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Abstract

Osteogenesis Imperfecta (OI), also known as brittle bone disease, displays a spectrum of clinical 

severity from mild (OI type I) to severe early lethality (OI type II), with clinical features including 

low bone mass, fractures and deformities. Mutations in the FK506 Binding Protein 10 (FKBP10), 

gene encoding the 65KDa protein FKBP65, cause a recessive form of OI and Bruck syndrome, the 

latter being characterized by joint contractures in addition to low bone mass. We previously 

showed that Fkbp10 expression is limited to bone, tendon and ligaments in postnatal tissues. 

Furthermore, in both patients and Fkbp10 knockout mice, collagen telopeptide hydroxylysine 
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crosslinking is dramatically reduced. To further characterize the bone specific contributions of 

Fkbp10, we conditionally ablated FKBP65 in Fkbp10fl/fl mice (Mus musculus; C57BL/6) using 

the osteoblast specific Col1a1 2.3kb Cre recombinase. Using μCT, histomorphometry and 

quantitative backscattered electron imaging, we found minimal alterations in the quantity of bone 

and no differences in the degree of bone matrix mineralization in this model. However, mass 

spectroscopy of bone collagen demonstrated a decrease in mature, hydroxylysine-aldehyde 

crosslinking. Furthermore, bone of mutant mice exhibits a reduction in mineral-to-matrix ratio and 

in crystal size as shown by Raman spectroscopy and small angle x-ray scattering, respectively. 

Importantly, abnormalities in bone quality were associated with impaired bone biomechanical 

strength in mutant femurs compared with those of wild type littermates. Taken together, these data 

suggest that the altered collagen crosslinking through Fkbp10 ablation in osteoblasts primarily 

leads to a qualitative defect in the skeleton.
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Introduction

Bone is comprised of two integral components, collagen fibers (primarily type I collagen) 

and mineral nanocrystals of hydroxyapatite (1, 2). Type I collagen is synthesized in the 

endoplasmic reticulum (ER) as two α1 chains, and one α2 chain that acquire many 

posttranslational modifications before assembly into the triple-helical procollagen molecules 

that polymerize into fibrils of the extracellular matrix. After secretion, propeptides at the C 

and N terminus are cleaved, and the processed molecules become cross-linked by lysyl 

oxidase (LOX) as mature fibrils grow. The crosslinks are essential for normal fibril stability, 

mineralization and material properties of bone (1). In the type I collagen molecule, there are 

two helical and two telopeptide lysine locations where enzymatic crosslinking can occur. 

The resulting cross-linking chemistry is modulated in a tissue-specific manner by the degree 

of hydroxylation of these lysines that is controlled by the lysyl hydroxylases (LH1 and LH2, 

encoded by PLOD1 and PLOD2, respectively) (1). In previous studies, decreased cross-

linking by inhibition of lysyl oxidase (LOX) was shown to reduce bone strength (1, 3–5). 

Furthermore, it has been proposed that fewer crosslinks could be a determinant of impaired 

bone mechanical properties in aging, osteoporosis and diabetes mellitus due to their effect 

on the mineralization process (6).

The degree of mineralization, and the quality of the mineral (i.e. number, size, perfection 

and organization of the crystals relative to the cross-linked collagen polymers) plays a role in 

the biomechanical properties of bone (7). The mineral nanocrystal organization is dependent 

upon the organic matrix, mainly comprised of collagen, and its structural arrangement (7). 

Thus, the biomechanical strength of bone to resist fractures is dependent on the quantity of 

bone as well as the quality, for instance microarchitecture and matrix composition (8).

Mutations in the type I collagen genes (COL1A1 and COL1A2) lead to qualitative and 

quantitative defects in collagen production, and account for the majority of cases of 
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Osteogenesis Imperfecta (OI) (9). OI, also known as brittle bone disease, is a connective 

tissue disorder which is characterized by bone fragility and low bone mass, with varying 

severity (9). Importantly, mutations in several additional genes can cause OI, most of which 

are involved with defective posttranslational modifications of type I collagen. While 

mutations in CRTAP (HGNC: 2379), LEPRE1 and PPIB result in defective prolyl-3-

hydroxylation, mutations in FKBP10 and PLOD2 lead to defective lysine hydroxylation at 

the telopeptide crosslinking sites (2, 10–15).

FKBP10 encodes FKBP65, a chaperone molecule with prolyl cis-trans isomerase activity 

(PPIase) that appears to interact with collagen and elastin in the endoplasmic reticulum (16–

21). Patients with homozygous mutations resulting in the lack of FKBP65 protein exhibit a 

phenotypic spectrum of OI, Bruck syndrome (characterized by OI and additional joint 

contractures, that can also be caused by mutations in PLOD2), and Kuskokwim syndrome (a 

rare recessive disorder with joint contractures, but a mild bone phenotype) (11, 13, 22, 23). 

Interestingly, bone collagen of patients with FKBP10 mutations shows a lack of telopeptide 

lysine hydroxylation and resulting abnormal collagen crosslinking, similar to that observed 

in patients with mutations in PLOD2 (LH2) (23). Recently, we have shown a reduction in 

telopeptide lysine hydroxylation in a mouse model with systemic deletion of Fkbp10 (24). 

