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ABSTRACT

LRP5 encodes low-density lipoprotein receptor-related protein 5 (LRP5). When LRP5 with a Frizzled receptor join on
the surface of an osteoblast and bind a member of the Wnt family of ligands, canonical Wnt/B-catenin signaling occurs
and increases bone formation. Eleven heterozygous gain-of-function missense mutations within LRP5 are known to
prevent the LRP5 inhibitory ligands sclerostin and dickkopfl from attaching to LRP5's first B-propeller, and thereby
explain the rare autosomal dominant (AD) skeletal disorder “high bone mass” (HBM). LRP6 is a cognate co-receptor of
LRP5 and similarly controls Wnt signaling in osteoblasts, yet the consequences of increased LRP6-mediated signaling
remain unknown.

We investigated two multi-generational American families manifesting the clinical and routine laboratory features of
LRP5 HBM but without an LRP5 defect and instead carrying a heterozygous LRP6 missense mutation that would alter
the first B-propeller of LRP6. In Family 1 LRP6 ¢.602C > T, p.A201V was homologous to LRP5 HBM mutation
c.641C > T, p.A214V, and in Family 2 LRP6 ¢.553A > C, p.N185H was homologous to LRP5 HBM mutation
¢.593A > G, p.N198S but predicting a different residue at the identical amino acid position. In both families the LRP6
mutation co-segregated with striking generalized osteosclerosis and hyperostosis. Clinical features shared by the seven
LRP6 HBM family members and ten LRP5 HBM patients included a broad jaw, torus palatinus, teeth encased in bone
and, reportedly, resistance to fracturing and inability to float in water. For both HBM disorders, all affected individuals
were taller than average for Americans (Ps < 0.005), but with similar mean height Z-scores (P = 0.7606) and in-
distinguishable radiographic skeletal features. Absence of adult maxillary lateral incisors was reported by some LRP6
HBM individuals. In contrast, our 16 patients with AD osteopetrosis [i.e., Albers-Schonberg disease (A-SD)] had an
unremarkable mean height Z-score (P = 0.9401) lower than for either HBM group (Ps < 0.05). DXA mean BMD Z-
scores in LRP6 HBM versus LRP5 HBM were somewhat higher at the lumbar spine (+7.8 vs +6.5, respectively;
P = 0.0403), but no different at the total hip (+7.9 vs +7.7, respectively; P = 0.7905). Among the three diagnostic
groups, only the LRP6 HBM DXA BMD values at the spine seemed to increase with subject age (R = +0.7183,
P = 0.0448). Total hip BMD Z-scores were not significantly different among the three disorders (Ps > 0.05), and
showed no age effect (Ps > 0.1). HR-pQCT available only for LRP6 HBM revealed indistinct corticomedullary
boundaries, high distal forearm and tibial total volumetric BMD, and finite element analysis predicted marked fracture
resistance.

Hence, we have discovered mutations of LRP6 that cause a dento-osseous disorder indistinguishable without
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mutation analysis from LRP5 HBM. LRP6 HBM seems associated with generally good health, providing some
reassurance for the development of anabolic treatments aimed to enhance LRP5/LRP6-mediated osteogenesis.

1. Introduction

Heritable forms of osteosclerosis and hyperostosis [1] (trabecular
and cortical bone excess, respectively) [2] include the osteopetroses
(OPTs) caused by loss-of-function mutations of genes essential for os-
teoclast (OC)-mediated skeletal resorption and “high bone mass” (HBM)
due to heterozygous gain-of-function missense mutations within LRP5
that encodes low-density lipoprotein receptor-related protein 5 (LRP5)
important for osteoblast (OB)-mediated bone formation [3,4]. When
LRP5 with a Frizzled receptor on the OB surface bind a member of the
Wnt family, canonical Wnt/p-catenin signaling enhances osteogenesis
[5,6]. Conversely, Wnt/p-catenin signaling and bone formation are
diminished if either of the inhibitory ligands sclerostin (SOST) or
dickkopfl (DKK1) couples to the first B-propeller of LRP5 [7-9]. To
date, 11 heterozygous missense mutations within LRP5 impair SOST/
DKK1 binding to LRP5 and thereby cause HBM [10-17]. For some time,
HBM has incorrectly been considered an autosomal dominant (AD)
form of OPT [18] (OMIM #144750) [1]. Among the OPTs, including its
one true AD form, Albers-Schonberg disease (A-SD) due to heterozygous
loss-of-function mutation of the gene CLCN7 encoding chloride channel
7 [19] (OMIM #166600) [1], bone modeling (shaping) and strength are
compromised by the OC failure [3]. Conversely, in LRP5 HBM (OMIM
#607634) [1] OB stimulation leads to properly-shaped and fracture-
resistant bones [10-17]. Therefore, Wnt/p-catenin signaling harbors
potential targets for treatment of skeletal disease, including osteo-
porosis [9,20]. However, the LRP5 HBM phenotype suggests caution as
it ranges from non-syndromic [10,21], to syndromic with a broad jaw
and torus palatinus [11], to overt disease with oropharyngeal exostoses
that encase teeth, Chiari I malformation, and cranial nerve palsies
[13,15,22].

LRP6 and LRP5 are cognate co-receptors [23]. On the OB surface,
LRP6 acts similarly but independently of LRP5 [5,6] yet gain-of-func-
tion mutations of LRP6 and any clinical consequences remain

undiscovered.

Here, in two multigenerational American families, we delineate the
first two mutations of LRP6 associated with a dento-osseous disorder
that otherwise seems indistinguishable from LRP5 HBM.

2. Materials and methods
2.1. Families

The two families with LRP6 HBM are Caucasian. Their medical
histories, detailed in the Supplementary Appendix, recount investiga-
tions after the dense mandible of a teenage girl was discovered in
Family 1 and the dense skull of a boy was discovered in Family 2
(Fig. 1).

