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Abstract

Background: Early-onset osteoporosis (EOOP) is defined by low bone mineral den-
sity (BMD), which increases the risk of fracture. Although the prevalence of osteo-
porosis at a young age is unknown, low BMD is highly linked to genetic background.
Heterozygous pathogenic variants in low-density lipoprotein receptor-related protein
5 (LRPS) are associated with EOOP. This study aimed to investigate the genetic pro-
file in patients with EOOP to better understand the variation in phenotype severity by
using a targeted gene sequencing panel associated with bone fragility.

Method and Results: We used a sequencing panel with 17 genes reported to be
related to bone fragility for analysis of 68 patients with EOOP. We found a high posi-
tivity rate of EOOP with LRP5 variants (14 patients, 20.6%). The remaining 79.4%
of patients with EOOP but without LRP5 variants showed variable disease sever-
ity, as observed in patients with at least one variant in this gene. One patient, with
multiple fractures and spine L1-L4 BMD Z-score —2.9, carried a novel pathogenic
homozygous variant, ¢.2918T>C, p.(Leu973Pro), without any pseudoglioma. In ad-
dition to carrying the LRP5 variant, 2 other patients carried a heterozygous variant in
Whnt signaling pathway genes: dickkopf WNT signaling pathway inhibitor 1 (DKKT)
[NM_012242.4: ¢.359G>T, p.(Argl20Leu)] and Wnt family member 3A (WNT3A)
[NM_033131.3: c.377G>A, p. (Argl26His)]. As compared with single-variant LRPS5
carriers, double-variant carriers had a significantly lower BMD Z-score (—4.1 + 0.8)
and higher mean number of fractures (6.0 + 2.8 vs. 2.2 + 1.9). Analysis of the family
segregation suggests the inheritance of BMD trait.

Conclusion: Severe forms of EOOP may occur with carriage of 2 pathogenic variants
in genes encoding regulators of the Wnt signaling pathway. Two-variant carriers of
Wnt pathway genes had severe EOOP. Moreover, DKKI and WNT3A genes should be

included in next-generation sequence analyses of bone fragility.
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1 | INTRODUCTION

Early-onset osteoporosis (EOOP) is a rare form of primary
osteoporosis occurring at a young age and is based on low
bone mineral density (BMD) and impaired bone structure,
which leads to increased risk of fracture and the exclusion
of secondary causes of osteoporosis (Kauffman et al., 2001).
EOOP is characterized by skeletal fractures often associated
with low BMD. Bone mass accrual is determined by genetic
factors, which explains 60% to 80% of the variability (Boudin
& Van Hul, 2017). Analysis of monogenic bone diseases al-
lowed for identifying several genes, thus shedding light on
major pathways in bone metabolism and in human diseases.
Studies have reported a pathogenic heterozygous variant in
low-density lipoprotein receptor-related protein 5 (LRPS)
OMIM 603506 (Collet et al., 2017; Hartikka et al., 2005),
proto-oncogene Wnt-1 (WNT1) OMIM 164820, and plastin
3 (PLS3) in X-linked osteoporosis, OMIM 300131 (Kédmpe
et al., 2017; Laine et al., 2013; van Dijk et al., 2013).

LRP5 encodes for a co-receptor of the Wnt signaling pathway
involved in BMD regulation (Gong et al., 2001); its activation
promotes bone formation. Loss-of-function mutations in LRP5
result in failure to transmit signals downstream of the WNT ca-
nonical pathway. Consequently, the inhibition of Wnt signaling
impairs proper bone acquisition, thus causing low BMD and os-
teoporosis at a young age (Cui et al., 2011; Gong et al., 2001).
Reported cases associated with LRPS variants were described
as exhibiting dominant inheritance; however, the variable sever-
ity of osteoporotic phenotypes remains elusive.

Two other candidate genes, dickkopf WNT signaling
pathway inhibitor 1 (DKK7) OMIM 605189 and Wnt family
member 3A (WNT3A) OMIM 606359, were proposed to be
associated with EOOP (Korvala, Léija, et al., 2012). Indeed,
these 2 genes are considered key factors that maintain nor-
mal BMD levels and prevent fractures (Boland et al., 2004;
Pinzone et al., 2009).

