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Keywords: Background: Bruck syndrome (BS) is an extremely rare autosomal-recessive connective tissue
Bruck syndrome disorder mainly characterized by bone fragility, congenital joint contracture, and spinal defor-
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mity. It is also considered as a rare form of osteogenesis imperfecta (OI) due to features of
osteopenia and fragility fractures. Its two forms, BS1 and BS2, are caused by pathogenic varia-
tions in FKBP10 and PLOD2, respectively.

Objective: We aimed to improve the clinical understanding of BS by presenting a case from China
and to identify the genetic variants that led to this case.

Methods: OI was suspected in a Chinese boy with a history of recurrent long bone fractures,
lumbar kyphosis, and dentinogenesis imperfecta (DI). Whole-exome sequencing (WES) was per-
formed to identify pathogenic variations. Sanger sequencing was used to confirm the results of the
WES. In silico analysis was used to predict the pathogenicity of genetic variants.

Results: WES and Sanger sequencing revealed a compound heterozygous variation in the FKBP10
gene (NM_021939, c.23dupG in exon 1, and ¢.825dupC in exon 5). Both variants resulted in a
frameshift and premature stop codon. Of these two variants, ¢.23dupG has not been previously
reported. The patient’s parents were heterozygous carriers of one variant. In addition, zoledronic
acid treatment improved the vertebral deformity and bone mineral density (BMD) significantly in
this patient.

Conclusions: A novel compound heterozygous variation of FKBP10, c.23dupG/c.825dupC, was
identified in a patient with moderately severe OI Based on these findings, the patient was
diagnosed with BS1 without congenital joint contractures or OI type XI. This study expands the
spectrum of FKBP10 genetic variants that cause BS and OI.
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1. Introduction

Bruck syndrome (BS) is a rare autosomal-recessive connective tissue disorder characterized by bone fragility and congenital
contractures. It is named after German doctor Alfred Bruck, who reported the first case in 1897 [1]. Due to characteristics of osteopenia
and fragility fractures, BS is also considered as an extremely rare form of osteogenesis imperfecta (OI) [2,3]. In addition, patients
diagnosed with BS often present with pterygia, short stature, progressive scoliosis, limb deformities, Wormian skull bones, and
blue/grey sclera [4,5]. A few cases exhibit dentinogenesis imperfecta (DI) [6,7].

According to the causative genetic loci, BS is delineated into two types, Bruck syndrome type 1 (BS1, OMIM 259450) and Bruck
syndrome type 2 (BS2, OMIM 609220), which are caused by pathogenic variations in the FKBP10 and PLOD2 genes, respectively [6,8,
9]. BS1 and BS2 are phenotypically indistinguishable. The FKBP10 gene (17q21.2) encodes FK506 binding protein 65 (FKBP65), an
endoplasmic reticulum resident protein with peptidyl-prolyl-isomerase (PPIase) activity [10,11]. It associates with triple-helical
collagen and functions as a chaperone [12]. The PLOD2 gene (39q23-24) encodes lysine hydroxylase 2 (LH2) [13]. In contrast to
LH1, which functions as a helical LH, LH2 functions as a telopeptidyl LH to catalyze the hydroxylation of Lys residues in the collagen
telopeptides, which is crucial for the formation of intermolecular cross-links in type I collagen [8,14,15]. Although FKBP65 does not
have LH activity, BS1 also demonstrates dramatic underhydroxylation of telopeptide Lys and a subsequent decrease in the cross-linking
of bone type I collagen, as is the case for BS2 [16,17]. Consistent with this, it was recently reported that FKBP65 mediates the
dimerization of LH2, which is crucial for LH2 activity [11,18]. As of January 2023, 75 variants in FKBP10 and 47 variants in PLOD2
have been associated with BS or OI type XI, according to the Human Gene Mutation Database (https://www.hgmd.cf.ac.uk).

Here, we report a case of moderately severe OI in a Chinese boy. Using WES and Sanger sequencing, we identified a compound
heterozygous variation in the FKBP10 gene, c.23dupG(p.S8Rfs*67)/c.825dupC(p.L275Rfs*95), of which c.23dupG was novel. Based
on these findings, the patient was diagnosed with BS1 lacking congenital contracture or OI type XI with rare DI symptoms. Addi-
tionally, zoledronic acid treatment improved the vertebral deformity and BMD significantly in this patient.