Informed written consent, approved both by the Human Research
Protection Office, Washington University School of Medicine, St. Louis,
MO, and Medical Research Department, Shriners Hospitals for Children,
Tampa, FL, USA, preceded all investigational studies. The two families
totaled seven affected and four unaffected individuals evaluated at the
Center for Metabolic Bone Disease and Molecular Research, Shriners
Hospitals for Children - St. Louis; St. Louis, MO, USA (Research Center).
Family 1 from Kentucky was studied in 2015 and 2018, and Family 2
from Missouri was studied in 2018. Over a longer timeframe, we had
similarly investigated 10 children or adults from nine families with
LRP5 HBM and 16 children or adults from 13 families with A-SD. The
age ranges of the LRP6 HBM, LRP5 HBM, and A-SD patients were
5-57 years, 9-74 years, and 4-43 years, respectively.

2.1.1. Family 1

The proposita (III-1: Fig. 1A), 19 years-of-age, was found in 2014 by
her orthodontist to have a radiographically dense mandible. Her adult
maxillary lateral incisors were congenitally missing, and she believed
her wisdom teeth never formed. She was healthy and reported no bone
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Fig. 1. Pedigrees of LRP6 high bone mass families 1 and 2.
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pain, fractures, or symptoms of cranial nerve compression. A broad jaw syndrome and fused mandibular central incisors but no absence of
and torus palatinus were apparent (Fig. 2A). maxillary lateral incisors. Sharp knee pain could follow sporting ac-
Her sister (III-3: Fig. 1A), 15 years-of-age, reported polycystic ovary tivities. She had never fractured. Orthodontia had been uncomplicated.

Family 1:

c) ’—vLW - gy

A) Proposita (llI-1, Figure 1A): She has a,b) a broad jaw and c) torus

palatinus with lingual exostoses and no maxillary lateral incisors.

B) Sister (111-3, Figure 1A): She has a,b) a broad jaw and c) torus palatinus,

and exostoses, but no absence of her maxillary lateral incisors.

C) Sisters’ mother (llI-1, Figure 1A): She has a,b) a broad jaw, but ¢) no

torus palatinus following its removal to fit dentures.

D) In LRP5HBM Family 9 (Table 1), a,b) this 25-year-old woman and ¢) her
9-year-old daughter have a broad jaw resembling the LRP6HBM families (see
also Figure 3)

Fig. 2.
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She had a wide jaw and torus palatinus (Fig. 2B).

The proposita's and sister's mother (II-2: Fig. 1A), 43 years-of-age,
reported congenital absence of her adult maxillary lateral incisors. She
had never fractured and said she could not float in water. Patella dis-
location had been surgically repaired. Nuchal pain could occur if she
extended her neck. There were no cranial nerves symptoms. Estradiol
had been taken for two years for menorrhagia. Her torus palatinus had
been “chiseled off” four years earlier to fit complete dentures. Bone had
also twice been “shaved off” near anterior teeth. Her jaw was broad
(Fig. 2C).

The broad jaw of these three individuals resembled the same finding
in LRP5 HBM (Fig. 2D).

2.1.2. Family 2

Reportedly, at least five generations of this family (propositus,
mother, maternal grandmother, great-grandmother, and great-great-
grandmother) had torus palatinus with congenitally absent adult max-
illary lateral incisors (Fig. 1B).

The propositus (III-1: Fig. 1B), 8 years-of-age, was healthy but had
recently suffered transient traumatic right facial nerve palsy lasting two
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months. Computed tomography (CT) of his head and subsequently a
radiographic skeletal survey were reported to show OPT. He denied
skeletal symptoms, past fractures, or significant dental problems.
However, headaches occurred twice or thrice weekly. Torus palatinus
was present, but not prominent, and perhaps because of his young age
his jaw was not broad (Fig. 3A, B). A recent panorex study had shown
absence of his adult maxillary lateral incisors (Supplementary Ap-
pendix).

His healthy younger brother (III-2: Fig. 1B), 5 years-of-age, carried
the family's LRP6 mutation, but had neither a torus palatinus nor broad
jaw. He had fallen down a flight of stairs at age 3 years, but did not
break bones.

The mother (II-2: Fig. 1B), 35 years-of-age, reported epilepsy fol-
lowing head trauma as a child. She had bone pain, migraine headaches
including teichopsia, 18° scoliosis, a large exostosis at a knee, torus
palatinus, missing adult maxillary lateral incisors (Fig. 3C), and said she
could not float. Her brother (II-3: Fig. 1B) reportedly had no torus and
had broken several bones.

The propositus' maternal grandmother (I-1: Fig. 1B), 57 years-of-
age, had torus palatinus and tori near her anterior teeth, migraine

Family 2:
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A) The propositus (center), affected mother (left), and affected maternal
grandmother (right).

B) The propositus (IlI-1: Figure 1B) has a) a normally shaped jaw, b)
absence of adult maxillary lateral incisors, and c) torus palatinus.

C) a) The propositus’ mother (lI-2: Figure 1B) has a) a torus palatinus.
The maternal grandmother (I-1: Figure 1B) had b) undergone torus
palatinus reduction to fit dentures, and also removal of exostoses near
her anterior teeth.

Fig. 3.
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headaches about five times yearly, but no deafness, vision loss, or facial
palsy. She described no bone pain, had never fractured despite tumbles
playing sports as a teenager, and said empathically she could not float
although her father could. Reportedly, her two sisters (I-2, 3: Fig. 1B)
had no torus palatinus and could float.

The propositus' deceased maternal great grandmother (1931-2005)
(Not Shown: Fig. 1B) had her torus palatinus “chiseled off” in middle-
age to fit dentures, and was said to lack adult maxillary lateral incisors.
Unilateral deafness had been attributed to some problem during
childhood.

The propositus' deceased maternal great, great grandmother
(1911-1993) (Not Shown: Fig. 1B) had, as a young woman, slipped on
ice and fell beneath a parked car and “should have broken a leg”. Re-
portedly, radiographs showed “marble bones” that were still present at
her only follow-up one year later. The family had become familiar with
the eponym “Albers-Schénberg disease”. She too was said to lack adult
maxillary lateral incisors. The medical histories of her five siblings were
not known, except that her youngest brother had broken an arm in high
school.

