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Abstract

Summary We present a family with a rare mutation of the LRP6 gene and for the first time provide evidence for its associa-
tion with low bone mineral density.

Introduction The Wnt pathway plays a critical role in bone homeostasis. Pathogenic variants of the Wnt co-receptor LRP6
have been associated with abnormal skeletal phenotypes or increased risk of cardiovascular events.

Patient and methods Here we report an index premenopausal patient and her family carrying a rare missense LRP6 patho-
genic variant (rs141212743; 0.0002 frequency among Europeans). This variant has been previously associated with metabolic
syndrome and atherosclerosis, in the presence of normal bone mineral density. However, the LRP6 variant was associated with
low bone mineral density in this family, without evidence for association with serum lipid levels or cardiovascular events.
Conclusion Thus, this novel association shows that LRP6 pathogenic variants may be involved in some cases of early-onset
osteoporosis, but the predominant effect, either skeletal or cardiovascular, may vary depending on the genetic background

or other acquired factors.
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Introduction

The identification of some individuals carrying rare allelic
variants of the LRP5 gene and a markedly abnormal bone
mass led to the discovery of the important role of the Wnt
pathway in skeletal homeostasis [1]. Wnt ligands comprise
several molecules that bind to complex membrane receptors
formed by frizzled proteins and LRP5/6 coreceptors and play
a critical role in osteoblastogenesis [2]. It is well established
that gain-of-function mutations of LRP5 are associated with
a high bone mass phenotype, whereas inactivating mutations
cause osteoporosis-pseudoglioma syndrome [3]. The role
of LRP6 is less clear. A few patients with LRP6 pathogenic
variants and skeletal or cardiovascular abnormalities have
been reported [4, 5], but some preclinical studies suggest
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that LRP5 and LRP6 have redundant effects on bone [6].
Here, we report a female patient with early-onset osteoporo-
sis and other family members. This is the first reported case
of the association of this LRP6 variant with low bone mass.
Patients’ characteristics suggest that the consequences of
individual variants of LRP6 may be rather different across
subjects with different genetic backgrounds or exposed to
different acquired factors.

Case report and family data

A 45-year-old Caucasian premenopausal woman was sent to
our outpatient bone clinic because of mild back pain and an
X-ray suggestive of low bone density at the lumbar spine, but
no fractures. She and her ancestors were born in Northern
Spain. Her medical history was unremarkable. The physical
exam was normal. A serum biochemical profile was normal,
including total and ionized calcium, phosphorus, total alka-
line phosphatase, intact PTH, TSH, protein electrophoresis,
and 25-hydroxyvitamin D levels. Serum cholesterol was
within the normal range (178 mg/dl, 4.6 mmol/l). The com-
plete blood count was also normal. Serum PINP was 50 ng/
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ml (reference range 19—-102 ng/ml) and CTX was 0.225 ng/
ml (reference range 0.170-0.760 ng/ml). Urinary calcium
excretion was 242 mg/24 h. Bone mineral density (BMD)
was measured at the spine and the hip by DXA (Horizon,
Hologic). The Z-scores (this is, BMD expressed as stand-
ard deviations in comparison with normal individuals of the
same sex and age) were — 2.8 at the lumbar spine, — 1.4 at the
femoral neck, and — 1.2 at the total hip.

A custom panel of 130 genes (see supplementary infor-
mation, Table S1) (SureSelect QXT, Agilent Technologies)
related to bone disorders were sequenced (exons and 10 bp
flanking intronic regions) and the bioinformatic analysis was
performed using the Alissa platform from Agilent Tech-
nologies. It revealed a missense heterozygous pathogenic
variant of the LRP6 gene (NC_000012.11:2.12334271C>T;
NM_002336.2: ¢.1079G > A, p.Arg360His; rs141212743).
No other pathogenic/likely pathogenic variants were
detected.

Family members were offered to be studied (Fig. 1). The
presence or absence of the LRP6 variant was determined
by Sanger sequencing. The father of the index patient and a
48-year-old brother carried the variant, whereas the mother,
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Fig. 1 Family tree. Individuals studied are represented by thick lines.
The index individual is marked (arrow). Other carriers of the LRP6
allelic variant are shown with a black dot inside. Phenotypic details
are given in the text

Fig.2 Bone mineral density 1.0 -

a maternal aunt, and another brother had normal genotype.
The results of DXA scans of those six individuals are shown
in Fig. 2. The mean Z-scores for the 3 heterozygous carriers
of the variant were — 1.8 at the spine, — 1.4 at the femoral
neck, and — 1.2 at the total hip. On the other hand, the mean
Z-scores of the 3 non-carrier individuals were — 1.1 at the
lumbar spine (p =0.18 in comparison with carriers), 0.0
at the femoral neck (p =0.003), and — 0.1, at the total hip
(p=0.0001). T-scores are shown in the supplementary infor-
mation (Table S2). No individual suffered other disorders
causing secondary osteoporosis, and vitamin D and other
serum chemistries were within the normal limits.