2. Materials and methods
2.1. Subjects and ethics

The patient, a one and a half years old Chinese boy, was referred to Guangzhou Women and Children’s Medical Center due to
lumbar kyphosis. He also had a history of recurrent long bone fractures. Physical and radiographic examinations were performed. The
study protocols were approved by the Human Ethics Committee of the Guangzhou Women and Children’s Medical Center. Written
informed consent was obtained from his parents.

2.2. Blood sample collection and DNA extraction

Peripheral blood was collected from the patient and his family members and stored in EDTA anticoagulant tubes at —80 °C. A Blood
DNA Kit (D3392, Omega) was used to extract the genomic DNA (gDNA) according to the manufacturer’s instructions. The concen-
tration of gDNA was measured using a Qubit fluorometer (Thermo Fisher Scientific), and the integrity and purity of the samples were
examined with agarose gel electrophoresis.

2.3. Whole-exome sequencing and genetic variant analysis

Whole-exome sequencing (WES) was performed at Chi Biotech (Shenzhen, China). Briefly, gDNA was sonicated into DNA frag-
ments of 180-280 bp with a Covaris ultrasonicator. The construction of a DNA library and enrichment of human whole-exon DNA were
performed with an Agilent Sure Select Human All Exon V6 kit according to the manufacturer’s instructions. Paired-end 150 bp (PE150)
fragments were sequenced with the Illumina HiSeq Xten System. Raw reads were collected using Illumina Base Calling software and
then subjected to alignment with the reference genome (human_B37) using Burrows-Wheeler Aligner (BWA) and Samblaster. The
alignment rate was 99.94%, the sequencing depth of the target region was 127 times, and the coverage of the target region was
99.53%. SAMtools was employed to detect single nucleotide variants (SNV) and indels (INDEL). ANNOVAR software was used to
annotate these variants.

All variants were filtered following a previously described pipeline: 1) exclusion of variants with a frequency greater than 1% in any
of the four databases (1000g_all, esp6500si_all, gnomAD_ALL and gnomAD_EAS), 2) exclusion of variants that were not in the coding
(exonic) region or splicing region (splicing site + 10 bp), 3) exclusion of synonymous SNPs that were predicted not to affect splicing, 4)
retention of variants that were predicted by at least two of four prediction tools (SIFT, PolyPhen, MutationTaster, and CADD) to be
deleterious and variants that were predicted to affect splicing [19].

2.4. Sanger sequencing

The FKBP10 variants identified by WES were further confirmed with Sanger sequencing. The gDNA was used as a template. PCR
primers were designed for each variant site: Forward-1 (GTGGGGCTAGTGTGTCTTGCAT) and Reverse-l (GGATGG-
TAATTCTCCGGCGT) for c¢.23dupG; Forward-2 (GTCTTCCCAGCCCCCATTC) and Reverse-2 (CCAACCGGGGTTACCTTGAA) for
¢.825dupC. PCR was performed with high fidelity PrimeSTAR Max DNA Polymerase (Takara, Beijing, China). The amplified products
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were sequenced by Shanghai Sangon Biotechnology (Shanghai, China). The FKBP10 reference sequence was NM_021939.

2.5. Zoledronic acid treatment

The patient was given an intravenous infusion of zoledronic acid (0.1 mg/kg) in 250 ml 5% dextrose sodium chloride every 4
months since the age of one and a half when he was diagnosed with BS. After injection, a transient fever with a maximum temperature
of 38 °C was observed. There were no other obvious adverse reactions after treatment.

3. Case presentation

The family pedigree is shown in Fig. 1A. Patient (II:3) was the third child of non-consanguineous Chinese parents. He visited our
hospital at the age of one and a half due to lumbar kyphosis. He was born at term with a weight of 3250 g (50th percentile) and
unknown length. The patient’s developmental milestones were normal. Physical and radiographic examinations revealed a lumbar
kyphosis deformity centered on the first lumbar vertebra (L1) but with no obvious scoliosis. Multiple lumbar vertebrae were flattened
and wedge-shaped (Fig. 1B and C). Radiography revealed mild osteoporosis of the lumbar spine. No obvious abnormalities were found
on the plain skull film. No limb deformities or joint contractures were observed (Fig. 1D). Facial features, hearing, intelligence, and
sclera were normal. Notably, abnormal dentition was observed when the patient was three years old. The enamel of the maxillary
incisors was partially exfoliated, indicating DI (Fig. 1E). In addition, the patient experienced multiple recurrent long bone fractures
that began in infancy (Fig. 1F). At the age of 6 months, he sustained a right femoral fracture following a minor trauma, a left femoral
fracture at 2 years of age, and bilateral tibial fractures at two and a half years old. The patient’s serum levels of total alkaline phos-
phatase (ALP), calcium, phosphate, and vitamin D were normal. Based on these features, he was diagnosed with moderately severe OI.
The patient’s parents and family members exhibited no relevant clinical manifestations.

