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Abstract
Summary  Rare genetic variants in genes previously described to be involved in bone monogenic disorders were identified 
in postmenopausal women split into two groups according to extreme bone mineral density (BMD) values and lumbar spine 
Z-scores. A pathogenic variant in COL1A2 gene found in a woman with low BMD highlights the overlap between osteogen-
esis imperfecta and osteoporosis, which may share their genetic etiology. Other variants were not clearly associated with the 
extreme BMD, suggesting that there is little contribution of rare variants to postmenopausal osteoporosis.
Purpose  We aimed to evaluate whether extreme values of bone mineral density (BMD) in a population-based cohort of post-
menopausal women (BARCOS) could be determined by rare genetic variants in genes related to monogenic bone disorders.
Methods  A panel of 127 genes related to different skeletal phenotypes was designed. Massive sequencing by targeted capture 
of these genes was performed in 104 DNA samples from those women of the BARCOS cohort that exhibited the highest (HZ 
group) and lowest (LZ group) LS Z-scores, ranging from + 0.70 to + 3.80 and from − 2.35 to − 4.26, respectively. 5’UTR, 
3’UTR, splice region, missense, nonsense, and short indel variants with MAF < 0.01 were annotated with CADD version 
1.6 and considered in the analysis.
Results  After filtering those variants with CADD > 25 and present only in one of the groups (either LZ or HZ), six variants 
were detected, most of which (5/6) were in the LZ group in TCIRG1, COL1A2, SEC24D, LRP4, and ANO5 genes, while 
only one, in the LMNA gene, was in the HZ group. According to the ClinVar database, the COL1A2 variant, causative of a 
recessive form of osteogenesis imperfecta, is described as pathogenic, while the other variants are considered of uncertain 
significance (VUS).
Conclusion  The variant identified in COL1A2 in a woman from the LZ group highlights the genetic overlap between mono-
genic diseases such as osteogenesis imperfecta and complex diseases like osteoporosis. However, the other variants were 
not clearly associated with the extreme BMD, suggesting that there is little contribution of rare variants to postmenopausal 
osteoporosis.

Keywords  Bone mineral density · COL1A2 · Osteoporosis · Osteogenesis imperfecta · Rare variants

Abbreviations
BMD	� Bone mineral density
LBM	� Low bone mass
HBM	� High bone mass
OI	� Osteogenesis imperfecta
GDD	� Gnathodiaphyseal dysplasia
LGMDL2L	� Limb-girdle muscular dystrophy

Patiño-Salazar, J.D. and Ovejero, D. contributed equally to this 
work as co-first authors.

Rabionet, R. and Garcia-Giralt, N.2 contributed equally to this work 
as co-last authors.

 *	 S. Balcells 
	 sbalcells@ub.edu

1	 Department of Genetics, Microbiology and Statistics, 
Faculty of Biology, Universitat de Barcelona, CIBERER, 
IBUB, IRSJD, Barcelona, Spain

2	 Musculoskeletal Research Group, Hospital del Mar Research 
Institute, Centro de Investigación Biomédica en Red en 
Fragilidad y Envejecimiento Saludable (CIBERFES), ISCIII, 
Barcelona, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/s00198-025-07413-4&domain=pdf


638	 Osteoporosis International (2025) 36:637–644

Introduction

Osteoporosis (OP) is a disease characterized by a reduc-
tion of bone mineral density (BMD) that is associated 
with skeletal fragility. OP is especially prevalent in post-
menopausal women, in whom estrogen decline constitutes 
the most important factor for the accelerated loss of bone 
mass. Other important risk factors for postmenopausal 
osteoporosis include advanced age, genetics, smoking, and 
low body weight, in addition to many diseases and drugs 
that impair bone health [1–3].

In the last decade, numerous genome-wide associa-
tion studies (GWAS) have been conducted as a strategy to 
identify new genes and variants associated with complex 
diseases. In the field of OP, a number of GWAS have been 
performed to determine genetic association with BMD 
and osteoporotic fractures [3]. Initial GWAS studies have 
identified more than 50 loci associated with BMD [4–8]. 
Some of these loci correspond to genes involved in skeletal 
disorders other than OP, such as osteogenesis imperfecta 
(OI).