To better understand the variations in phenotype severity,
we explored the molecular etiology in EOOP by using a se-
quencing panel related to bone fragility. We found that vari-
ants in 2 different genes involved in Wnt signaling might lead
to lower BMD and/or more fractures. Also, we highlighted
that homozygous variants in LRP5 could lead to severe oste-
oporosis, similar to that observed with 2 heterozygous vari-
ants in 2 different genes. Thus, homozygous variants or the
combination of heterozygous variants could result in a more
severe osteoporotic phenotype as compared with a single
LRPS5 variant.

2 | METHODS AND PATIENTS

Our cohort included 68 patients referred to the bone rare dis-
eases reference center at Lariboisiere hospital (Paris, France)

for evaluation of primary osteoporosis. Clinical examina-
tion showed no dysmorphia and no clinical abnormalities
in eyes, ears or vessels. By imaging and biochemical analy-
sis, we excluded any secondary causes of osteoporosis, in-
cluding malignant disease, Paget disease, malabsorption,
hypogonadism, hemochromatosis, hyperthyroidism, hyper-
cortisolism, vitamin D deficiency or mastocytosis. We also
excluded patients taking medications that interfere with bone
metabolism, particularly bisphosphonates, denosumab or
teriparatide. We analyzed bone biomarkers and BMD at the
lumbar spine and the total hip by using a Lunar device and
expressed as Z-scores. Most of the patients had low BMD
Z-score<—2 SD at the spine or hip or a history of fragility
fractures without any associated diseases. Spinal radiography
was used to assess vertebral fractures. We excluded patients
with a diagnosis or clinical signs of osteogenesis imperfecta.

2.1 | Genetic analysis

This study, including the molecular analysis, was approved
by a French ethics committee from Lariboisiere hospital
(Paris, France) and was performed after written informed
consent from patients for genetic testing. DNA was extracted
from whole blood samples by using the Qiasymphony in-
strument (Qiagen, Venlo, The Netherlands), according to
the manufacturer's protocol. DNA was screened by tar-
geted next generation sequencing (NGS) with a panel of 17
genes associated with bone fragility (BMPI (NG_029659.1),
COLIAI  (NG_007400.1), COLIA2 (NG_007405.1),
CRTAP (NG_008122.1), CREB3LI (NG_033264.1),
DKKI(NC_000010.11), FKBP10 (NG_015860.1), IFITM5
(NG_032892.1),LRP5(NG_015835.2),LRP6(NG_016168.2),
PLS3 (NG_012518.2), P3HI (NG_008123.1), SERPINF1
(NG_028180.1),SP7(NG_023391.2), WNT1 (NG_033141.1),
WNT3A (NC_000001.11), and WNT16 (NG_029242.1)). The
NGS analysis involved using the surelectQXT kit (Agilent,
Les Ulis, France) for library preparation and the hybrid cap-
ture system for sequencing on a Miseq sequencer (Illumina,
Paris, France). Sequencing results were obtained after align-
ing fastqs, mapping and variant calling by using the SeqNext
software (JSI Medical Systems, Ettenheim, Germany). The
SeqNext software is based on Smith-Waterman (Shpaer et al.,
1996) and BWA (Burrows Wheeler Aligner) algorithms (Li &
Durbin, 2012). Copy number variations were also determined
by using this software. For each exon, the coverage was 100%
at 30x. The highest minor allele frequency of variants was
investigated by using 1000 Genomes phase 3 (ftp://ftp.1000g
enomes.ebi.ac.uk/voll/ftp/phase3/data) and gnomAD (https://
gnomad.broadinstitute.org/); the filtering criteria was minor
allele frequency <0.05% in one of the databases, correspond-
ing to the definition of a rare disease in the European Union.
(Orphanet: an online database of rare diseases and orphan
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orpha.net Accessed (March 16, 2021)).

Sanger sequencing by using Life Technologies reagents
and software on an ABI3130 sequencer (ThermoFischer, Les
Ulis, France) confirmed the potentially pathogenic variants
identified in the panel. Variant pathogenicity was evaluated
by using Alamut (SOPHiA Genetics, Lausanne, Switzerland)
including variable in silico predictive software (SIFT,
MutationTaster and Poly-Phen 2) and Combined Annotation
Dependent Depletion (https://cadd.gs.washington.edu).