2.2. Biochemical studies

Biochemical testing of all study subjects used blood collected after
an overnight fast and 24-hour urine specimens. Our methodologies
during this timeframe are published for the routine studies of mineral
and skeletal homeostasis, as well as for the biochemical markers of bone
turnover [24,25]. A “lipid panel” (LabCorp, Dublin, OH, USA) eval-
uated both affected sisters in Family 1 and the affected mother and
grandmother in Family 2 for any lipid abnormalities due to LRP6 mu-
tation (see Discussion).

2.3. Radiological studies

To identify and then contrast the radiographic skeletal findings of
LRP6 HBM to LRP5 HBM (but not to A-SD), the available images
(sometimes skeletal surveys) from those with LRP6 HBM and those with
LRP5 HBM were first randomly assessed blinded to the molecular di-
agnosis. Then, unblinded images from the senior individuals in both
groups (ages 43-74 years) were contrasted for any feature(s) that dis-
tinguished between the two disorders.

Dual-energy X-ray absorptiometry (DXA) had been performed rou-
tinely at the Research Center sequentially using QDR1000, QDR4500A,
Discovery A, and Horizon instruments that had not been cross-cali-
brated (Hologic Inc., Waltham, MA, USA). For three consultand in-
dividuals with LRP5 HBM and one with A-SD, DXA was obtained with a
Lunar instrument (GE Medical Systems, Inc., Waukesha, WI, USA)
(Table 1). BMD Z-scores for the lumbar spine (“spine”) and non-domi-
nant total hip (“hip”) were those generated routinely by the DXA in-
strument's software. When multiple DXA assessments had been ob-
tained for a given individual, we analyzed only the single most
complete study for comparisons among the three diagnostic groups, but
used all subject values for age-effect regression analyses for the in-
dividual disorders (see Statistical Analyses).

In 2018, high-resolution peripheral quantitative computed tomo-
graphy (HR-pQCT) using the second generation XtremeCTII instrument
(Scanco Medical, Bruttisellen, Switzerland) became available to us.
Both distal radii and tibias of the affected members of Families 1 and 2
were studied. We used the midpoint of the ultra distal end of the epi-
physis as the anatomical reference line. Then, 10.24 mm sections (with
168 slices) were scanned starting at 9.0 mm proximal to the radius
reference line, and 22.5 mm proximal to the tibia reference line [26].
All scans were graded [1-5] for motion [27], and those grade 2 and
better were analyzed. Cortical and trabecular parameters were explored
using the instrument's segmentation method and standard morpholo-
gical analysis. Micro Finite Element Analysis (UFEA) was performed
using the instrument's pFEA solver [28].

233
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2.4. Mutation analyses

Peripheral blood leukocyte DNA was obtained from all study sub-
jects using the Puregene DNA Extraction Kit (Gentra Systems,
Minneapolis, MN, USA). The diagnosis of LRP6 HBM or LRP5 HBM or A-
SD was established by mutation analysis in our research laboratory.
LRP5 mutation detection was performed as previously published
[13,15]. LRP6 exons 2-4 were PCR amplified and Sanger-sequenced
using primers we designed and available upon request.

In Family 1, we first Sanger-sequenced LRP5 exons 2-4 for the
proposita anticipating a diagnosis of LRP5 HBM. When this proved
negative, we performed Ion Torrent (Thermo Fisher Scientific,
Waltham, MA, USA) next generation sequencing (NGS) for 35 genes
that: i) cause osteosclerotic disorders, ii) condition skeletal remodeling,
or iii) reflect mouse models with skeletal features of HBM: i.e., LRP4,
LRP5, LRP6, CLCN7, TNFRSF11A (RANK), TNFRSF11B (OPG), TNFSF11
(RANKL), VCP, SQSTM1, TGFB1, IFITM5, MAFB, CSF1, CSFR1, TRAF6,
RELA, RELB, REL, NFKB1, NFKB2, TFEB, CA2, CTSK (CATHEPSIN K),
OSTM1, PLEKHMI1, TCIRG1, SOST, SLC29A3, SNX10, FAMZ20C,
FAM123B (AMER1), TYROBP, LEMD3, DLX3, and PTDSS1 [3,4]. The
proposita's LRP6 variant revealed by Ion Torrent was then verified by
Sanger sequencing.

In Family 2, we first Sanger-sequenced LRP5 exons 2-4 in the af-
fected mother. When this proved negative, we Sanger-sequenced her
homologous LRP6 exons 2-4.

Subsequently, LRP6 exon 3, where both LRP6 mutations were
identified, was Sanger-sequenced for other members of the two fa-
milies.

2.5. Statistical analyses

Height Z-scores were calculated using the SAS program downloaded
from the US Centers for Disease Control and Prevention (CDC) growth
chart website (https://www.cdc.gov/ncedphp/dnpao/growthcharts/
resources/sas.htm) reflecting sex-matched Americans ages 0-20 years.
For our study subjects older than age 20 years, we applied the reference
values for age 20 years. All statistical analyses and graphics were per-
formed using SAS software 9.3 (SAS Institute Inc., Cary, NC, USA). The
one-sample t-test, with null hypothesis mean = 0 for the normal po-
pulation, was used to compare patient mean height and mean BMD Z-
scores. Regression analysis determined if the total of the spine or hip
BMD Z-scores separately showed any age-effect. The general linear
model (GLM) contrasted the mean height and mean BMD Z-scores for
the LRP6 HBM, LRP5 HBM, and A-SD groups after adjusting for any age
effects. A two-sided P-value < 0.05 was considered statistically sig-
nificant.

3. Results

Data were available from seven affected individuals in the two fa-
milies with LRP6 HBM, ten affected individuals in the nine families with
LRP5 HBM, and 16 affected individuals in the 13 families with A-SD
(Table 1).

