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1 | INTRODUCTION

Mélanie Fradin® |

Abstract

Low-density lipoprotein receptor-related protein 6 (LRPé) is a co-receptor of the Wnt
signaling pathway, which plays an essential role in various biological activities during
embryonic and postnatal development. LRPé6 is exceptionally associated with rare dis-
eases and always with autosomal dominant inheritance. Here we report a familial
phenotype of high bone mass associated with skeletal anomalies and oligodontia but
also persistent left superior vena cava, inguinal hernia, hepatic cysts, abnormal poste-
rior fossa and genital malformations. Molecular analysis revealed a novel heterozy-
gous variant, NM_002336.2: c.724T>C, p.(Trp242Arg), in affected individuals. This
variant is located in the first B-propellant motif of LRP6, to which sclerostin (SOST)
and dickkopf1 (DKK1), two LRPé co-receptor inhibitors and various Wnt ligands bind.
According to the literature and integrating data from structural analysis, this variant
distorts the binding of SOST and DKK1, thus leading to overactivation of Wnt signal-
ing pathways involved in osteoblast differentiation. This novel heterozygous variant
in LRP6 underlies the role of LRP6 in skeletal and dental disorders as well as, probably,

cardiac, cerebral and genital developments.
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signaling pathway, which is essential for various biological activities

such as embryonic development and cell proliferation, including early

Recently, pathogenic variants in the LRPé co-receptor, member of the
canonical Wnt pathway, were described in the high bone mass
phenotype.2™® LRP6 gene encodes a member of the low-density lipo-
protein membrane receptor (LDLR) superfamily, which include LRP5
and LRP4, but only LRP6 shares very high homology with LRP5.* They
are both co-receptors for frizzled receptors to which similar and dif-
ferent Wnt ligands bind.* The LRP5 or LRP6/Wnt ligand/frizzled
receptor complex is required to activate the Wnt/B-catenin (canonical)

Mélanie Fradin and Corinne Collet contributed equally to this study.

osteoblastic differentiation.” Both are involved in osteoblast differen-
tiation during postnatal bone acquisition, but they also present diver-
gent functions especially during embryogenesis.>® Mice with Irp6
knockout die at birth and have various severe developmental abnor-
malities, including truncation of the axial skeleton, mid/hindbrain
defects, limb defects, microphthalmia, and urogenital malformation.”
Moreover, unlike LRP5, LRP6 has never been associated with a reces-
sive disease in humans.® At the heterozygous level, LRP6 variants have
been reported in tooth agenesis type 7 (OMIM 616724). Also, LRPé is

associated with coronary artery disease in patients with metabolic

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
© 2024 The Authors. Clinical Genetics published by John Wiley & Sons Ltd.

666 wileyonlinelibrary.com/journal/cge

Clinical Genetics. 2024;105:666-670.


mailto:corinne.collet@aphp.fr
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/cge
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fcge.14501&domain=pdf&date_stamp=2024-02-22

PREVIDI ET AL.

disease characterized by hypertension, hypercholesteremia, hypertri-
glyceridemia, diabetes mellitus and gout (OMIM 610947).° Both syn-
dromes are autosomal dominantly inherited. Involvement of LRP6 in
early-onset osteoporosis and spina bifida has also been strongly sug-
gested, but few publications have been reported.® Finally, LRP6 het-
erozygous variants have been described in high bone mass, associated
or not with oligodontia.x>° Phenotypes associated with variants
localized in the first B-propeller motifs seem to result from gain-
of-function variants, which prevent binding of dickkopfl (DDK1)
and/or SOST, inhibitors of the canonical Wnt pathway, thereby acti-
vating this signaling.!

Here, we described a novel heterozygous variant in LRPé that
segregates in a family with high bone mass associated with skeletal,

dental, cerebral, genital, and cardiac abnormalities.

2 | MATERIALS AND METHODS

See Supplementary data.

3 | RESULTS

3.1 | Casereport

The proband, a 36-year-old woman, has been followed since child-
hood for skeletal and dental abnormalities. She was born from two
healthy unrelated parents. She had surgery at age 4 to correct severe
scoliosis with L4 hemivertebra in the context of an oblique sacrum
and absence of vertebral discs in L5 and S1. Some of the spina bifida
occulta was associated with L5 and S1 malformation (Figure 1A)
(Supplementary data). At the time of the surgery, osteopetrosis was
suggested. Subsequent X-rays confirmed osteosclerosis in metaphysis
of long bones and thickening of the skull base (Figure 1B). The first
pain appeared at age 8 years, concomitant with an episode of tran-
sient synovitis. The girl experienced lower limb pain, tiredness, and
headaches. Oligodontia was diagnosed at age 12, and at adult age,
only 4 permanent teeth were detected. However, she never had a
bone fracture. In addition, during adulthood, a bicornate uterus and an
inguinal hernia were discovered. At the central nervous system level,
the woman had mega cisterna magna and ventricular dilatation, for
which drainage was suggested (Figure 1C,D). Moreover, persistent left
superior vena cava was detected after cardiac echography. The
woman does not have digestive tract or ophthalmological issues. All
data are presented in Table 1. The woman's father is deceased, but he
had no signs of dental or bone problems. Her mother is healthy.