Regarding cardiovascular data, the patient’s mother
(1.2, 75-year-old, non-carrier) had no history of cardiovas-
cular disease, her blood cholesterol level was 164 mg/dl
(4.2 mmol/l). The patient’s father (I.3; 87-year-old, mutation
carrier) had suffered coronary heart disease and a stroke;
serum cholesterol was 138 mg/dl (3.6 mmol/l), while on
statin therapy. A maternal aunt (I.1, 81-year-old, non-
carrier) had coronary heart disease and cholesterol levels
of 169 mg/dl (4.4 mmol/l) while on statins. The patient’s
brothers included a 40-year-old man (II.3, non-carrier) and
a 48-year-old-man (II.1, carrier) with cholesterol levels of
200 mg/dl and 203 mg/dl, respectively (5.2 mmol/l). Neither
of them had known cardiovascular disease.

Discussion

The Arg360His LRP6 variant has been found in 1/4534
Europeans in the Genome Aggregation Database (gnomAD)
(available at https://gnomad.broadinstitute.org/). It causes
an amino acid change and is classified as likely pathogenic
by the Varsome webtool [7]. The substituted residue lies
in the second propeller domain, which is important for
ligand release and recycling of the receptor and is highly
conserved across species. The amino acid change (R to H)
increases hydrophobicity and favors the pB-sheet structure
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(see supplementary information, Fig. S1). Overall, 15 (Bayes-
Del addAF, BayesDel noAF, EIGEN, EIGEN PC, FATHMM,
FATHMM-MKL, FATHMM-XF, LRT, M-CA, Mutation-
Taster, MVP, PrimateAl, PROVEAN, SIFT,SIFT4G) out of
17 bioinformatic predictors and all 4 meta-predictors (MetaLR,
MetaSVM, MetaRMN, and REVEL) included in Varsome
considered that it has a deleterious effect on protein function.

Whnt signaling is critical for skeletal homeostasis, and
specifically for bone formation. However, the relative contri-
bution of the Wnt co-receptors LRP5 and LRP6 is debated.
Conditional deletion of LRP5 or LRP6 in cells of the osteo-
blastic lineage suggests that both receptors participate in
Wnt signaling and that they carry out somewhat redun-
dant functions and are involved in mechanotransduction
[8]. However, other experiments suggested that some Wnt
ligands may bind preferentially to either LRP5 or LRP6, the
latter being most important in mediating Wnt3a signaling
[9], as well as in maintaining the survival and proliferation
of osteoblast precursors and transducing some effects of
PTH on the bone [10].

A few LRP6 mutations have been reported in patients
with osteoporosis. Sturnickel et al. [5] found 25 individuals
with LRP5 allelic variants and 6 with LRP6 variants among
371 patients with early-onset osteoporosis, but none of the
LRP6 variants were classified as damaging. However, no
LRP6 mutations were found in other studies of osteoporosis
in young people or among some familiar cases of osteoporo-
sis [11-14]. Interestingly, recent reports show that, similarly
to gain-of-function mutations of LRP5, some LRP6 activat-
ing mutations may result in generalized high bone mass or
localized bone sclerosis [15, 16].

This Arg360His LRP6 variant was previously reported in
an American patient with hyperlipidemia and premature ath-
erosclerosis, but normal bone density [4]. On the contrary,
in the family here reported, carriers of the mutation had low
BMD, but there was no clear association with hyperlipi-
demia or cardiovascular events. However, since some indi-
viduals were in their forties, we do not know if they will
eventually develop clinical atherosclerosis in the future.

In recent years, evidence for the role of LRP6 in cardio-
vascular homeostasis and disorders is accumulating [17].
However, it is to note that whereas in the previously reported
family with the Arg360His mutation carriers had a cardio-
vascular phenotype, low bone mass seems to be the main
phenotypic abnormality in the currently reported family. We
cannot establish if those phenotypic differences are related
to differences in the genetic background of the patients, or
lifestyle and other environmental factors.

Regarding bone mass, we used Z-scores to allow compar-
ing subjects of different sex and age. The difference in BMD
between carriers and non-carriers appeared larger at the hip
(1.1 to— 1.4 Z units) than at the spine (0.7 Z units). This is
in line with the concept that Wnt signaling may be somewhat

more important for attaining and maintaining cortical than
trabecular bone mass, as suggested by some experimental
data [18] and genetic association studies [19]. This concept
is also supported by the thick bones found in patients with
SOST gene mutations that result in an exaggerated activity
of the Wnt pathway [20].

In summary, we report a family with low BMD in carriers
of the Arg360His LRP6 mutation, without clear associa-
tion with cardiovascular abnormalities. These results sug-
gest that LRP6 mutations explain some cases of early-onset
osteoporosis or cardiovascular disease, but the predominant
phenotype may vary depending on other genetic and envi-
ronmental factors.
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