by inhibiting serotonin synthesis in the
duodenum. Cell 2008, 135(5):825-837.
Warden SJ, Robling AG, Haney EM, Turner CH, Bliziotes MM: The emerging
role of serotonin (5-hydroxytryptamine) in the skeleton and its
mediation of the skeletal effects of low-density lipoprotein receptorrelated protein 5 (LRP5). Bone 2010, 46(1):4-12.
Cui Y, Niziolek PJ, Macdonald BT, Zylstra CR, Alenina N, Robinson DR,
Zhong C, Matthes S, Jacobsen CM, Conlon RA, Brommage R, Liu Q,
Mseeh F, Powell DR, Yang Q, Zambrowicz B, Gerrits H, Gossen JA, He X,
Bader M, Williams BO, Warman ML, Robling AG: Lrp5 functions in bone to
regulate bone mass. Nat Med 2011, 17(6):684-691.
Ward LMGF: The spectrum of pediatric osteoporosis. In Pediatric bone.
Biology and diseases.. 1 edition. Edited by: Glorieux FH, Pettifor JM, Jüppner
H. San Diego: Academic Press; 2003:401-442.
den Dunnen JT, Antonarakis SE: Mutation nomenclature extensions and
suggestions to describe complex mutations: a discussion. Hum Mutat
2000, 15(1):7-12.
Schouten JP, McElgunn CJ, Waaijer R, Zwijnenburg D, Diepvens F, Pals G:
Relative quantification of 40 nucleic acid sequences by multiplex
ligation-dependent probe amplification. Nucleic Acids Res 2002, 30(12):
e57.
Ai M, Holmen SL, Van Hul W, Williams BO, Warman ML: Reduced affinity to
and inhibition by DKK1 form a common mechanism by which high