3.1. Mutation analysis

In Family 1, Sanger sequencing of the proposita's LRP5 exons 2-4,
where LRP5 HBM mutations are reported [10-15], was negative. Sub-
sequently, our Ion Torrent NGS sequencing was negative for the 34
known elevated bone mass genes, but instead uniquely revealed a
heterozygous LRP6 missense variant (c.602C > T, p.A201V) in exon 3.
The proposita's defect was confirmed by Sanger sequencing, and then
identified in her sister and mother with HBM. Her father tested negative
for both an LRP5 and the LRP6 mutation. The missense nucleotide
change in their LRP6 would alter its protein's first 3-propeller where
homologous LRP5 HBM mutations had been documented. In fact,
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Family 1's LRP6 variant was precisely homologous to the LRP5 HBM
mutation (c.641C > T, p.A214V) [10] i.e., the same propeller and nu-
cleotide and amino acid change (Fig. 4). The affected mother appar-
ently represented de novo occurrence of LRP6 HBM because her par-
ents, who were not studied radiographically, etc., both tested negative
for the LRP6 mutation.

In Family 2, Sanger-sequencing of LRP5 exons 2-4 of the affected
mother was negative. Accordingly, we Sanger-sequenced exons 2-4 of
LRP6 and identified a heterozygous missense variant (c.553A > C,
p-N185H) (Fig. 4). This LRP6 mutation was homologous to the amino
acid residue of a known LRP5 HBM mutation [11], but encoded a un-
ique amino acid variant (c.593A > G, p.N198S). Subsequently, the
propositus' affected younger brother and affected maternal grand-
mother were shown to carry this LRP6 defect. The propositus' father,
without HBM, was LRP6 and LRP5 mutation negative.

To support our diagnosis of LRP6 HBM, leukocyte DNA from the
LRP6 mutation-positive proposita of Family 1 (III-1: Fig. 1A) was
evaluated for LRP5 using Sanger sequencing in a commercial laboratory
(Connective Tissue Gene Tests, Allentown, PA, USA). There, all coding
exons of LRP5 (NM_002335.2) were intact using MiSeq NGS (Illumina,
San Diego, CA, USA).
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3.2. Heights

Adult height data were available only for three women with LRP6
HBM (mean *+ SD =169 = 2.5cm; 5ft., 7in = 1.0in.) and seven
women with LRP5 HBM (mean + SD =172 + 5.3cm; 5ft., 8 in +
5.3in.). All had above-average heights (Ps < 0.005), with the height
of one person in both HBM groups being above the reference range
(Fig. 5). In Family 1, the sisters' father's height was 182.4 cm (5 ft. 11.8
in) (Z-score +0.78) with DXA Z-scores of —0.3 hip and —0.5 for
lumbar spine. In Family 2, the propositus' father's height was 181.1 cm
(5ft., 11.3in.) (Z-score +0.6). Using the GLM, no difference was found
between the mean height Z-scores of the two HBM groups
(P = 0.7606). People with LRP6 HBM or LRP5 HBM were always taller
than average for the American population (Ps < 0.005) and those with
A-SD (Ps < 0.05) whose mean height Z-score of +0.02 was essentially
average for Americans (P = 0.9401) (Table 2). In contrast to LRP6 HBM
and LRP5 HBM, none of the 16 individuals with A-SD was taller than
the reference range, and one had distinctly short stature (Z-score — 3.0)
(Fig. 5).

LRP6 Mutations in Families 1 and 2

A)

Family 1: LRP6 ¢c.602C>T, p.Ala201Val
TRTTGGGCAGAT G YAARACTTIAATTTL

A fl
H\/ \j"& A /\/_\/\ VA

T
TAT TGG GCA GAT GCA AAA CTT AAT TTC
Tyr Trp Ala Asp Ala Lys Leu Asn Phe
Val

AN I
(AN

¢.593A>G, p.Asn198Ser

LRP5
LRP6

¢.553A>C, p.Asn185His

€.640G>A, p.Ala214Thr
c.641C>T, p.Ala214Val

194. . IYWPNGLTIDLEEQKLYWADAKLSFIHRANLDGSFRQKVVEGSLTHPFALTLSGDTLYWTDW...255
181..IYWPNGLTLDYEEQKLYWADAKLNFIHKSNLDGTNRQAVVKGSLPHPFALTLFEDILYWTDW...242

€.602C>T, p.Ala201Val

A) LRP6electropherograms and mutations for Families 1 and 2. Below are the cDNA and amino
acid sequences with the mutated base shown above and mutated amino acid shown below, in bold.

B) Alignment of LRPS5 and LRP6 amino acid sequences with published LRP5 HBM mutations
shown above, and LRP6 mutations (in bold) for Families 1 and 2 shown below.

Family 2: LRP6 ¢.553A>C, p.Asn185His
ATTTACTGEOCCAMATGOGERCTOACTTTG

i

ACT TTG
Thr Leu

ATT TAC TGG CCA AAT GGA CTG
ILE Tyr Trp Pro Asn Gly Leu
His

C.724G>A, p.Ala242Thr
€.758C>T, p.Thr253lle

Fig. 4. LRP6 mutations in Families 1 and 2.
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Fig. 5. Stature in LRP6 HBM, LRP5 HBM, and A-SD.
Table 2
Comparison of LRP6 HBM, LRP5 HBM, and A-SD height Z-scores to healthy Americans and among the three disorders.
Group Mean (SD) (min, max) 95%CI P-value
Ho=0 Subgroup comparison
LRP6 (n =7) +1.2 (0.6) +0.3, +2.3 +0.6, +1.7 0.0017 P = 0.7606 (LRP6 vs LRP5)
LRP5 (n =9) +1.3 (0.8) +0.3, +2.6 +0.7, +1.9 0.0010 P = 0.0293 (LRP6 vs A-SD)
A-SD (n = 16) +0.02 (1.2) -3.0, +1.9 -0.6, +0.7 0.9401 P = 0.0109 (LRP5 vs A-SD)

3.3. Biochemical findings

In both Family 1 and 2 with LRP6 HBM, routine studies of mineral
homeostasis (including fasting serum levels of calcium, ionized cal-
cium, phosphorus, magnesium, and intact parathyroid hormone (PTH)
and 24-hour urine calcium/creatinine ratios) were normal for the three
affected children and the three affected adults who were tested.