Although OP is a common complex disease and OI 
is a monogenic rare disease, both conditions are associ-
ated with bone fragility and increased fracture risk, even 
though the severity is usually much higher in OI [9]. 
Therefore, the fact that both disorders share several clini-
cal features poses a diagnostic challenge for some mild 
forms of OI or severe OP. In fact, variants in genes such 
as COL1A1 and COL1A2 have been associated with both 
disorders [10–12] suggesting that some rare variants in OI 
genes might contribute importantly to the pathophysiology 
of—or even be responsible for—some cases of postmeno-
pausal osteoporosis.

In this study, we aimed to evaluate whether rare genetic 
variants in genes associated with several bone phenotypes, 
particularly OI, could contribute to the development of 
extreme BMD values in patients without clear features of 
skeletal monogenic disorders. To do so, we investigated 
the presence of rare genetic variants in selected genes in 
a subset of women with the highest and the lowest lumbar 
spine (LS) Z-score values in a population-based cohort of 
postmenopausal women from the Barcelona area (BAR-
COS cohort).

Materials and methods

Study participants

The BARCOS cohort has been previously described [13, 
14]. In short, it is a cross-sectional population-based 

cohort that includes unselected postmenopausal women 
from the Barcelona area, without known mineral meta-
bolic disorders, except for potential primary postmeno-
pausal osteoporosis. BMD was measured (g/cm2) in the 
lumbar spine (LS) (L1–L4) and the non-dominant femoral 
neck (FN) using dual-energy X-ray absorptiometry (DXA; 
Hologic QDR 4500 SL, Hologic, Waltham, Mass). In our 
center, the technique has an in vivo coefficient of variance 
(CV) of 1.0% for the LS and 1.65% for the FN measure-
ments. All participants underwent a baseline DXA and 
collection of a series of clinical variables. In addition, 
most had blood drawn for DNA extraction. Informed con-
sent was obtained from all the participants. For this study, 
LS Z-scores were ordered from the highest to the lowest 
values. Two groups were created according to the high-
est and lowest Z-score values from the cohort (HZ and 
LZ groups, respectively). LS DXA images were carefully 
examined by an expert clinician to exclude those DXA 
exams with artifacts. Bioethical approval was granted by 
the Institutional Review Board of Universitat de Barcelona 
(IRB00003099).

Candidate gene selection

A literature-based selection of 127 BMD-related genes, cor-
responding to 0.5 Mb of exonic regions, was used in the 
design of a Roche KAPA Hyper Choice custom-capture 
kit. Genes were prioritized based on their relation to OI or 
OP as follows: First, genes with reported pathogenic vari-
ants causing OI or other bone-related diseases [15–21], and 
these were completed with genes associated with BMD in 
the GWAS studies from Morris et al. [8] and Estrada et al. 
[5] (supplemental table S1).

Sequencing analysis and genetic variant 
prioritization

Genomic DNA was isolated from peripheral blood leuko-
cytes using the Wizard® Genomic DNA Purification Kit 
(Promega, Madison, WI, USA), according to the manufac-
turer’s instructions. Library preparation and sequencing were 
performed at CNAG facilities (Barcelona, Spain). Captured 
fragments were sequenced in an Illumina NovaSeq 6000. 
Reads were then aligned to the hg38 reference genome with 
Burrows-Wheeler Alignment Tool (BWA-mem), duplicate-
marked, recalibrated, and sorted before calling variants with 
the Genome Analysis Toolkit (GATK) haplotype caller (V4) 
following GATK standard parameters. Quality-filtering fol-
lowing GATK recommended hard filters (https://​gatk.​broad​
insti​tute.​org/​hc/​en-​us/​artic​les/​36003​58904​71-​Hard-​filte​ring-​
germl​ine-​short-​varia​nts) was applied. Intergenic, intragenic, 
intronic, upstream and downstream gene variants, as well 
as synonymous variants were excluded. Finally, 5’UTR, 

https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-germline-short-variants
https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-germline-short-variants
https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-germline-short-variants
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3’UTR, splice region, missense, nonsense, and short indel 
variants were annotated with Combined Annotation Depend-
ent Depletion (CADD) version 1.6 and considered in the 
analysis.