3 | RESULTS

3.1 | Characteristics of patients
Our cohort of 68 patients presented EOOP with low BMD
or a history of fractures, with variable severity among pa-
tients. We excluded 3 patients because they carried differ-
ent variants in genes responsible for osteogenesis imperfecta
(COLIAI, COLIA2) and also one patient carried a variant in
WNTI (NM_005430.3:c.999_1021del, p. Thr336Alafs*125).
Although this gene has been reported in EOOP (Laine et al.,
2013), the patient presented a similar phenotype: one fracture
at age 43 years and low BMD (Z-score —1.7). We focused on
only patients carrying at least one variant in LRPS5.

Of the remaining 65 patients, 14 carried a variant in LRP5
of class 4 (95-99% likelihood of pathogenicity) or class 5
(probability of being pathogenic >99%) according to se-
quence variant classification from Plon et al. (2008) (Tables 1
and 2). The positivity rate was 20.5% (14/68) for patients
with variants in LRPS or 21.5% (14/65) after excluding the 3
patients with COLIAI, COLIA2 and WNT1 variants. All pa-
tients with one or two variants in LRP5 had low BMD at the
spine (mean Z-score —2.6 + 1.1). The mean age at diagnosis
was 43.8 + 12.9 years, but the first osteoporotic fracture oc-
curred at a mean age of 27.2 + 18.1 years (Table 1). Among
the 14 patients with a mutation in LRPS5, 12 experienced at
least one fracture, with a high variable number of fractures
per patient. The most common fracture site was the spine,
followed by the wrist and ribs.

3.2 | Gene association in the WNT
signaling pathway

Among the 14 patients carrying LRPS variants, 7 presented
1 variant, 5 had 2 variants and 2 had a combination of LRP5
variant with a variant of another gene. Patients 1 and 2 car-
ried a class 4 heterozygous variant in LRPS5, associated with
a class 4 heterozygous variant in DKKI [p.(Argl20Leu)]
and WNT3A [p.(Argl26His)], respectively (Tables 1 and 2).
Patient 2 had no history of osteoporosis in her family; we
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only had information on only her brother. The brother's mo-
lecular analysis confirmed the c.4616C>T, p.(Pro1539Leu)
LRP5 heterozygous variant, classified as class 4 (probably
pathogenic). The presence of the variant was associated with
low BMD: the brother's Z-score at the spine was —2.1, but he
did not have the WNT3A variant. Both patients 1 and 2 were
severely affected by osteoporosis, without vision disturbance
from childhood, as was patient 3, with a novel homozygous
variant in LRPS, p.[(Leu973Pro)];[(Leu973Pro)].

Patient 3, with low BMD at the lumbar spine (Z-score
—2.9) and total hip (Z-score —3.7) and 5 atypical fractures
(wrist, pelvis, acetabulum, femur and spine), has a daughter
with the same variant at a heterozygous level. The daughter
presented a low BMD at the lumbar spine (Z-score —2.9) and
total hip (Z-score —2.4). Patients with only one heterozygous
variant in LRP5 had similar values. Patient 4 presented 2 dif-
ferent variants in LRPS, ¢.[3107G>A]; [2409_2503+79del]
in different alleles. The splicing donor in ¢.2503 is abolished
in the presence of the variant ¢.2409_2503+79del according
to MaxEnt and NNSPLICE values: with a severe phenotype,
maximal median scores are 12 (range 0-12) and 1 (range 0-
1), respectively. Patients 5, 6, and 7 carried a class 4 variant
in LRP5 associated with the LRP5 variant p.(Val667Met),
considered a risk factor. Patient 8 presented 2 different vari-
ants in the same allele in LRPS, and patient 9 had a novel
heterozygous variant in LRPS5, ¢.3883T>C, p.(Cys1295Arg).
The variants of patients 10 to 14 were previously reported
and can be found in The Human Gene Mutation Database
(HGMD®).

We then analyzed the bone phenotype according to 3 vari-
ant groups: patients with monogenic heterozygous variants
in LRPS, patients with monogenic homozygous variants or
the heterozygous compound in LRPS5 and either combination
of LRP5 variant associated with another gene from the Wnt
pathway. Carrying 2 LRPS5 variants was associated with a
lower spine or hip Z-score and higher number of fractures
(Table 3). In addition, patients with 2 gene variants were
younger at diagnosis and a lower BMD and higher number of
fractures than those with 2 LRP5 variants.