Zoledronic acid is a third-generation bisphosphonate bone resorption inhibitor that can inhibit osteoclasts, reduce bone turnover,
and increase bone mass. It has been used to treat OI [20,21]. Thus, the patient was given an intravenous infusion of zoledronic acid (0.1
mg/kg) every 4 months beginning at one and half years of age. Two years later, when the patient was three and a half years old the
vertebral deformity significantly improved, and the height of the lumbar vertebrae became normal (Fig. 1G). When the patient was 5
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Fig. 1. Clinical presentations of an OI case. (A) The pedigree. II:3 is the patient. (B, C) X-radiographs and CT scanning demonstrated a lumbar
kyphosis deformity centered on L1. Multiple lumbar vertebrae became flattened and wedge-shaped, especially L1 and L3. The X-ray film also
showed mild osteoporosis in the spine. (D) No obvious limb deformities or joint contractures were found. (E) The enamel of multiple maxillary
incisors was partially exfoliated, indicating DI. (F) The patient experienced multiple recurrent long bone fractures beginning in infancy. The X-ray
film showed that he had bilateral tibial fractures (indicated by white arrows) at the age of 2 and a half. (G) Treatment with zoledronic acid improved
the vertebral deformity significantly. Compared to before treatment (B), the height of lumbar vertebrae became normal.
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years old, the patient’s condition was relatively stable except for the deformity caused by an old fracture of the right tibia. The results
of dual energy X-ray absorptiometry (DXA) indicated that BMD and its Z-scores at lumbar spine were higher than normal (BMD, 0.677
g/cm?; Z-score, 3.6), which may reflect the positive effects of zoledronic acid treatment. There have been no further fractures since the
age of two and a half.

To identify the genetic lesions causing OI, we performed WES using gDNA from the patient. A total of 123,185 genetic variants,
including 111,194 SNPs (single nucleotide polymorphisms) and 11,991 Indels (small insertions or deletions, <50 bp), were initially
detected. After variant filtering, 309 SNPs and 34 Indels remained (Fig. 2A). Among these, we found a compound heterozygous
variation in the FKBP10 gene: one base-pair duplication (c.23dupG) in exon 1 and one base-pair duplication (c.825dupC) in exon 5. Of
the two variants, ¢.23dupG was not previously reported or found in the reference gene databases, including 1000 g_all, esp6500si_all,
gnomAD_ALL and gnomAD_EAS. The frequency of ¢.825dupC was 0.03% in gnomAD_All database. No variants were found in the other
genes related to OL This finding was confirmed by Sanger sequencing, which showed that the patient’s father carried a heterozygous
¢.825dupC and the mother carried a heterozygous c.23dupG (Fig. 2B). These variants were not detected in the patient’s two sisters.
Both variants were predicted to be disease-causing, resulting in a frameshift and a premature stop codon, leading to p.S8Rfs*67 and p.
L275Rfs*95, respectively (Fig. 2C). According to the criteria of the American College of Medical Genetic and Genomics, the variant
¢.23dupG was classified as “likely pathogenic” with 1 very strong (PVS1) and 1 moderate (PM2) pathogenic evidence; c.825dupC was
classified as “pathogenic” with 1 very strong (PVS1), 1 moderate (PM2), and 1 supporting (PP5) pathogenic evidence [22]. These
results are consistent with the autosomal recessive inheritance pattern of BS or OI caused by these FKBP10 variants.

4. Discussion

BS caused by FKBP10 genetic variation is characterized by severe osteopenia and is mostly complicated by congenital joint
contracture. In our study, we report a case of osteopenia, fragility fractures, and lumbar kyphosis, but no congenital joint contracture.
Combined with the genetic analysis results showing that the patient harbored a novel compound heterozygous variation in the FKBP10
gene (c.23dupG/c.825dupC), the patient was diagnosed with BS1 lacking congenital joint contracture or OI type XI. Notably, this
patient exhibited abnormal dentition, indicating DI, which has rarely been reported in patients with BS caused by FKBP10 variants.