Page 9 of 10

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

bone mass-associated missense mutations in LRP5 affect canonical Wnt
signaling. Mol Cell Biol 2005, 25(12):4946-4955.
Livak KJ, Schmittgen TD: Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2-ΔΔCT Method. Methods 2001,
25(4):402-408.
Laine CM, Chung BD, Susic M, Prescott T, Semler O, Fiskerstrand T,
D’Eufemia P, Castori M, Pekkinen M, Sochett E, Cole WG, Netzer C,
Mäkitie O: Novel mutations affecting LRP5 splicing in patients with
osteoporosis-pseudoglioma syndrome (OPPG). Eur J Hum Genet 2011,
19(8):875-881.
Wang B, Sinha T, Jiao K, Serra R, Wang J: Disruption of PCP signaling
causes limb morphogenesis and skeletal defects and may underlie
Robinow syndrome and brachydactyly type B. Hum Mol Genet 2011,
20(2):271-285.
Mejia-Gaviria N, Gil-Peña H, Coto E, Pérez-Menéndez TM, Santos F: Genetic
and clinical peculiarities in a new family with hereditary
hypophosphatemic rickets with hypercalciuria: a case report. Orphanet J
Rare Dis 2010, 5:1.
Morón FJ, Mendoza N, Vázquez F, Molero E, Quereda F, Salinas A, Fontes J,
Martinez-Astorquiza T, Sánchez-Borrego R, Ruiz A: Multilocus analysis of
estrogen-related genes in Spanish postmenopausal women suggests an
interactive role of ESR1, ESR2 and NRIP1 genes in the pathogenesis of
osteoporosis. Bone 2006, 39(1):213-221.
Tamai K, Semenov M, Kato Y, Spokony R, Liu C, Katsuyama Y, Hess F, SaintJeannet JP, He X: LDL-receptor-related proteins in Wnt signal
transduction. Nature 2000, 407(6803):530-535.
Ettenberg SA, Charlat O, Daley MP, Liu S, Vincent KJ, Stuart DD, Schuller AG,
Yuan J, Ospina B, Green J, Yu Q, Walsh R, Li S, Schmitz R, Heine H, Bilic S,
Ostrom L, Mosher R, Hartlepp KF, Zhu Z, Fawell S, Yao YM, Stover D,
Finan PM, Porter JA, Sellers WR, Klagge IM, Cong F: Inhibition of
tumorigenesis driven by different Wnt proteins requires blockade of
distinct ligand-binding regions by LRP6 antibodies. Proc Natl Acad Sci
USA 2010, 107(35):15473-15478.
Bourhis E, Tam C, Franke Y, Bazan JF, Ernst J, Hwang J, Costa M,
Cochran AG, Hannoush RN: Reconstitution of a frizzled8. Wnt3a.LRP6
signaling complex reveals multiple Wnt and Dkk1 binding sites on LRP6.
J Biol Chem 2010, 285(12):9172-9179.
Itasaki N, Jones CM, Mercurio S, Rowe A, Domingos PM, Smith JC,
Krumlauf R: Wise, a context-dependent activator and inhibitor of Wnt
signalling. Development 2003, 130(18):4295-4305.
Semënov M, Tamai K, He X: SOST is a ligand for LRP5/LRP6 and a Wnt
signaling inhibitor. J Biol Chem 2005, 280(29):26770-26775.
Mao B, Wu W, Li Y, Hoppe D, Stannek P, Glinka A, Niehrs C: LDL-receptorrelated protein 6 is a receptor for Dickkopf proteins. Nature 2001,
411(6835):321-325.
Bourhis E, Wang W, Tam C, Hwang J, Zhang Y, Spittler D, Huang OW,
Gong Y, Estevez A, Zilberleyb I, Rouge L, Chiu C, Wu Y, Costa M,
Hannoush RN, Franke Y, Cochran AG: Wnt antagonists bind through a
short peptide to the first β-propeller domain of LRP5/6. Structure 2011,
19(10):1433-1442.
Ahn VE, Chu ML, Choi HJ, Tran D, Abo A, Wes WI: Structural basis of Wnt
signaling inhibition by Dickkopf binding to LRP5/6. Dev Cell 2011,
21(5):862-873.
Li Y, Lu W, King TD, Liu CC, Bijur GN, Bu G: Dkk1 stabilizes Wnt coreceptor LRP6: implication for Wnt ligand-induced LRP6 downregulation. PLoS One 2010, 5(6):e11014.
Saarinen A, Saukkonen T, Kivelä T, Lahtinen U, Laine C, Somer M,
Toiviainen-Salo S, Cole WG, Lehesjoki AE, Mäkitie O: Low density
lipoprotein receptor-related protein 5 (LRP5) mutations and
osteoporosis, impaired glucose metabolism and hypercholesterolaemia.
Clin Endocrinol (Oxf) 2010, 72(4):481-488.
Cheng Z, Biechele T, Wei Z, Morrone S, Moon RT, Wang L, Xu W: : Crystal
structures of the extracellular domain of LRP6 and its complex with
DKK1. Nat Struct Mol Biol 2011, 18(11):1204-1210., 18(11):1204-1210.
Balemans W, Devogelaer JP, Cleiren E, Piters E, Caussin E, Van Hul W: Novel
LRP5 missense mutation in a patient with a high bone mass phenotype
results in decreased DKK1-mediated inhibition of Wnt signaling. J Bone
Miner Res 2007, 22(5):708-716.
Balemans W, Piters E, Cleiren E, Ai M, Wesenbeeck LV, Warman ML, Van
Hul W: The binding between sclerostin and LRP5 is altered by DKK1 and
by high-bone mass LRP5 mutations. Calcif Tissue Int 2008, 82(6):445-453.