3.3 | Family segregation

To better understand the pathogenic effect of the gene asso-
ciation, we analyzed the family members of 2 EOOP patients
(Figure 1). The BMD Z-score for patient 1 was —4.7, much
lower than that for her father and brother (Figure 1a, Tables
1 and 2). She carried one variant in LRP5 [p.(Asp587Asn)]
and one variant in DKKI [p.(Argl20Leu)]. Her father had a
heterozygous variant in LRP5, with Z-score —1.9, and did not
experience any fractures. Her 45-year-old brother had low
spine BMD (Z-score —2.6), no fractures and no variant from
our panel.
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TABLE 2 Insilico prediction of variants in patients with idiopathic osteoporosis
Pathogenic variants LRP5
n° HTZ CADD SIFT PolyPhen-2 HumDiv MutationTaster
1 c.1759G>A, p.(Asp587Asn) PHRED:23.4  Deleterious (score: 0)  Possibly damaging, score Disease causing (prob: 1)
0.844 (sensitivity: 0.83;
specificity: 0.93)
2 ¢.4616C>T, p.(Pro1539Leu) PHRED:24.8  Deleterious (score: 0)  Possibly damaging, score Disease causing (prob: 1)
rs148725079 1.000 (sensitivity: 0.00;
specificity: 1.00)
3 ¢.2918T>C, p.Leu973Pro HMZ PHRED:27.2  Deleterious (score: Possibly damaging, score Disease causing (prob: 1)
0.01) 0.913 (sensitivity: 0.81;
specificity: 0.94)
4 c.3107G>A, p.Argl036GIn PHRED:24.1 Deleterious (score: Possibly damaging, score Disease causing (prob: 0.984)
¢.2409 2503+79del 0.04) 0.658 (sensitivity: 0.86;
p.(Gly804Serfs*34) specificity: 0.91)
5 c.1418T>C, p.Met473Thr PHRED:25.1  Deleterious (score: 0)  Possibly damaging, score Disease causing (prob: 1)
rs1023949893 + PM 0.935 (sensitivity: 0.80;
specificity: 0.94)
6 c.3107G>A, p.Argl036GIn PHRED:24.1  Deleterious (score: Possibly damaging, score Disease causing (prob: 0.984)
1561889560 + PM 0.04) 0.658 (sensitivity: 0.86;
specificity: 0.91)
7 c.4252del.(p.Alal418Profs*21)
+PM
8 ¢.(533G>A; 1057C>T), PHRED:27.5 Tolerated (score: 0.09) Probably damaging, score Disease causing (prob: 1)
p-(Argl78Gln,. Arg353Trp) 1.000 (sensitivity: 0.00;
rs371514699 specificity: 1.00)
PHRED:27.2  Deleterious (score: Probably damaging, score Disease causing (prob: 1)
0.01) 1.000 (sensitivity: 0.00;
specificity: 1.00)
9 ¢.3883T>C, p.Cys1295Arg PHRED:28.5  Deleterious (score: 0)  Probably damaging, score Disease causing (prob: 1)
0.999 (sensitivity: 0.14;
specificity: 0.99)
10 ¢.523C>T, p.Argl75Trp PHRED:26.6  Deleterious (score: 0)  Probably damaging, score Disease causing (prob: 1)
1.000 (sensitivity: 0.00;
specificity: 1.00)
11 c3107G>A, p.Argl036GIn PHRED:24.1  Deleterious (score: Possibly damaging, score Disease causing (prob: 0.984)
rs61889560 0.04) 0.658 (sensitivity: 0.86;
specificity: 0.91)
12 c.408C>A, p.Asnl36Lys PHRED:20.4  Deleterious (score: Possibly damaging, score Disease causing (prob: 1)
0.04) 0.864 (sensitivity: 0.83;
specificity: 0.93)
13 ¢.2362C>T, p.Arg788Trp PHRED:28.4  Deleterious (score: 0)  Probably damaging, score Disease causing (prob: 1)
r$1000296899 1.000 (sensitivity: 0.00;
specificity: 1.00)
14 ¢.3863A>G, p. Asp1288Gly PHRED:28.1  Deleterious (score: 0)  Probably damaging, score Disease causing (prob: 1)
15762014835 1.000 (sensitivity: 0.00;
specificity: 1.00)
n°  Other genes HTZ CADD SIFT PolyPhen-2 MutationTaster
1 DKKI ¢.359G>T, PHRED: 32 Deleterious Probably damaging with a score Disease causing (prob: 1)
p-Argl20Leu (score: 0) 1.000 (sensitivity: 0.00; specificity: 1.00)
2 WNT3A ¢.377G>A, PHRED:23.3  Deleterious Benign with a score of 0.148 (sensitivity: 0.92;  Disease causing (prob: 1)
p-Argl26His (score: 0.02) specificity: 0.86)