Both ¢.23dupG and ¢.825dupC were predicted to be disease-causing, resulting in a frameshift and a premature stop codon, leading
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Fig. 2. Identification of a novel compound heterozygous variation in FKBP10 gene. (A) Schematic representation of the filtering process of
WES data. (B) Sanger sequencing. A novel compound heterozygous variation in FKBP10 gene, c.23dupG/c.825dupC, were identified in the patient
(I:3). The patient’s father (II:1) carries heterozygous c¢.825dupC and mother (II:2) carries heterozygous c.23dupG. (C) Representation of FKBP65
protein with the location of variants. FKBP65 protein contains four peptidyl-prolyl-isomerase domains (PPIase), two EF Hand domains, and a
putative ER-retention sequence (ER Target).
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to p.S8Rfs*67 and p.L275Rfs*95, respectively. Of these two variants, c.23dupG has not been previously reported; c¢.825dupC was
identified recently in two Chinese OI patients who featured with congenital joint contractures, scoliosis, and recurrent fractures, but
without DI [23]. More than 75 variants of FKBP10 associated with BS or OI have been recorded. Approximately 70% of the cases
caused by FKBP10 variants present with congenital joint contractures. However, why not all BS patients manifest joint contractures
and/or DI remains unclear. Even the same FKBP10 variant may or may not cause congenital joint contracture. For example, three
patients carrying homozygous c.831dupC were reported by Kelley et al., in 2011, two of whom had congenital joint contractures and
one who did not [6]. Recently, a statistical analysis was performed to investigate OI/DI phenotype-genotype correlation in a large
cohort of OI cases caused by Col1A1 or Col1A2 variants. Four DI hotspots were identified [24]. To reasonably predict the severity and
progression of BS, we suggest that a similar study should be carried out to investigate the phenotype-genotype correlation in the
disease in the future.

Bisphosphonates have been extensively used to treat OI to increase bone mineral density and reduce the incidence of fractures.
Zoledronic acid is a third-generation bisphosphonate drug that can inhibit osteoclasts, reduce bone turnover, and increase bone mass.
It has obvious efficacy and few side effects. Recently, it was reported that zoledronic acid also has the function to enhance osteogenic
differentiation in patients with osteoporosis [25]. Data regarding the therapeutic effects of zoledronic acid treatment in BS patients are
limited [21]. In our case, the wedge-shaped deformity of the vertebral body improved, the height of the lumbar vertebrae became
normal, and BMD was increased with zoledronic acid treatment. There have been no further fractures since the age of two and a half.
All of these findings indicate that zoledronic acid has a positive effect on BS caused by FKBP10 variants. However, the efficacy and
safety of a long term treatment with zoledronic acid in BS patients still remains to be evaluated in large-scale clinical studies in the
future.

The variant c¢.23dupG leads to p.S8Rfs*67, which almost completely blocks the production of FKBP65 protein. ¢.825dupC leads to
p-L275Rfs*95, resulting in a truncated FKBP65 containing the first two PPlase domains. Recently, it has been reported that FKBP65
PPlase activity is required for the dimerization of LH2 to potentiate the LH2-driven collagen cross-link switch [11,18]. Therefore, the
truncated FKBP65 caused by ¢.825dupC may retain some function of driving LH2 dimerization, or have a dominant negative effect,
which results in the phenotype variation. In addition, nonsense-mediated mRNA decay may result in very little protein being produced.
In the future, a functional study about the mutant FKBP65 should be carried out in cultured fibroblasts or osteoblasts.

In summary, we report a rare case of BS and identify a novel compound heterozygous variation of FKBP10, c.23dupG/c.825dupC,
further expanding the genetic etiology spectrum of BS. We also provide further evidence that zoledronic acid is effective in treating BS.

Funding statement

This work was supported by National Natural Science Foundation of China (No. 81972038 to M.Z.), Natural Science Foundation of
Guangdong Province (No. 2023A1515010281 to M.Z.), and partially by Basic and Applied Basic Research Projects of Guangzhou City,
Guangdong, China (No. 202201010838 to M.Z.).