Korvala et al. BMC Medical Genetics 2012, 13:26
http://www.biomedcentral.com/1471-2350/13/26

Page 10 of 10

42. Urano T, Shiraki M, Usui T, Sasaki N, Ouchi Y, Inoue S: A1330V variant of
the low-density lipoprotein receptor-related protein 5 (LRP5) gene
decreases Wnt signaling and affects the total body bone mineral
density in Japanese women. Endocr J 2009, 56(4):625-631.
43. Crabbe P, Balemans W, Willaert A, Van Pottelbergh I, Cleiren E, Coucke PJ,
Ai M, Goemaere S, Van Hul W, De Paepe A, Kaufman JM: Missense
mutations in LRP5 are not a common cause of idiopathic osteoporosis
in adult men. J Bone Miner Res 2005, 20(11):1951-1959.
44. Narayan G, Bourdon V, Chaganti S, Arias-Pulido H, Nandula SV, Rao PH,
Gissmann L, Dürst M, Schneider A, Pothuri B, Mansukhani M, Basso K,
Chaganti RS, Murty VV: Gene dosage alterations revealed by cDNA
microarray analysis in cervical cancer: identification of candidate
amplified and overexpressed genes. Genes Chromosomes Cancer 2007,
46(4):373-384.
45. Tone AA, Begley H, Sharma M, Murphy J, Rosen B, Brown TJ, Shaw PA:
Gene expression profiles of luteal phase fallopian tube epithelium from
BRCA mutation carriers resemble high-grade serous carcinoma. Clin
Cancer Res 2008, 14(13):4067-4078.
46. Lee B, Du H, Taylor HS: Experimental murine endometriosis induces DNA
methylation and altered gene expression in eutopic endometrium. Biol
Reprod 2009, 80(1):79-85.
47. Margarit L, Taylor A, Roberts MH, Hopkins L, Davies C, Brenton AG,
Conlan RS, Bunkheila A, Joels L, White JO, Gonzalez D: MUC1 as a
discriminator between endometrium from fertile and infertile patients
with PCOS and endometriosis. J Clin Endocrinol Metab 2010,
95(12):5320-5329.
48. Sadek KH, Cagampang FR, Bruce KD, Shreeve N, Macklon N, Cheong Y:
Variation in stability of housekeeping genes in endometrium of healthy
and polycystic ovarian syndrome women. Hum Reprod 2011.
49. Cui Y, Niziolek PJ, Macdonald BT, Zylstra CR, Alenina N, Robinson DR,
Zhong Z, Matthes S, Jacobsen CM, Conlon RA, Brommage R, Liu Q,
Mseeh F, Powell DR, Yang QM, Zambrowicz B, Gerrits H, Gossen JA, He X,
Bader M, Williams BO, Warman ML, Robling AG: Lrp5 functions in bone to
regulate bone mass. Nat Med 2011, 17(6):684-691.
50. Semënov MV, He X: LRP5 mutations linked to high bone mass diseases
cause reduced LRP5 binding and inhibition by SOST. J Biol Chem 2006,
281(50):38276-38284.
51. Piters E, Culha C, Moester M, Van Bezooijen R, Adriaensen D, Mueller T,
Weidauer S, Jennes K, de Freitas F, Löwik C, Timmermans JP, Van Hul W,
Papapoulos S: First missense mutation in the SOST gene causing
sclerosteosis by loss of sclerostin function. Hum Mutat 2010, 31(7):
E1526-E1543.
52. Tian E, Zhan F, Walker R, Rasmussen E, Ma Y, Barlogie B, Shaughnessy JD Jr:
The role of the Wnt-signaling antagonist DKK1 in the development of
osteolytic lesions in multiple myeloma. N Engl J Med 2003,
349(26):2483-2494.
53. Qiang YW, Barlogie B, Rudikoff S, Shaughnessy JD Jr: Dkk1-induced
inhibition of Wnt signaling in osteoblast differentiation is an underlying
mechanism of bone loss in multiple myeloma. Bone 2008, 42(4):669-680.
Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2350/13/26/prepub
doi:10.1186/1471-2350-13-26
Cite this article as: Korvala et al.: Mutations in LRP5 cause primary
osteoporosis without features of OI by reducing Wnt signaling activity.
BMC Medical Genetics 2012 13:26.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