Gene‑Based Burden Testing

The Variant Call Format (VCF) file and a file containing 
sample information were used as input files. Genotypes 
that had > 5% of unavailable calls were filtered out, vari-
ants with 0 samples mutated were also excluded, and no 
outlier samples were filtered by the number of mutations 
nor the transversion/transition (tv/tr) ratio. In order to per-
form burden tests on the rare variants of the gene panel, 
R script “rvGWAS_numeric_phenotype. R” was used. The 
input files used were the output files from the quality control 
script. To assess rare variants with pathogenic prediction, 
variants were filtered out when the frequency of the vari-
ant was > 0.01 and CADD score was lower than 15. Bayes-
ian rare variant Association Test using Integrated Nested 
Laplace Approximation (BATI) [22].

Results

Patient characteristics

Among the 104 samples from the BARCOS cohort repre-
senting the truncated ends of the Z-score distribution (52 
from each extreme), 3 samples with highest Z-score did not 
pass the quality control. Finally, 49 samples belonging to 
the HZ group (Z-score range 0.70–3.80) and 52 from the LZ 
group (Z-score range − 4.26 to − 2.35), were included in the 
analysis. Clinical and densitometric characteristics of these 
101 postmenopausal women are summarized in Table 1 and 
Supplemental Table S2. Age and years since menopause 
were not different between groups, while average body mass 
index (BMI) was significantly lower in women from the LZ 

group. As expected, more women from the LZ group had 
sustained fragility fractures compared to the HZ subset.

Genetic findings

Two-hundred forty-five variants with a MAF < 0.01 
remained after filtering which belonged to 78 genes (data not 
shown). Next, we selected those with the highest functional 
scores (cutoff = 25 in CADD), located within coding regions 
and identified only in one of the groups (either LZ or HZ). 
Finally, six variants were selected and looked for in the Clin-
Var (VarSome: the human genomic variant search engine) 
[23] and in the Human Gene Mutation Database (HGMD®), 
in order to know their clinical classification (Table 2). The 
main reason for the discrepancy between both databases 
is the source they use to get the information: mainly clini-
cal laboratories for ClinVar and scientific publications for 
HGMD. Interestingly, most of them (5/6) were present in 
the LZ group (in genes TCIRG1, COL1A2, SEC24D, LRP4, 
and ANO5), and only one was from the HZ group (in the 
LMNA gene). According to the VarSome pathogenicity pre-
dictor, only variant p.Gly751Ser in COL1A2 is classified as 
pathogenic and is associated with OI [24]; the other ones are 
considered either of uncertain significance (VUS) or benign/
likely benign (in the case of the SEC24D variant). According 
to HGMD, the COL1A2 variant is also classified as patho-
genic for OI; the variant in TCIRG1 is absent (although this 
gene has been associated with osteoclast-rich osteopetrosis 
[25]; the variant at LRP4 is classified as likely pathogenic 
and is associated with 46XY disorder of sex development 
[26] (although this gene has also been implicated in osteo-
sclerosis and high bone mass (HBM) [27]); the SEC24D 
variant is classified as likely pathogenic and has been related 
to OI [28]; the ANO5 variant is classified as pathogenic and 
is related to gnathodiaphyseal dysplasia [29]; and finally, 
the LMNA variant, which is the only one identified in the 
HZ subset, is classified as pathogenic and associated with 
LMNA-linked congenital muscular dystrophy [30, 31].