Data availability statement

Data will be made available on request.
CRediT authorship contribution statement

Liyuan Shang: Writing — original draft, Investigation. Weizhe Shi: Resources, Investigation, Data curation. Yibo Xu: Method-
ology, Investigation. Tianying Nong: Validation, Methodology, Investigation. Xia Li: Validation, Methodology, Investigation.
Zhaohui Li: Methodology, Investigation. Yanhan Liu: Visualization, Data curation. Jingchun Li: Visualization, Data curation. Ya-

Ping Tang: Project administration, Conceptualization. Mingwei Zhu: Writing — review & editing, Project administration, Funding
acquisition, Conceptualization. Hongwen Xu: Supervision, Resources, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

We appreciate the family for their kind cooperation and enthusiastic participation in this study.

References

[1] A. Bruck, Multiple fractures associated with joint ankylosis and muscle atrophy, DMW (Dtsch. Med. Wochenschr.) 23 (10) (1897) 152-155, https://doi.org/
10.1055/5-0029-1204900.

[2] D. Viljoen, G. Versfeld, P. Beighton, Osteogenesis imperfecta with congenital joint contractures (Bruck syndrome), Clin. Genet. 36 (2) (1989) 122-126, https://
doi.org/10.1111/j.1399-0004.1989.tb03174.x.


https://doi.org/10.1055/s-0029-1204900
https://doi.org/10.1055/s-0029-1204900
https://doi.org/10.1111/j.1399-0004.1989.tb03174.x
https://doi.org/10.1111/j.1399-0004.1989.tb03174.x

L. Shang et al. Heliyon 10 (2024) 28680

[3]

[4]

[5]

[6]

[71

[8]

[91
[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]
[21]

[22]

[23]

[24]

[25]

R. Ha-Vinh, Y. Alanay, R. Bank, A. Campos-Xavier, A. Zankl, A. Superti-Furga, L. Bonafé, Phenotypic and molecular characterization of Bruck syndrome
(osteogenesis imperfecta with contractures of the large joints) caused by a recessive mutation in PLOD2, Am. J. Med. Genet. 131 (2) (2004) 115-120, https://
doi.org/10.1002/ajmg.a.30231.

E. Breslau-Siderius, R. Engelbert, G. Pals, J. van der Sluijs, Bruck syndrome: a rare combination of bone fragility and multiple congenital joint contractures,
Journal of Pediatric Orthopedics Part B 7 (1) (1998) 35-38.

G.A. Otaify, M.S. Abdel-Hamid, N.F. Hassib, R.M. Elhossini, S.F. Abdel-Ghafar, M.S. Aglan, Bruck syndrome in 13 new patients: identification of five novel
FKBP10 and PLOD2 variants and further expansion of the phenotypic spectrum, Am. J. Med. Genet. 188 (6) (2022) 1815-1825, https://doi.org/10.1002/ajmg.
a.62718.

B.P. Kelley, F. Malfait, L. Bonafe, D. Baldridge, E. Homan, S. Symoens, A. Willaert, N. Elcioglu, L.V. Maldergem, C. Verellen-Dumoulin, Y. Gillerot, D. Napierala,
D. Krakow, P. Beighton, A. Superti-Furga, A.D. Paepe, et al., Mutations in FKBP10 cause recessive osteogenesis imperfecta and Bruck syndrome, J. Bone Miner.
Res. 26 (3) (2011) 666-672, https://doi.org/10.1002/jbmr.250.

Z. Tan, H.T. Shek, P. Chen, Z. Dong, Y. Zhou, S. Yin, A. Qiu, L. Dong, B. Gao, M.K.T. To, Clinical features and molecular characterization of Chinese patients with
FKBP10 variants, Molecular Genetics & Genomic Medicine 11 (4) (2023) e2122, https://doi.org/10.1002/mgg3.2122.

A.J. van der Slot, A.M. Zuurmond, A.F. Bardoel, C. Wijmenga, H.E. Pruijs, D.O. Sillence, J. Brinckmann, D.J. Abraham, C.M. Black, N. Verzijl, J. DeGroot,
R. Hanemaaijer, J.M. TeKoppele, T.W. Huizinga, R.A. Bank, Identification of PLOD2 as telopeptide lysyl hydroxylase, an important enzyme in fibrosis, J. Biol.
Chem. 278 (42) (2003) 40967-40972, https://doi.org/10.1074/jbc.M307380200.

R. Shaheen, M. Al-Owain, E. Fageih, N. Al-Hashmi, A. Awaji, Z. Al-Zayed, F.S. Alkuraya, Mutations in FKBP10 cause both Bruck syndrome and isolated
osteogenesis imperfecta in humans, Am. J. Med. Genet. 155A (6) (2011) 1448-1452, https://doi.org/10.1002/ajmg.a.34025.