In 1996, we had reported that individuals with A-SD caused by
defective CLCN7, but not individuals with LRP5 HBM, typically have
elevated serum levels of the brain isoenzyme of creatine kinase (BB-
CK), perhaps released by their numerous and dysfunctional OCs in A-SD
[29]. Then, in 2010, we reported that A-SD also features elevated serum
aspartate transaminase (AST), tartrate-resistant acid phosphatase
(TRAP), and lactate dehydrogenase (LDH) (isoenzymes 2, 3, 4), perhaps
from disruption of plasma membrane integrity in multiple organs and
tissues [30]. Herein, as for LRP5 HBM, our LRP6 HBM study subjects
had normal circulating activity for each of these enzymes.

Despite the increased skeletal mass of the LRP6 HBM subjects, their
levels of the bone turnover markers osteocalcin, TRAP, bone-specific
ALP, and procollagen type 1 N-terminal propeptide in serum as well as
deoxypyridinoline in urine were typically normal for age. Serum C-
terminal telopeptide of type 1 collagen was elevated in the three af-
fected children tested, but normal in the three affected adults.

The lipid panel results were normal for the proposita in Family 1,
but her affected younger sister with normal levels of serum cholesterol
HDL and VLDL had elevated levels of total cholesterol, triglycerides,
and LDL cholesterol. In Family 2, the propositus' affected mother's lipid
panel was normal, but the affected grandmother had elevated total
cholesterol and LDL cholesterol despite ongoing medical treatment for
hyperlipidemia (Supplementary Appendix).

3.4. Radiological findings

The radiographic findings of LRP5 HBM are reviewed in OMIM
(#144750) [1].

3.4.1. Radiographic findings

We did not find any single or combinatory feature(s) that seemed to
distinguish LRP6 HBM from LRP5 HBM. The principal shared radio-
graphic changes, but showing a considerable range of severity, in-
cluded: i) sclerosis of the entire skeleton, ii) uniformly thickened diploic
space in the skull (sometimes appearing so dense it lacked a trabecular
pattern), iii) poor development (aeration) of the frontal and maxillary
sinuses, iv) radiodense orbital roofs, facial bones, and mandible having
an obtuse angle and rounded body, v) teeth obscured by exostoses, vi)
protrusion of the submental process, and vii) mild shaping defects of
long bones with especially endosteal hyperostosis (Figs. 6 & 7). The
vertebral bodies were diffusely sclerotic without striking accentuation
of their superior and inferior end plates (i.e., no “rugger-jersey spine”
appearance), thus differing LRP6 HBM and LRP5 HBM from A-SD [2-4].
LRP6 HBM or LRP5 HBM joint spaces could appear well preserved de-
spite substantial nearby osteosclerosis that in A-SD perhaps explains
associated osteoarthritis [31]. The excess bone that often obscured
especially posterior teeth seemed more prevalent but less severe in
LRP6 HBM compared to LRP5 HBM.

3.4.2. DXA findings

DXA spine and hip BMD Z-scores were substantially elevated in all
individuals with either of the two LRP6 HBM mutations, ranging in
Families 1 and 2 from +5.2 to +9.4 and +7.3 to +10.3 in the spine
(mean +7.8) and +7.8 to +10.1 and +6.4 to +8.8 (mean +7.9) in
the non-dominant hip, respectively (Ps < 0.0001) (Fig. 8).


http://omim.org/entry/144750
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Proposita (lll-1, Figure 1A):

external modeling.

Sister (111-3, Figure 1A):

cervical spine is diffusely sclerotic.

Mother (ll-2, Figure 1A):

Family 1. Radiographic Findings of LRP6 HBM

A) At 19-years-old, the skull is extremely sclerotic and markedly thickened with prominent digital
markings. It has uniformly dense diploic space without apparent trabecularizaton, a very dense base,
sclerotic maxilla and roof of the mouth with torus palatinus apparent beneath the hard palate (arrow),
anterior incisors and other teeth encased in bone, and mandible with an obtuse angle and protuberant
mental tubercle. The maxilla is not hypoplastic and has teeth that project anteriorly with an “overbite”.
Cervical vertebral bodies and arches are osteosclerotic.

B) Lateral view of her lumbar spine shows diffuse osteosclerosis, including the neural arches, with some
end-plate accentuation, but without the “rugger-jersey” spine of A-SD.

C) Herright distal radius shows some impaired tubulation (modeling), diffuse osteosclerosis, and cortical
thickening, whereas her left knee is diffusely osteosclerotic with cortical thickening yet has normal

D) At 15-years-old, the skull is sclerotic and thickened without visible diploic space or trabecularization.
Its base is sclerotic, orbital roofs thickened, and petrous bones dense. The mandible has a thickened
cortex. The lateral view shows a sclerotic maxilla with the anterior portion having prominent
protruding teeth. The torus palatinus is readily apparent (arrow). Her incisors are encased in bone.
The mandibular teeth especially are obscured by bone and the mental tubercle is prominent. The

E) Her left hand shows diffuse osteosclerosis, cortical thickening, and especially dense epiphyses.

F) At43-years-old, the pelvis is diffusely osteosclerotic and has no “bone-in-bone” appearance. The femurs
have a narrow medullary cavity and extremely wide cortices. The joint spaces are not narrowed.
Multiple small exostoses are present, with one (arrow) extending from above the sacroiliac joint.

Fig. 6. Family 1: radiographic findings of LRP6 HBM.