Table 1   Clinical characteristics 
and lumbar spine and femoral 
neck DXA values of the 
truncated BARCOS cohort

t-test: *(p < 0.05), **(p < 0.01), ***(p < 0.001)
BMD, bone mineral density (g/cm2); BMI, body mass index (kg/m2); LS, lumbar spine; FN, femoral neck; 
SD, standard deviation

Patient characteristics LZ group (n = 52) HZ group (n = 49)

Mean Age (years) ± SD 55.19 ± 8.465 55.3 ± 6.774
Mean LS BMD ± SD 0.628 ± 0.072 1.170 ± 0.086***
Mean FN BMD ± SD 0.624 ± 0.121 0.875 ± 0.115***
Mean BMI ± SD 25.939 ± 3.976 29.115 ± 4.665**
LS Z-score ± SD  − 2.689 ± 0.350 1.328 ± 0.608***
FN Z-score ± SD  − 1.228 ± 0.929 1.06 ± 0.899***
Years since menopause (years) ± SD 8.42 ± 7.815 6.21 ± 6.975
Individuals with fragility fracture, n (%) 16 (31%) 0 (0%)***
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The patient with the lowest LS Z-score of the cohort 
(− 4.26) carried the TCIRG1 variant. Conversely, the 
patient with the LMNA variant exhibited the second 
highest LS Z-score (3.70; Table  2 and Supplemental 
Table S2). Clinical data on the patient with the COL1A2 
variant are presented in the next section.

Variant enrichment analysis (BATI/Burden Test) did 
not identify any gene with an excess of variants in the LZ 
samples (Table 3 and Supplemental Table S3). In particu-
lar, while only two genes had a positive ΔDIC (SQSTM, 
LMNA), neither was close to the ΔDIC of 10 (standard 
cutoff value, considered equivalent to a p-value of 0.001).

Clinical description of the patient 
with the pathogenic variant in COL1A2

The COL1A2 p.(Gly751Ser) variant, which has been related 

Table 2   Rare variants identified in the truncated BARCOS cohort

OI, osteogenesis imperfecta; HBM, high bone mass; VUS, variant of uncertain significance

Gene Associated 
bone pheno-
type

Variant Chromosome 
location

MAF gno-
mAD

CADD ClinVar 
classification 
(Varsome 
30–8–24)

HGMD clas-
sification

Sample LS Z-score

TCIRG1 Osteopetrosis c.2162 T > A 
p.(Ile721Asn)

chr11: 
68050180

0.000509 31 VUS Absent LZ_52  − 4.26

COL1A2 OI c.2251G > A 
p.(Gly751Ser)

chr7: 
94420604

N/A 28.9 Pathogenic OI; Pathogenic LZ_50  − 3.19

SEC24D OI/Cole-
Carpenter 
syndrome

c.1576C > T 
p.(Leu526Phe)

chr4: 
118752734

0.008910 28 Benign/likely 
benign

bone fragility 
disorder; 
likely patho-
genic

LZ_32  − 2.73

LRP4 Osteosclerosis 
/HBM

c.5660C > G 
p.(Ser1887Cys)

chr11: 
46859041

0.001088 29.4 VUS; Likely 
benign

46,XY disor-
der of sex 
develop-
ment; likely 
pathogenic

LZ_16  − 2.43

ANO5 Gnathodia-
physeal 
dysplasia

c.2411G > C 
p.(Cys804Ser)

chr11: 
22274744

N/A 28.9 VUS Limb-girdle 
muscular 
dystrophy; 
pathogenic

LZ_08  − 2.39

LMNA Muscular 
dystrophy

c.1871G > A 
p.(Arg624His)

chr1: 
156138660

0.000014 25.1 VUS Muscular 
Dystrophy, 
Emery-
Dreifuss; 
Pathogenic

HZ_48 3.70

Table 3   Results of BATI on genes involved in bone phenotype

ΔDIC Deviance Information Criterion difference; ΔCPO Conditional 
Predictive Ordinate difference