C.E. Patterson, T. Schaub, E.J. Coleman, E.C. Davis, Developmental regulation of FKBP65. An ER-localized extracellular matrix binding-protein, Mol. Biol. Cell
11 (11) (2000) 3925-3935, https://doi.org/10.1091/mbe.11.11.3925.

Y. Chen, M. Terajima, P. Banerjee, H. Guo, X. Liu, J. Yu, M. Yamauchi, J.M. Kurie, FKBP65-dependent peptidyl-prolyl isomerase activity potentiates the lysyl
hydroxylase 2-driven collagen cross-link switch, Sci. Rep. 7 (2017) 46021, https://doi.org/10.1038/srep46021.

Y. Ishikawa, J. Vranka, J. Wirz, K. Nagata, H.P. Bachinger, The rough endoplasmic reticulum-resident FK506-binding protein FKBP65 is a molecular chaperone
that interacts with collagens, J. Biol. Chem. 283 (46) (2008) 31584-31590, https://doi.org/10.1074/jbc.M802535200.

J. Zhang, H. Hu, W. Mu, M. Yu, W. Chen, D. Mi, K. Yang, Q. Guo, Case report: exome sequencing identified a novel compound heterozygous variation in PLOD2
causing Bruck Syndrome type 2, Front. Genet. 12 (2021) 619948, https://doi.org/10.3389/fgene.2021.619948.

R.A. Bank, S.P. Robins, C. Wijmenga, L.J. Breslau-Siderius, A.F. Bardoel, H.A. van der Sluijs, H.E. Pruijs, J.M. TeKoppele, Defective collagen crosslinking in
bone, but not in ligament or cartilage, in Bruck syndrome: indications for a bone-specific telopeptide lysyl hydroxylase on chromosome 17, Proc. Natl. Acad. Sci.
U.S.A. 96 (3) (1999) 1054-1058, https://doi.org/10.1073/pnas.96.3.1054.

D.A. Hanson, D.R. Eyre, Molecular site specificity of pyridinoline and pyrrole cross-links in type I collagen of human bone, J. Biol. Chem. 271 (43) (1996)
26508-26516, https://doi.org/10.1074/jbc.271.43.26508.

A.M. Barnes, W.A. Cabral, M. Weis, E. Makareeva, E.L. Mertz, S. Leikin, D. Eyre, C. Trujillo, J.C. Marini, Absence of FKBP10 in recessive type XI osteogenesis
imperfecta leads to diminished collagen cross-linking and reduced collagen deposition in extracellular matrix, Hum. Mutat. 33 (11) (2012) 1589-1598, https://
doi.org/10.1002/humu.22139.

U. Schwarze, T. Cundy, S.M. Pyott, H.E. Christiansen, M.R. Hegde, R.A. Bank, G. Pals, A. Ankala, K. Conneely, L. Seaver, S.M. Yandow, E. Raney, D. Babovic-
Vuksanovic, J. Stoler, Z. Ben-Neriah, R. Segel, et al., Mutations in FKBP10, which result in Bruck syndrome and recessive forms of osteogenesis imperfecta,
inhibit the hydroxylation of telopeptide lysines in bone collagen, Hum. Mol. Genet. 22 (1) (2013) 1-17, https://doi.org/10.1093/hmg/dds371.

R.A.F. Gjaltema, M.M. van der Stoel, M. Boersema, R.A. Bank, Disentangling mechanisms involved in collagen pyridinoline cross-linking: the immunophilin
FKBP65 is critical for dimerization of lysyl hydroxylase 2, Proc. Natl. Acad. Sci. U.S.A. 113 (26) (2016) 7142-7147, https://doi.org/10.1073/pnas.1600074113.
X. Li, W. Shi, X. Ding, J. Li, Y. Li, J. Wu, Z. Yuan, T. Nong, H. Xu, M. Zhu, Identification of a novel TBX5 mutation in a Chinese family with rare symptoms of
Holt-Oram syndrome, Heliyon 8 (11) (2022) e11774, https://doi.org/10.1016/j.heliyon.2022.e11774.

F.A. Otaify, M.S. Aglan, M.M. Ibrahim, M. Elnashar, R.A. El Banna, S.A. Temtamy, Zoledronic acid in children with osteogenesis imperfecta and Bruck
syndrome: a 2-year prospective observational study, Osteoporos. Int. 27 (1) (2016) 81-92, https://doi.org/10.1007/s00198-015-3216-9.