Note: LRP5%c.1999G>A, p.(Val667Met) at heterozygous level rs4988321. LRP5 (NG_015835.2), DKKI1(NC_000010.11), WNT3A (NC_000001.11).
Abbreviations: HMZ, homozygosis; HTZ, heterozygosis; PM, polymorphism.
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TABLE 3 Patients with monogenic, monogenic homozygous/heterozygous compound and gene association profiles in EOOP

Monogenic heterozygous variants in
LRPS5 (patients 5 to 14)

Age at diagnosis, years 455 £ 11.5

Age at first fracture, 31.1 +17.9
years

Spine L1-L4 BMD -22+038
Z-score

Total hip BMD Z-score —1.1+£1.0

Number of fractures 22+19

Note: Data are mean + SD.

Abbreviation: BMD, bone mineral density.

Patient 5 presented one p.(Val667Met) variant and one
variant, p.(Met473Thr), in LRPS5. His Z-score was low (—3.0),
and he experienced multiple fractures. The 2 sisters had both
variants as well and had multiple fractures of the vertebrae,
humerus and wrist. However, their spine Z-scores were —1.0
and 0.2 (Figure 1b), related to the lumbar vertebral fractures;
both had more than 10 years’ treatment for osteoporosis be-
fore the BMD was measured.

4 | DISCUSSION

Our study highlights the major role of LRP5 and the pos-
sible association with a synergic inactivation of the Wnt
pathway in EOOP. Pathogenic variants in LRPS5 as well
as in DKKI and WNT3A have been reported separately
in EOOP (Korvala, Jiippner, et al., 2012; Korvala, Loija,
et al., 2012). Here, we report an association of pathogenic
variants in genes that could account for osteoporosis se-
verity. In this cohort, we found 2 young patients whose
first fractures occurred between age 8 and 10 years; they
had a class 4 (probably pathogenic) heterozygous variant
in LRP5 and also carried another variant in a gene cod-
ing for proteins in the Wnt signaling pathway. Patient 1
presented a class 4 (probably pathogenic) variant in LRP5
and in DKKI. DKK] is a gene-coding protein that down-
regulates the Wnt signaling pathway. The p.(Argl20Leu)
DKK] variant was previously described by Korvala, Loija,
et al. (2012) in a family with a less severe phenotype than
our patient 1. Korvala, Loija, et al. (2012) described 2
siblings who carried the p.(Argl20Leu) variant in DKK/
and presented a similar bone phenotype as patients with
a heterozygous pathogenic variant in LRP5. The DKK]I
p-(Argl20Leu) variant in addition to an LRP5 variant,
p-(Asp587Asn), could have led to more severe osteoporo-
sis, as illustrated by a high number of fractures and low
BMD as compared with patients with a single variant. This
variant might be a gain-of-function variant because DKK/

Monogenic homozygous variants/

heterozygous compound variants (patients  Gene association

3 and 4) (patients 1 and 2)
46.0 +0.0 34.0 +24.0

29.5 +£23.3 9.0+ 14
-33+0.6 —4.1+0.8
—26+15 —-2.7+0.9
6.5+2.1 6.0+2.8

inhibits binding to the LRP5 co-receptor, which results in
inhibition of p-catenin—dependent Wnt signaling.