BATI value
Gene/gene group Total mutations ΔDIC ΔCPO

LMNA 2 6.452 0.025
SQSTM1 2 2.705 0.013
OI-related genes 14  − 1.122  − 0.016

Fig. 1   Pedigree of the family in which the p.(Gly751Ser) variant in 
the COL1A2 gene was identified. Filled symbols correspond to fam-
ily members with known skeletal fragility. The arrow identifies the 
female of whom we obtained the only sample that was genetically 
analyzed. The white symbols represent family members for whom no 
information is available (?). Despite the consanguinity of I.1 and I.2 
(first cousins), the presence of osteoporosis in two generations sug-
gests a dominant pattern of inheritance, coinciding with the fact that 
the possibly causal mutation is in heterozygosity
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to OI, was identified in a 73-year-old woman (age at the 
time of the current study; II.1 in Fig. 1) who presented with 
densitometric osteoporosis without a history of fractures. 
This woman has a family history of osteoporosis with fragil-
ity fractures (see pedigree in Fig. 1). She is the daughter of 
consanguineous parents (cousins), both deceased (I.1 and 
I.2). Her father (I.2) had sustained a femoral fracture and 
her younger sister (II.2) is diagnosed and treated for very 
severe densitometric osteoporosis without fractures. No data 
is available from her other 6 siblings (II.3–8). The proband is 
married and has a 36-year-old son of whom no data is avail-
able. Unfortunately, none of the family members wanted to 
be part of a further genetic study, so no additional genetic 
data could be obtained.

Discussion

Here we aimed to identify rare genetic variants in a list of 
candidate bone-related genes in order to broaden our under-
standing of the genetic complexity underlying a quantita-
tive bone trait such as BMD. For this purpose, an in-house 
bone gene panel was designed and DNA samples from post-
menopausal women with extreme lumbar spine BMD values 
and Z-scores were subjected to next-generation sequencing. 
After filtering by predicted functionality, six genetic variants 
were identified. The only one cataloged as pathogenic was a 
heterozygous variant in the COL1A2 gene.

This variant, p.(Gly751Ser) in COL1A2, has been 
reported previously. De Paepe et al. [24] identified it in two 
sibs with severe osteogenesis imperfecta, who were homozy-
gous for the missense change, and in other family members 
who were heterozygous and presented mild clinical mani-
festations of OI. Similar to our case, Spotila et al. [32] found 
this same variant in heterozygosity in a woman with post-
menopausal osteoporosis. These cases evidence the pheno-
typic and genotypic overlap between osteoporosis and mild 
osteogenesis imperfecta and point to the milder character of 
the p.(Gly751Ser) variant in heterozygosis, which has been 
consistently associated with osteoporosis rather than OI.

Osteogenesis imperfecta (OI) is a phenotypically and 
genetically heterogeneous skeletal dysplasia characterized 
by bone fragility, growth deficiency, and skeletal deformity. 
The most frequent mutations causing OI are single-nucleo-
tide substitutions that replace glycine residues or exon splic-
ing defects in the COL1A1 and COL1A2 genes that encode 
the α1(I) and α2(I) collagen chains. Mutant collagen is par-
tially retained intracellularly, and after secretion, it assem-
bles in disorganized fibrils, altering mineralization. Alter-
natively, truncating mutations lead to nonsense-mediated 
mRNA decay and subsequent quantitative defects (about 
50% reduction) of otherwise normal collagens. OI is char-
acterized by a wide range of clinical outcomes ranging from 

mild forms of skeletal fragility (often related to quantitative 
defects) to lethal phenotypes [33, 34]. The genetic spectrum 
of OI includes at least 16 other genes, most of them playing a 
pivotal role in synthesis, post-translational modification, and 
processing of type I collagen. All of this heterogeneity leads 
to a variety of inheritance patterns spanning from autosomal 
dominant and recessive as well as X-linked recessive which 
further complicate the disease classification and clinical 
characterization [19, 35].