These knockout mice demonstrated generalized connective tissue defects, but also exhibited 

perinatal lethality, and thus the bone specific role of Fkbp10 could not be fully evaluated 

(24).

In this study, we utilized mice with a conditional Fkbp10 allele in combination with the 

osteoblast specific Col1a1 Cre recombinase allele to examine the bone specific effects of 

Fkbp10 ablation and the implications of defective collagen telopeptide crosslinking in bone. 

This study tests the hypothesis that defective collagen telopeptide crosslinking in bone 

would lead to changes in the quality of bone including biomechanical strength, composition, 

and crystalline structure, which may contribute to the bone phenotypes leading to both OI 

and Bruck syndrome. Hence, this study not only explores the role of Fkbp10 in OI, but also 

in the larger context of abnormal collagen crosslinking, with potential implications in other 

forms of skeletal fragility.

Materials and Methods

Animal housing and genotyping

ES cells (clone EPD0142_1_A09, parental strain JM8A3.N1) were obtained from 

EUCOMM (25) and injected in-house (Baylor College of Medicine). Mice were maintained 

on a C57BL/6J background. Mice were housed in the Baylor College of Medicine vivarium 

with 2–5 mice per cage and were fed ad libitum with standard mouse diet (Land O’Lakes 

Purina Animal Nutrition, 5V5R 3002906-703). The facility is specific pathogen free for the 

following agents: mouse adenovirus (MAV 1&2), mouse cytomegalovirus, ectromelia, 

murine minute virus, mouse parvovirus, Polyomavirus, mouse hepatitis virus, Hantaviruses, 

lymphocytic choriomeningitis virus, pneumonia virus of mice, reovirus 3, mouse rotavirus, 

Sendai virus, Theiler’s mouse encephalomyelitis virus, Mycoplasma pulmonis, 

endoparasites and ectoparasites.
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These studies were approved by the Baylor College of Medicine Institutional Animal Care 

and Use Committee as well as Center for Comparative Medicine (protocol number 

AN-1506). Euthanasia was performed using approved methods via carbon dioxide gas. 

Genotyping was performed using primers flanking exon 2 for the wild type allele 

(5′AATAGGTAGCACACAGTTCGG3′) and (5′GTGAACAGTATGACCTTGGCC3′). The 

mutant allele was identified by primers in the Bactin:neo cassette 

(5′AGCGTGCGCCGTTCCGAAAGT3′) and (5′GGCGGCGGTGGAATCGAAATC3′) as 

well as primers specific for the last loxP site (5′GGAGCGAAGGAGGATTACTGTGCC3′) 

and (5′TGAACTGATGGCGAGCTCAGACC3′). Animals were allocated into two groups 

for all studies: littermates that were homozygous floxed (fl/fl) with or without the Col1a1 

Cre. The same mice were utilized for μCT, Raman spectroscopy, 3pt bending, mass 

spectrometry, and histomorphometric analysis. A separate group was used for quantitative 

backscattered electron imaging (qBEI) and small-angle X ray scattering (SAXS) 

measurements. A third group was collected for electron microscopy studies. Male mice were 

used for all studies; males and females were utilized for μCT, qBEI and SAXS analysis. All 

mice were 3 months old at the time of tissue collection. A single mouse was used for the 

following: right femur fixed in formalin for μCT analysis followed by plastic embedding and 

histomorphometry; left femur wrapped in sterile gauze soaked in saline and stored at −20°C 

for 3-point bending analysis; left tibia stored in 70% EtOH for Raman spectroscopy; calvaria 

collected and immediately snap-frozen in liquid nitrogen for western blotting. A separate 

mouse was used for the following: left femur stored in 70% EtOH for qBEI followed by 

SAXS of the same femur; right femur and tibia collected and immediately snap-frozen in 

liquid nitrogen for mass spectrometry analysis. A third group was used for the femurs for 

electron microscopy. All samples were consistently collected from the same location.

Animals used per experiment as follows: μCT (9 male control, 7 male experimental, 10 

female controls and experimental); 3pt bending (6 and 8 males); Raman (7 males per group); 

MS (3 male per group in figure it says 3–4); SAXS (3 male controls and mutants, 4 female 

controls and mutants); qBEI (3 male control and experimental, 4 female controls and 

experimental); EM (3 males per group); Western (2 representative samples shown, both 

males and females were tested with 3 per group). N is indicated throughout manuscript.

Western blotting

Calvaria and long bones were collected from control and mutant mice at 3 months of age. 