The woman's first son was born at 38 weeks' gestation with nor-
mal parameters. At birth, he had multiple angiomas on his back and
chest. The angiomas decreased from age 4 months. At age 1 month,
the boy underwent surgery for pyloric stenosis and an inguinal hernia.
At 4 months old, X-rays showed osteosclerosis at skull base, long
bones and vertebrae associated with L5-S1 hemivertebra and scoliosis

(Figure 2A). Osteosclerosis was associated with a dental articulation
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disorder with jaw asymmetry, small ears with plicaturated helix and
thick lobula, and scars of cutaneous angiomas (trunk and left hand).
MRI at 8 months confirmed hemivertebra and showed the spinal cord
attached to terminal filum lipoma. Other clinical findings were hypo-
spadias with unilateral cryptorchidism that required surgery. Strabis-
mus, flat foot and splayed toes, and generalized hyperlaxity were also
noted. At echography, stable intrahepatic (2.5 cm) and splenic cysts
were observed. Later, the boy exhibited oligodontia (only 4 permanent
teeth). Echocardiography revealed persistent left superior vena cava,
and bradycardia was observed. At school, the boy had concentration
problems and was often tired. He also had a diagnosis of minor von
Willebrand disease.

During the woman's second pregnancy, ultrasonography revealed
cardiac asymmetry and splenic and hepatic cysts in the fetus, consid-
ered to be female. The amniocentesis was refused by the mother.
Fetal MRI confirmed moderate cerebral ventriculomegaly. The woman
delivered a boy at 37 weeks' gestation with eutrophic parameters.
The boy experienced respiratory distress and had necrotizing ulcera-
tive enterocolitis at 4 days that was treated with antibiotics. Brain
MRI confirmed ventriculomegaly and mega cisterna magna. Hepatic
cysts (22-18 mm) were confirmed by ultrasonography after birth and
disappeared within the first year; splenic cysts had disappeared at
birth. Clinical evaluation revealed hypospadias without cryptorchi-
dism, an umbilical hernia and a left inguinal hernia. The boy had hyper-
telorism, epicanthus, and thick earlobes and helix like his brother. He
underwent heart surgery for an atrial septal defect at age 3 months in
a context of persistent left superior vena cava, mild pulmonary arterial
hypertension, and bradycardia. Like his brother and mother, he pre-
sented osteosclerosis and marked laxity of knees and ankles. Unlike
his brother, he does not have hemangioma or hemivertebrae but
rather a left 12th costal agenesis (Figure 2B). Oligodontia and school
difficulties could not be assessed at this young age.

The father does not have a personal or familial history of bone,
dental or heart abnormalities. The family pedigree is shown in
Figure Sla (see Supplementary data). In conclusion, the proband (l.1)
and her sons (Il.1 and 11.3) present common features, all of which are
summarized in Table 1.

3.2 | Molecular analysis

The osteocondensation phenotype was explored by using a specific
targeted gene panel of bone disorders. The molecular analysis
revealed the variant NM_002336.2: ¢.724T>C, p.(Trp242Arg) in exon
4 of LRPé at a heterozygous level for the mother and both her sons
(Figure S1a, see Supplementary data). The healthy mother of the index
did not carry the variant. This variant is not described in any public
database such as GnomAD or 1000Genomes. This missense variant
was not found in HGMD-pro or in ClinVar databases. All predictive
analysis software considered this variant as deleterious (CADD score
29.4, Polyphen-2 and Mutation Taster, Revel, MetaSVM, and SIFT) as
well as 3D molecular analyses (Supplementary data). Moreover, the
variant is located on the binding site for SOST and DKK1.2 This region
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FIGURE 1

Images of proband. X-rays showing complex malformation including scoliosis, left L4 hemivertebra with spina occulta at age

4 (A) and thick cranial vault and cortical bones, especially at metaphysis, confirming the osteocondensation at age 9 (B). CT scan at age 30 (C) and
3D T2-weighted MRI at age 30 (D) showing a retrocerebellar cyst initially diagnosed as mega cisterna magna.