Another gene associated with OI for which we found a 
rare variant is SEC24D, which encodes a component of the 
COPII complex involved in protein export from the endo-
plasmic reticulum (ER). Mutations in this gene have been 
associated with Cole-Carpenter syndrome, a recessive dis-
order affecting bone formation, resulting in craniofacial 
malformations and bones that break easily, as well as a syn-
dromic form of osteogenesis imperfecta. Functional stud-
ies of fibroblasts from a Cole-Carpenter syndrome patient 
displayed moderate accumulation of collagen in a signifi-
cantly enlarged ER, indicative of a collagen export defect. 
The patient, a 7-year-old boy, had moderately reduced BMD 
(− 2.0 SD in a DXA whole body measurement), while the 
BMD of his heterozygous carrier parents, measured by DXA 
and peripheral quantitative computed tomography, was in 
the normal age-adjusted range [28, 36]. The variant found in 
our study, p.(Leu526Phe), is cataloged as likely pathogenic 
in HGMD, but the fact that it is present in heterozygosity 
would make the patient an asymptomatic carrier. Alterna-
tively, we might speculate that the variant, together with 
other variants that may have gone undetected (such as sec-
ond mutation in SEC24D or in a SEC23A), might indeed 
contribute to explain the low BMD (− 2.73) of our patient. 
Further description of the BMD status of additional het-
erozygous carriers of this rare form of OI may help clarify 
the involvement of SEC24D in low bone mass phenotypes.

The woman with the lowest LS Z-score of our cohort car-
ried the variant p.(Ile721Asn) in the T-cell immune regula-
tor 1 gene (TCIRG1), which encodes the α3 subunit of the 
vacuolar ATPase proton pump involved in acidification of 
the osteoclast resorption lacuna and in secretory lysosome 
trafficking [37]. Mutations in this gene are mainly involved 
in autosomal recessive osteopetrosis (ARO)—or exception-
ally in autosomal dominant osteopetrosis (ADO)—due to 
the inefficient bone resorption by nonfunctional osteoclasts 
[25, 38], and in this scenario, it is difficult to reconcile the 
mutation in heterozygosity in our patient with her severe low 
bone mass (LBM). Nevertheless, variants in TCIRG1 have 
been previously described in patients with LBM phenotype 
which experienced atypical femoral fractures [16]. Addition-
ally, the p.(Ile721Asn) variant described here falls precisely 
in the proton pumping channel of the protein [37], and it 
is tempting to speculate that it might cause the channel to 
remain permanently open, acidifying the osteoclast lumen 
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space and increasing bone resorption. Functional assays 
would be required to prove this hypothesis.

Another woman from the LZ group carried a missense 
mutation in ANO5. Mutations in this gene are responsible for 
gnathodiaphyseal dysplasia (GDD), a rare skeletal syndrome 
characterized by osteopetrosis-like sclerosis of the long 
bones and fibrous dysplasia-like cemento-osseous lesions 
of the jaw bone. People with this condition have reduced 
BMD which causes the bones to be unusually fragile. As 
a result, they typically experience multiple bone fractures 
during childhood, often from mild trauma or with no appar-
ent cause [29]. The ANO5 gene encodes a Ca2+-activated 
Cl− channel involved in bone remodeling through the func-
tional regulation of osteoclasts. Interestingly, most of the 
mutations in ANO5 leading to anoctamin-5 deficiency, rep-
resenting loss-of-function, are causative of several forms 
of limb-girdle muscular dystrophy (LGMDL2L), while 
missense mutations in anoctamin-5 are causative of GDD 
which follows an autosomal dominant mode of transmis-
sion, reflecting a gain-of-function phenotype. Significantly, 
patients with LGMDL2L exhibit no pathogenic phenotype 
related to the bone, which, conversely, is evident in patients 
with GDD. Of note, the genetic variant reported in the pre-
sent study, p.Cys804Ser, was previously described in com-
pound heterozygosity in patients diagnosed with LGMD 
instead of GDD. Our patient did not display characteristic 
GDD features nor a clinical LGMD diagnosis, but had severe 
osteoporosis (spinal T-score <  − 3.5 associated with a couple 
of postmenopausal fragility fractures). All things considered, 
it is unlikely that the variant explains this low bone mass 
phenotype. However, functional analyses and-or discovery 
of additional carrier patients would be necessary to get a 
definitive statement.