Patient 2 had a severe bone phenotype, as shown by a
very low BMD. She carried 2 variants, one in LRP5, p.(Pro-
1539Leu), and one novel variant in WNT3A, p. Argl26H:is.
Her brother only carried the LRP5 variant, and his mild phe-
notype (low BMD without fractures) confirmed our findings
that the gene association might be responsible for the severity
of the phenotype of patient 2. The WNT3A novel variant—the
protein encoding for a ligand activator of the WNT signal-
ing pathway (Dziato et al., 2019). Indeed, patients carrying
2 variants in 2 different genes had lower BMD and fractures
occurring in childhood, which indicate a more severe oste-
oporosis than patients with a single LRP5 variant. Of note,
for these patients, the bone phenotype (mean BMD Z-score
—4.1 + 0.8, with number of fractures 6.0 + 2.8) was similar
to patients 4 and 5 (mean BMD Z-score —3.3 + 0.6, with
number of fractures 6.5 + 2.1), who carried a homozygous
variant or 2 LRP5 variants, respectively.

Recently, analysis of a large EOOP cohort revealed rel-
evant LRP5 and LRP6 variants that contribute to severe
EOOP characterized by a high number of fractures and
reduced BMD (Stiirznickel et al., 2020). Confirming our
previous findings, the authors also mentioned a large het-
erogeneity in severity of osteoporosis. Therefore, the vari-
ability of the phenotype could be explained by the presence
of 2 or more variants in the same gene or different genes
but in the same pathway, even if one of those variants is
considered a polymorphism.

Patient 5 had multiple osteoporotic fractures and two vari-
ants in different alleles p.[Val667Met],[Met473Thr]. His 2
sisters also carried both variants; they had vertebral fractures
despite higher BMD Z-score than for patient 5. This finding
could be explained by the presence of scoliosis, which re-
sults in falsely elevated BMD values (Tenne et al., 2013). The
niece of patient 5 carried only the variant p.(Met473 Thr) at
a heterozygous level, with a BMD Z-score of —1.6, which
suggests that this variant could have pathogenicity. Normal
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Family segregation and bone mineral density (BMD) Z-scores. (a) Pedigree of patient 1, with a chromatogram showing the DKK1

missense variant ¢.359G > T, p.(Arg120Leu). Patient 1 presented a stronger phenotype than her father, with only one variant in LRPS, and as
compared with a previous description of the same variant in DKK1 (Korvala, L6ija, et al. 2012). (b) Pedigree of patient 5. He carried 2 variants in
LRPS5: p.(Val667Met) and c.1418T>C, p.Met473Thr. The chromatogram shows the LRP5 p.Met473Thr variant. BMD Z-scores vary among family
members. To confirm the pathogenicity effect of the variants, functional studies are required. Age and vertebral fractures (VFs) are displayed in the

figure; VFs erroneously increase the BMD

and low BMD values were observed in the two daughters of
patient 5, in the presence of a unique p. Val667Met variant at
a heterozygous level (Figure 1b). This variant could be con-
sidered a polymorphism, although it has been described as
associated with low BMD (Ferrari et al., 2005; van Meurs
et al., 2008).

Carriage of a homozygous variant leads to low BMD
(Collet et al., 2017; Stiirznickel et al., 2020). The presence

of the recessive LRP5 form is responsible for osteoporosis
pseudogliomia syndrome or vitreoretinopathy (Ai et al.,
2005). Our study showed that the recessive form of osteopo-
rosis can occur without any blindness or any effect on both
the retina and vitreous body. In this case or in gene associa-
tion cases including LRP5 and DKKI or LRP5 and WNT3A,
the clinical and radiological diagnosis is close to the osteo-
genesis imperfecta moderate form. Digenic profiles related
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to the Wnt signaling pathway have been described (He et al.,
2013; Waschk et al., 2016) but never related to bone fragil-
ity. When combined, variants in different genes can lead to
a more complex phenotype, and overlapping disease pheno-
types are likely to occur with variants of 2 genes encoding
proteins from the common pathway (Posey et al., 2017).

Our study has limitations, such as a small cohort of 68
with EOOP. In addition, 79.4% of patients did not have any
pathogenic variants explained by the targeted NGS, which
suggests that some other genes or environmental factors
could be involved. Whole-genome sequencing or epigene-
tic approaches would be necessary to confirm the cause of
EOOP. However, the positivity rate for LRP5 remained high
(20.6%) in our cohort. Our study showed that the recessive
disease form associated with LRP5 could be responsible for
the severe osteoporotic phenotype and that gene association
may occur in the same signaling pathway and can generate
a severe bone phenotype in EOOP revealed in young adults.
Consequently, assessment of genetics based on an NGS panel
should include WNT3A and DKK].
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