is homologous between LRP5 and LRPé and the identified variant is
very close to the p.(Ala242Thr) and p.(Arg266Cys) variants in LRP5
that are associated with severe endosteal hyperostosis'® (Figure S1b,
see Supplementary data). Furthermore, as suggested Bourhis et al.
study,*?'* 3D structural analysis has provided evidence that the vari-
ant disturbs ligand binding (DKK1, SOST) by distorting the “hydropho-
bic shutter” formed by W242 and F228 amino acids and also by the
involvement of steric clashes. (Figure Sic,d see Supplementary data).
Therefore, we considered this variant as probably pathogenic (class 4)
according to HGVS classification. Furthermore, when the second child
was born, considered to be a female fetus, a karyotype and fluores-

cence in situ hybridization of the SRY gene confirmed that it was in

fact a male. Considering syndromic morphological abnormalities with-
out a clear orientation, we first used comparative genomic hybridiza-
tion array (CGH) analysis for both brothers. The analysis showed no
structural chromosomal abnormality including no microdeletion of the
Y chromosome (arr(1-22)x2,(XY)x1 hg19). Recently, to ensure that no
other molecular events could explain the other radiological and clinical
abnormalities, we used trio exome sequencing for the youngest
brother, quartet genome sequencing and identified only the
NM_002336.2: c.724T>C, p.(Trp242Arg) variant in LRP6 at the het-
erozygous level. No other clinically significant variants were found
neither in the quartet genome sequencing analysis. Thus, this variant

in LRP6 could be responsible for the entire phenotype.
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TABLE 1 Clinical and radiological 1 12 12
data for the proband (1.2), her first son ’ : ’
(11.1) and second son (11.2). LRP6 variant + + +
Osteosclerosis + 4 aF
BMD (L1-L4) Z score +6.1 SD NA NA
BMD (femoral neck) Z score +9.0SD NA NA
BMD (total hip) Z score +6.4 SD NA NA
Oligodontia + NA +
Hemivertebrae + + +
Genital anomalies + uE +
Inguinal hernia + + +
Umbilical hernia — + —

Digestive tract

+pyloric stenosis +necrotizing enterocolitis —

Hepatic cyst - + NA
Splenic cyst — + NA
persistent left superior vena cava + + +
Dilated brain lateral ventricles + + +
Abnormal posterior fossa 4L = +
Ophthalmogical issues +strabism — —
School difficulties + — _
School difficulties + — _

Note: +: present, —: absent.

Abbreviations: BMD, bone mineral density; NA, not applicable.

FIGURE 2 X-rays of the woman's
children revealed dense bones: (A) the
first son (8 years old) showing L5-51
hemivertebra (right arrow), osteosclerosis
area (left arrow) and scoliosis; (B) the
second son (2 years old) showing left 12th
costal agenesis and dense bones.

4 | DISCUSSION

Here, we report the identification of a novel heterozygous variant in
LRP6 in a family with a complex and unusual phenotype. In the first
description of clinical signs associated with LRPé, the high bone mass
phenotype was mild as compared with the phenotype of this

family,2>1°

and in all cases, oligodontia was observed. Unexpectedly,
the affected members of this family did not have torus palatinus or
exostoses, which are common in high bone mass related to LRP5 and

LRP6.120 Also, the two brothers presented hepatic and splenic cysts

that had already been reported associated with LRP5 in polycystic
syndrome (OMIM 617875). Moreover, mice with Irpé knockout had
macroscopic cystic kidneys.2 The phenotype of this family confirms
that the formation of cysts may be related to imbalanced Wnt signal-
ing. Moreover, LRPé is involved in genital organ development because
Irp6-knockout mice did not have external genitalia.8 However, further
studies are needed to understand the mechanism of LRP6-mediated
cyst formation and genital anomalies. In addition, LRPé is involved in
cardiac development, but the persistent left superior vena cava is cur-

rently unexplained.*®
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Structural analysis of the LRP6 interaction shows that DKK1
and SOST interact with LRPé6 via the epidermal growth factor helix-
like E1 domain and specifically through a specific YWTD motif,
including residue W242.12 Here, the missense variant, located in a
conserved binding site of the first p-propeller motifs, may leads to
an alteration or disruption of DKK1 and SOST binding to LRPé. In
the absence of these two inhibitors, the Wnt signaling pathway is
overactivated, thus increasing bone formation. Wnt9B also binds
specifically to the E1 domain of LRPé; this W242R variant changing
a hydrophobic aromatic residue to a dibasic residue probably mod-
ifies the affinity of this ligand for its receptor.2® Wnt9B is involved
in several developmental processes, including regulation of cell fate
and patterning during embryogenesis. Therefore, it could have an
important impact on organ development that needs further investi-
gation. Although this region is strictly conserved between LRP5 and
LRP6,*2 the signaling pathways activated by LRP6 are very different
from those of LRP5.1® LRP6 is involved in multiple signaling cas-
cades apart from Wnt/f-catenin, such as non-canonical Wnt signal-
ing, GPCR signaling, cell cycle-related signaling, and Hippo
signaling.1® These multiplicities of signaling pathways could explain
the atypical and more severe phenotype we observed in this family,
including dilated brain lateral ventricles and mega cisterna magna.
More studies are needed to understand the complexity of LRP6 sig-
naling during development and diseases, especially that leading to
the regulation of cellular activities independent of canonical
Wnt/B-catenin signaling.
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