Regression analysis indicated that spine BMD Z-scores increased
significantly with age for LRP6 HBM (P = 0.0448, R = +0.7183) and
perhaps A-SD (P = 0.0563, R = +0.5025), but not for LRP5 HBM
(P = 0.9428) (Table 3). For hip BMD Z-scores, no age effect was ob-
served for any of the three groups (Ps > 0.05).
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In the spine assessed by the GLM (Fig. 8), after adjustment for any
age effect, the mean BMD Z-score was significantly higher in LRP6 HBM
(+7.8) compared to LRP5 HBM (+6.5) (P = 0.0403). The LRP6 HBM
mean BMD Z-score in the spine (P = 0.2779) and hip (P = 0.2612) was
not significantly different compared to A-SD. For A-SD, the only single
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Family 2. Radiographic Findings ofLRP6 HBM

B C p. i D

Propositus (l1l-1, Figure 1B):
A) At 8-years-old, the skull, facial bones, and hard palate are diffusely sclerotic. There is an “overbite”.
B) The vertebral bodies and neural arches are diffusely sclerotic.
C) The pelvis and femurs are sclerotic and the femurs show cortical thickening and a narrowed medullary canal.
D) The external modeling of the sclerotic bones at the knees is normal.
Brother (l1l-2, Figure 1B):
E-G) At 6-years-old, the findings are the same as in the propositus, and the teeth are encased in dense bone and
the anterior mandible is prominent.
Mother (II-2, Figure 1B):
H-K)) At 36-years-old, the sons’ principal findings are present, but her changes are more severe with the cortical
widening and narrowing of the medullary cavities in the hands indicating disease progression with aging.
H) The craniofacial ratio appears normal. The torus palatinus (arrow) bulges into the mouth while not
superiorly impacting the nasal cavity.
K) There is an exostosis (not osteochondroma) emanating from the distal left femur.
Grandmother (I-1, Figure 1B):
L-O) At 58-years-old, multiple small bony excrescences are present in the sclerotic pelvis (arrows).

Fig. 7. Family 2: radiographic findings of LRP6 HBM.
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DXA Results in LRP6 HBM, LRP5 HBM, and A-SD
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For the bar graphs, only the single most complete DXA study was used for the statistical analysis.
The repeated measures at different ages for 3 patients were not included.

Fig. 8. DXA results in LRP6 HBM, LRP5 HBM, and A-SD.

Table 3
Spine and hip BMD Z-scores with aging for LRP6 HBM, LRP5 HBM, and A-SD.
Group Mean age Range Age effect
(years) (SD) (min, max)
Spine Z-score Hip Z-score
LRP6 27.3 (19.0) 5.0, 57 Z = 6.1 + 0.072*age None
(R = +0.7183, (P = 0.9424)
P = 0.0448)
LRP5 40.8 (18.5) 9.0, 74 None None
(P = 0.9428) (P = 0.8766)
A-SD 24.3 (12.7) 4.0, 43 Z = 4.2 + 0.24*age None
(R = +0.5025, (P = 0.0802)
P = 0.0563)
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BMD Z-score that was not elevated involved a normal value for the
spine of a young child. The GLM showed no difference between LRP6
HBM and LRP5 HBM for hip mean BMD Z-scores (P = 0.7905)
(Table 4). For A-SD, the mean BMD Z-score was greater compared to
LRP5 HBM for the spine (P = 0.0112), but not for the hip (P = 0.3080).

3.4.3. HR-pQCT findings

Cortical, trabecular, and total bone parameters were determined
using the built-in Scanco software. HR-pQCT showed all individuals
teenage or older with LRP6 HBM had markedly elevated total and
trabecular vBMD in both distal forearms and distal tibias that seemed to
increase with subject age (Supplemental Table 1). The automated seg-
mentation in the Scanco software was unable to fully distinguish cor-
tical and trabecular compartments due to the remarkable increase in
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Table 4
Spine and hip BMD Z-scores for LRP6 HBM, LRP5 HBM, and A-SD.
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Group SpineZ HipZ P values (Hy = 0)
Mean (SD) 95%CI Min, Max Mean (SD) 95%CI Min, Max

LRP6 (n = 7) +7.8(1.9) 6.1, 9.6 5.2,10.3 +7.9 (1.3) 6.7, 9.2 6.4, 10.1 All Ps < 0.0001

LRP5 (n = 10) +6.5 (1.5) 55,76 4.1, 8.7 +7.7 (2.2) 6.0, 9.3 5.3, 11.7

A-SD (n = 15) +9.2 (4.0) 7.0, 11.5 —1.4, 149 +8.7 (1.9 7.8,9.5 6.4, 10.3

P-values (comparisons with age effect adjusted)

P = 0.0403 (LRP6 vs LRP5)
P = 0.2779 (LRP6 vs A-SD)
P = 0.0112 (LRPS vs A-SD)

P = 0.7905 (LRP6 vs LRP5)
P = 0.2612 (LRP6 vs A-SD)
P = 0.3080 (LRP5 vs A-SD)

trabecular density. The values obtained for cortical vBMD thus ap-
peared low-normal-to-normal when compared to published normal
ranges by age because trabecular bone was being counted in the cortical
segment (Fig. 9). This phenomenon was also observed in the artificially
high cortical thickness values. BV/TV values for the distal radius and
tibia were similarly elevated, ranging in the radius from 0.355 in the
youngest subject to 0.555 in the oldest affected adult, and in the tibia
from 0.398 to 0.514 in the youngest affected family members [32,33].
The uFEA showed highly elevated failure loads for all individuals with
LRP6 HBM at both sites, a phenomenon which also appears to increase
and then plateau with age (Supplemental Table 2). Three-dimensional
reconstructions showed loss of corticomedullary junction distinction
from corticalization in all seven individuals with LRP6 HBM (Fig. 9).

4. Discussion

We have discovered and delineated in two multigenerational fa-
milies a new AD dento-osseous disorder [1], caused by heterozygous
defects within LRP6, that can be distinguished with confidence from
LRP5 HBM only by mutation analysis. As discussed below, our findings
support a role for LRP6 in human skeletogenesis and provide some
reassurance concerning anabolic treatments of skeletal disease aimed to
enhance LRP5/LRP6-mediated signaling in osteoblasts.