X.-J. Xu, F. Lv, Y. Liu, J.-Y. Wang, D.-D. Ma, Asan, J.-W. Wang, L.-J. Song, Y. Jiang, O. Wang, W.-B. Xia, X.-P. Xing, M. Li, Novel mutations in FKBP10 in Chinese
patients with osteogenesis imperfecta and their treatment with zoledronic acid, J. Hum. Genet. 62 (2) (2017) 205-211, https://doi.org/10.1038/jhg.2016.109.
S. Richards, N. Aziz, S. Bale, D. Bick, S. Das, J. Gastier-Foster, W.W. Grody, M. Hegde, E. Lyon, E. Spector, K. Voelkerding, H.L. Rehm, ACMG Laboratory Quality
Assurance Committee, Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of
medical genetics and genomics and the association for molecular pathology, Genet. Med. 17 (5) (2015) 405-424, https://doi.org/10.1038/gim.2015.30.

Z. Tan, H.T. Shek, P. Chen, Z. Dong, Y. Zhou, S. Yin, A. Qiu, L. Dong, B. Gao, M.K.T. To, Clinical features and molecular characterization of Chinese patients with
FKBP10 variants, Molecular Genetics & Genomic Medicine 11 (4) (2023) e2122, https://doi.org/10.1002/mgg3.2122.

P.M. Yamaguti, M. de La Dure-Molla, S. Monnot, Y.J. Cardozo-Amaya, G. Baujat, C. Michot, B.P.J. Fournier, M.C. Riou, E.C.C. Caldas Rosa, Y. Soares de Lima, P.
A.C. Dos Santos, G. Alcaraz, E.N.S. Guerra, L.C. Castro, S.F. de Oliveira, R. Pogue, A. Berdal, L.M. de Paula, J.F. Mazzeu, V. Cormier-Daire, A.C. Acevedo,
Unequal impact of COL1A1 and COL1A2 variants on dentinogenesis imperfecta, J. Dent. Res. 102 (6) (2023) 616-625, https://doi.org/10.1177/
00220345231154569.

L.D. Carbonare, M. Mottes, G. Malerba, A. Mori, M. Zaninotto, M. Plebani, A. Dellantonio, M.T. Valenti, Enhanced osteogenic differentiation in zoledronate-
treated osteoporotic patients, Int. J. Mol. Sci. 18 (6) (2017) 1261, https://doi.org/10.3390/jims18061261.


https://doi.org/10.1002/ajmg.a.30231
https://doi.org/10.1002/ajmg.a.30231
http://refhub.elsevier.com/S2405-8440(24)04711-X/sref4
http://refhub.elsevier.com/S2405-8440(24)04711-X/sref4
https://doi.org/10.1002/ajmg.a.62718
https://doi.org/10.1002/ajmg.a.62718
https://doi.org/10.1002/jbmr.250
https://doi.org/10.1002/mgg3.2122
https://doi.org/10.1074/jbc.M307380200
https://doi.org/10.1002/ajmg.a.34025
https://doi.org/10.1091/mbc.11.11.3925
https://doi.org/10.1038/srep46021
https://doi.org/10.1074/jbc.M802535200
https://doi.org/10.3389/fgene.2021.619948
https://doi.org/10.1073/pnas.96.3.1054
https://doi.org/10.1074/jbc.271.43.26508
https://doi.org/10.1002/humu.22139
https://doi.org/10.1002/humu.22139
https://doi.org/10.1093/hmg/dds371
https://doi.org/10.1073/pnas.1600074113
https://doi.org/10.1016/j.heliyon.2022.e11774
https://doi.org/10.1007/s00198-015-3216-9
https://doi.org/10.1038/jhg.2016.109
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1002/mgg3.2122
https://doi.org/10.1177/00220345231154569
https://doi.org/10.1177/00220345231154569
https://doi.org/10.3390/jims18061261

	A novel compound heterozygous variation in the FKBP10 gene causes Bruck syndrome without congenital contractures: A case report
	1 Introduction
	2 Materials and methods
	2.1 Subjects and ethics
	2.2 Blood sample collection and DNA extraction
	2.3 Whole-exome sequencing and genetic variant analysis
	2.4 Sanger sequencing
	2.5 Zoledronic acid treatment

	3 Case presentation
	4 Discussion
	Funding statement
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