It is well known that alterations of the Wnt pathway have 
profound effects on bone properties, both increasing bone 
mass (HBM) or decreasing it (osteoporosis). LRP4 mediates 
SOST-dependent inhibition of bone formation by facilitating 
the inhibitory action of sclerostin on LRP5 [39]. It has been 
demonstrated that missense mutations in LRP4 that prevent 
its interaction with SOST, decrease the inhibitory function 
of sclerostin in bone formation, generating an HBM pheno-
type [27, 40]. On the other hand, a Lrp4-deficient mutant 
mice revealed shortened total femur length, reduced cortical 
femoral perimeter, and reduced total femur bone mineral 
content and BMD [41] suggesting that mutations in dif-
ferent domains of LRP4 may also have different effects on 
BMD [42]. According to HGMD, the variant found in our 
study was previously described as a secondary mutation in 
a patient with 46,XY disorder of sex development [27] and 
its putative contribution to the low bone density phenotype 
of our patient is presently unclear [26].

Finally, the variant found in the LMNA gene in the only 
woman with HBM might hardly explain her bone density 

phenotype. It is well known that mutations in this gene are 
often associated with Emery-Dreifuss muscular dystrophy 
(for which no bone density defects have been described) 
[43] or premature aging syndromes (which typically lead 
to skeletal deformities and/or osteoporosis through activa-
tion of non-canonical pathways of osteoclastogenesis) [31]. 
Most probably, other genetic variants are involved in the 
HBM phenotype of our patient and this variant is a second-
ary finding.

The main limitation of this study is that the gene panel 
was mostly focused on genes involved in low bone mass phe-
notypes rather than those associated with HBM since the pri-
mary aim was to describe rare variants related to OI enriched 
in women with LBM. Therefore, mutations involved in HBM 
are underrepresented in our HZ group as well as the problem 
of studying recessive inheritance linked to the X chromo-
some only in the sample of women. Another limitation is 
the number of samples whereby we could not obtain statisti-
cally significant differences in the burden test. An additional 
limitation is that the lumbar spine was selected as the phe-
notyping site instead of the total hip, the latter being more 
reproducible in terms of BMD measurement. Unfortunately, 
total hip BMD was not extensively measured in our center 
at the time of DXA acquisition. However, the mean age of 
our study population was 55 years, an age in which spinal 
artifacts are not so common as in older individuals. In any 
case, all DXA scans were reviewed by an expert clinician to 
investigate the presence of artifacts. Also, in the early post-
menopausal period, alterations in BMD occur quicker at the 
lumbar spine than at the hip [44], making it an adequate phe-
notyping site for the purpose of our study. Finally, the family 
of the member carrying the COL1A2 variant was not willing 
to collaborate for a genetic study and we could not reach a 
conclusion about the implications of this variant in this fam-
ily. One strength of this study is that using extreme-truncate 
selection designs could increase the power for detecting 
genetic variants associated with BMD. It is demonstrated by 
a previous GWAS performed by Duncan et al. (2011), where 
they replicated 21 of 26 known BMD-associated genes and 
additionally reported six new genes, most of them included 
in our gene panel [45]. Unlike the study by Duncan et al. 
which used a GWAS approach, we focused on sequencing a 
selected gene panel in order to identify rare genetic variants. 
Hence, both studies are complementary and contribute to 
deciphering the BMD genetics in postmenopausal women.

Conclusion

In this study, we identified rare genetic variants in genes 
previously described to be involved in bone monogenic 
phenotypes, in postmenopausal women split into two 
groups according to extreme BMD values and lumbar spine 
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Z-scores. The variant identified in COL1A2 in a woman in 
the LZ group highlights the overlap between monogenic dis-
eases such as osteogenesis imperfecta and complex diseases 
such as osteoporosis, which may share their genetic etiology. 
However, overall, we did not observe an enrichment of rare 
OI variants in the low BMD group, and except for the patho-
genic variant in COL1A2, the variants could not be clearly 
associated with the bone density phenotype of these women, 
suggesting that there is little contribution of rare variants to 
postmenopausal osteoporosis.
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