4.1. LRP5 high bone mass

Several names denote LRP5 HBM [1], which complicates literature
searches for this rare but highly informative disorder. When identified
in 1966 based on its clinical and radiographic features, LRP5 HBM was
first designated hyperostosis corticalis generalisata congenita by Worth
and Wollin [34] to distinguish it from van Buchem disease [35] called
hyperostosis corticalis generalisata familiaris [36]. Subsequently, LRP5
HBM was sometimes referred to as “Worth-type” endosteal hyperostosis
[37,38]. Then, by 2003, based on incorrect reports beginning in 1986
[18] that this endosteal hyperostosis was an OPT [3], “autosomal
dominant osteopetrosis, type 1” became entrenched in the literature
(OMIM #607634) [1]. Recently, LRP5 HBM became classified also as
van Buchem disease, type 2 [1] although never studied by van Buchem
[35,36]. Thus, as reviewed below, we recommend this entity be called
“LRP5 HBM” because this term recognizes its etiology, principal fea-
ture, and distinguishes it from its “twin” LRP6 HBM.

Discovery of the etiology of LRP5 HBM leading to this renaming
began in 1997 when Johnson et al. [21] studied a kindred from Ne-
braska, USA with a seemingly unique high bone mass trait they mapped
to chromosome 11q12-13. At that time, we assessed their brief de-
scription of the clinical and radiographic findings as consistent with
Worth-type endosteal hyperostosis [38]. Five years later in 2002, when
Little et al. [10] discovered its genetic basis to be an LRP5 missense
mutation (p.G171V), the disorder became “HBM”. Initially, its clinical
findings were considered “non-syndromic” because affected individuals
seemed healthy and without associated signs or symptoms [10]. How-
ever, later that year, Boyden et al. [11] reported from Connecticut, USA
an unrelated second kindred that carried the identical LRP5 mutation.
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They described the disorder as “syndromic” because affected in-
dividuals had a broad jaw and torus palatinus. LRP5 HBM gained fur-
ther notoriety because affected adults often said their dense bones
prevented them from floating in water. Then, Whyte et al. [13] reported
in 2004 an unrelated woman from Minnesota, USA harboring the
identical LRP5 mutation yet troubled by compression of several dif-
ferent cranial nerves, headache from Chiari I malformation, and exo-
stoses surrounding her posterior teeth. Cranial nerve palsies are now
well documented to sometimes complicate LRP5 HBM [37]. In 2005,
oropharyngeal exostoses were confirmed as another potential compli-
cation [15]. Now, 11 different LRP5 mutations are reported [10-17]
and variable expressivity is recognized for LRP5 HBM.

4.2. LRP6 and human disease

Both LRP5 (OMIM *603506) and LRP6 (OMIM *603507) are ex-
pressed in many tissues [39]. Using the BLAST protein alignment tool,
LRP5 and LRP6 are 70% identical and 83% homologous (excluding
amino acids 1-18 of LRP6 and 1-30 of LRP5) (https://blast.ncbi.nlm.
nih.gov).

Bi-allelic loss-of-function mutations of LRP5 cause AR osteoporosis-
pseudoglioma syndrome (OMIM #259770) [40]. Although bi-allelic
LRP6 loss-of-function mutations have not been reported in humans,
LPR6 null mice die at birth [41], suggesting this genetic situation might
be identified only in abortuses or with perinatal lethality. However,
some [42] heterozygous LRP6 loss-of-function mutations have been
identified (OMIM #610947) [1]. In 2007, such mono-allelic LRP6
mutations were associated with AD coronary artery disease with
atherosclerosis and features of the metabolic syndrome [43-45] such as
hyperlipidemia, hypertension, and diabetes [43]. Beginning in 2015
[42], heterozygous loss-of-function mutations outside the region of
LRP6 that encodes the first -propeller region of LRP6 (such as frame-
shift, splice site, and some missense mutations) were found to cause AD
tooth agenesis and oligodontia [42,46,47]. In our LRP6 HBM in-
dividuals, absence of adult maxillary lateral incisors suggests that either
gain- or loss-of-function LRP6 mutations can cause tooth agenesis.
Other problems linked to heterozygous LRP6 loss-of-function mutations
include osteoporosis [48], spina bifida [49], and neural tube defects
[50]. Furthermore, LRP6 single nucleotide polymorphisms (SNPs) have
been associated with BMD [51,52]. However, mutations have thus far
been found throughout LRP6 except where its first -propeller is en-
coded.

4.3. Mouse models of LRP5 and LRP6 disease

As in humans, Lrp5 and Lrp6 in mice are cognate co-receptors with
overlapping functions [7,23,41]. In mouse OBs, both proteins stimulate
postnatal bone acquisition via Wnt signaling [5,6], and several murine
models demonstrate the consequences from Lrp5 and Lrp6 inactivation
[1]. Lrp6 seems more important than Lrp5 during mouse skeletal em-
bryogenesis [7,23,41], because Lrp6~/~ mice die at birth with trun-
cation of the axial skeleton and limb defects whereas adult Lrp5~/~
mice become osteoporotic [53]. Furthermore, OB-specific Lrp6 knock-
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HR-pQCT of LRP6 HBM

A) Left Radius

A) Distal left radius and B) Distal left tibia. At both skeletal sites, a, b, and ¢ refer to
the proposita, sister, and mother, respectively, in Family 1. Whereas d, e, f, and g refer to
the propositus, younger brother, mother, and maternal grandmother, respectively, in Family
2. Panel h for each of the two bones illustrates A-SD in an 18-year-old woman.

Fig. 9. HR-pQCT of LRP6 HBM.

out mice failed to accumulate trabecular bone post-natally, whereas missense mutation (G171V) resulted in HBM [54,55]. Notably, PTH
OB-specific Lrp5 knock-out mice had normal trabecular bone volume at bound to its receptor PTH1R in rats can complex with Lrp6 to increase
age eight weeks but lost bone tissue with aging [41]. Transgenic ex- bone formation [56]. Thus, Lrp6 can drive bone formation through

pression in mice of the murine homolog of the first identified LRP5 either Wnt and perhaps PTH signaling.
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4.4. LRP6 HBM vs LRP5 HBM

Family 1 and 2 each carry a heterozygous, but different, mutation in
LRP6. Both missense defects match known LRP5 HBM mutations (see
below) [10-17]. We assessed whether LRP6 HBM and LRP5 HBM re-
semble each other, mindful there are differences between Lrp6 versus
Lrp5 knock-out mice [7,23,41]. We found LRP6 HBM and LRP5 HBM to
be indistinguishable in people based on the demographic, radiographic,
and biochemical findings. Affected individuals in both HBM groups
were all above average in height and had similar height Z-scores.
However, investigation of more individuals with LRP6 HBM and LRP5
HBM will be necessary to know if tall stature is characteristic. Like LRP5
HBM [11,13,15], LRP6 HBM causes teeth to become encased in ex-
cessive bone, consistent with oropharyngeal exostoses, and we found
exostoses were common elsewhere in the skeleton. When we spoke with
two members of LRP5 HBM Family 8 and one from Family 9, unlike for
LRP6 HBM they reported no absence of their adult maxillary lateral
incisors. Perhaps this distinguishes between the disorders, but precise
dental phenotyping of LRP5 HBM and LRP6 HBM requires future study.
Although the spine mean BMD Z-score was statistically greater in LRP6
HBM compared to LRP5 HBM, the individual values overlapped. For hip
BMD, there was no significant difference in the mean Z-scores. Al-
though we found evidence for increasing BMD Z-scores with aging for
LRP6 HBM but not LRP5 HBM or A-SD, all three disorders are rare and
we could study only relatively few affected individuals. Further in-
dividuals with differing mutations must be investigated to know if LRP6
HBM contrasts with LRP5 HBM. Longitudinal investigation of our pa-
tients is planned to understand long-term outcomes. Importantly, LRP6
HBM and LRP5 HBM were both readily distinguished from the other
principal type of AD elevated bone mass, A-SD [3], since only A-SD
shows high circulating activity of a number of select enzymes. Fur-
thermore, all seven study subjects with LRP6 HBM considered them-
selves healthy although headaches and knee and bone pain sometimes
troubled several of them, whereas LRP5 HBM can be associated with
cranial nerve palsies [13]. Other than the propositus in Family 2 who
suffered a transient post-traumatic facial nerve palsy, these individuals
with LRP6 HBM offered no evidence of cranial nerve palsies. In con-
trast, our first LRP5 HBM patient had been troubled by trigeminal
neuralgia, facial nerve palsy, Chiari I malformation requiring cra-
niectomy, oropharyngeal exostoses, and diffuse bone pain [13]. Blind-
ness with raised intracranial pressure necessitating craniectomy in
childhood was apparently a manifestation of LRP5 HBM in an adult (Dr.
Alan Burshell, personal communication).

Discovery of LRP6 HBM enabled us to explore using “lipid panels”
whether heterozygous gain-of-function of LRP6 protects against the
hyperlipidemia, atherosclerosis, and metabolic syndrome that can
occur with heterozygous deactivation of LRP6 [43-45]. Our data
showed normal fasting glucose levels in all seven LRP6 HBM individuals
and one child and two adults with LRP5 HBM. Furthermore, the lipid
panels of Families 1 and 2 revealed no evidence of hypolipidemia, with
instead hyperlipidemia documented in two individuals. Also, we did
not find clinical or radiographic evidence of osteoarthritis or in-
flammatory joint destruction in our study subjects, although sclerostin
deficiency can cause these problems in mice [57,58].

4.5. HR-pQCT

Challenges encountered scanning growing bones include determi-
nation and replication of the “region of interest” (ROI). For HR-pQCT,
pediatric reference ranges for bone density based on sex, age, and
ethnicity remain incomplete. In 2016, Burt et al. [33] published sex-
and site-specific normative data for ages > 16 years. Gabel et al. in
2018 [32] published adolescent and young adult values using an ROI
slightly different from ours. We followed the reference line placement
and ROI selection of Burt and colleagues [33] using the standard adult
protocol of Scanco Medical, Inc.
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Although two of our LRP6 HBM subjects were < age 16 years, major
elevations [33] of bone density were obvious in all of them with this
disorder. However, precise determination of cortical vBMD was ob-
viated by apparent “corticalization” of the bone in the adjacent trabe-
cular space. Nevertheless, for all of these individuals, total vBMD, tra-
becular vBMD, and failure load assessed by UFEA were markedly
increased. Of interest, our 18-year-old patient with A-SD (#23A,
Table 1) and similarly increased bone density measurements had a
failure load disproportionately lower compared to bone density. While
failure load determined from pPFEA helps predict incident fractures
[59], it is an imperfect assessment of bone quality and therefore
strength. Still, our results from pFEA match better bone quality ob-
served clinically in LRP6 HBM compared to A-SD.

4.6. Conclusions

Elevated bone mass can be heritable [3]. In the study from 2016 by
Gregson et al. [60] using next-generation sequencing for this pheno-
type, mutations found in known causal loci (including LRP4, LRP5, and
SOST) explained only a small proportion of such individuals. Here, we
discovered a new, yet anticipated, genetic disorder featuring dense
bones but also unlikely to explain many such occurrences. Based on our
longstanding experience with enigmatic cases of osteosclerosis and
hyperostosis, only a relatively small number of such patients have LRP6
HBM. Clearly, however, LRP6 mutation analysis should now be added
to gene panels aimed to identify dense bone disorders. Alternatively,
LRP6 could be examined by Sanger sequencing when LRP5 analysis is
negative, especially for a similar clinical phenotype. The generally
healthy constitution of LRP6 HBM helps narrow the differential diag-
nosis among the disorders featuring elevated bone mass [3,4]. Our
findings seem informative for the development of anti-SOST and other
treatments that would activate Wnt/f-catenin signaling in OBs to treat
skeletal disorders. Headaches in LRP6 HBM are concerning, but cer-
tainly less severe compared to the other disorders that result from
LRP5/LRP6 activation (sclerosteosis types 1 and 2 [61,62] and van
Buchem disease [3]). LRP6 HBM thus far seems associated with gen-
erally good health.
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