Calvaria were cut into strips and long bones were removed of the epiphyses and bone 

marrow and frozen in liquid nitrogen. Samples were then homogenized in SDS protein 

buffer, boiled, then concentrated. They were then loaded onto 4–15% gradient SDS-PAGE 

gels (Bio-Rad). Protein was transferred to PVDF membrane and blocked with 5% nonfat dry 

milk/ PBS. Blots were probed with either polyclonal rabbit anti-FKBP65 antibody 

(Proteintech Group) at 1:5000 and co-incubated with monoclonal mouse-anti tubulin at 

1:10000 in 1% milk overnight at 4°C. Blots were washed with PBST. Secondary antibodies 

(anti-rabbit 488 and anti-mouse 594 Odyssey LiCor) were diluted 1:10,000 in 1% milk plus 

PBST for 1 hour at room temperature. The Odyssey system was used to image the blots by 

fluorescence (LiCor).
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Skeletal analyses and bone histomorphometry

Radiographs of mutant mice and their respective littermates were taken (identical views) 

with the Kubtec XPERT80 (Kubtec X-ray, Milford, CT). To analyze bone phenotypes, 

femurs and vertebrae were isolated at 3 months of age. The bones were fixed in 10% 

buffered formalin for 48h for subsequent analysis. Radiography of bones was performed 

with an Xpert 80 system (Kubtec). Spines and right femurs were scanned in 70% ethanol 

using a Scanco μCT-40 microCT system (55kVp and 145μA X-ray source) and scans were 

reconstructed at a 16μm isotropic voxel size. Trabecular bone of L4 vertebrae and the distal 

metaphyseal part of right femurs were analyzed using Scanco software by manually 

contouring trabecular bone. For vertebrae, the region of interest (ROI) was defined as the 

trabecular volume between the L4 vertebral endplates. As femoral trabecular ROI 75 slices 

(=1.2 mm) were analyzed proximal to the distal femoral growth plate. Quantification of 

trabecular parameters was performed using the Scanco software with a threshold value of 

210. These parameters include bone volume/total volume (BV/TV), trabecular number 

(Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and tissue mineral 

density (TMD). Femur length was measured from the top of the femoral head to the bottom 

of the medial condyle. Cortical bone parameters of the femoral midshaft including cortical 

thickness (Ct.Th) and tissue mineral density (TMD) were measured using 50 slices 

immediately below the trochanter. Standard methods and abbreviations are used (26).

Calcein was injected 7 and 2 days before sacrifice and lumbar vertebrae (L4) were used to 

generate plastic sections to assess dynamic histomorphometry. Specifically, lumbar vertebrae 

were embedded in methyl methacrylate, and embedded samples were sectioned using 

tungsten carbide blades. Images of a complete plane of section from L4 from each mouse 

were acquired and used for evaluation of bone formation parameters including the mineral 

apposition rate (MAR) and bone formation rate (BFR/BS). Von Kossa staining was used to 

calculate bone volume and osteoid parameters (OV/BV and OS/BS). Tartrate-resistant acid 

phosphatase staining was used to quantify osteoclast numbers (N.Oc/BS) and surfaces 

(Oc.S/BS), and trichrome staining was used to quantify osteoblast numbers (N.Ob/BS), 

surface (Ob.S/BS) and osteocyte density (N.Ot/B.Ar.). All histomorphometric analyses were 

performed with Bioquant Osteo software (Bioquant). Standard nomenclature was used (27).

Collagen cross-link and mass spectral analyses

Pyridinoline cross-links (HP and LP) were quantified by HPLC after hydrolyzing saline 

washed bone in 6N HCl as described (28). Briefly, samples were dried and redissolved in 

1% (v/v) n-heptafluorobutyric acid and run on an Agilent 1260 HPLC (Agilent 

Technologies) using a C18 RP-HPLC (Brownlee Aquapore RP-300 7u, 250x4.6mm, Perkin 

Elmer) running at 1 ml/min. Samples were eluted with a linear gradient of 17–21% 

acetonitrile in a running buffer of 0.01 M n-heptafluorobutyric acid in water. Type I collagen 

was prepared from bone decalcified at 4°C in 0.1M HCl overnight. Demineralized bone was 

treated with CNBr in 70% formic acid at room temperature for 24hrs and freeze-dried. 

CNBr peptides were run on 12.5% SDS-PAGE using the method of Laemmli. Femurs and 

tibias were both used and analyzed separately. CB peptide bands were cut from SDS-PAGE 

gels and digested with trypsin in-gel (29). Peptides were analyzed by electrospray LC/MS 

using an LTQ XL ion-trap mass spectrometer (Thermo Scientific) equipped with in-line 
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liquid chromatography using a C4 5um capillary column (300 um×150 mm; Higgins 

Analytical RS-15M3-W045) eluted at 4.5 μl min. The LC mobile phase consisted of buffer 

A (0.1% formic acid in MilliQ water) and buffer B (0.1% formic acid in 3:1 acetonitrile:n-

propanol v/v). An electrospray ionization source (ESI) introduced the LC sample stream into 

the mass spectrometer with a spray voltage of 4 kV. Proteome Discoverer search software 

(Thermo Scientific) was used for peptide identification using the NCBI protein database. 

Large collagenous peptides not found by Sequest had to be identified manually by 

calculating the possible ms/ms ions and matching these to the actual ms/ms. Hydroxyproline 

and hydroxylysine calculations were done manually by scrolling or averaging the full scan 

over several minutes so that all of the post-translational variations of a given peptide 

appeared together in the full scan.

Biomechanical Testing

Femurs were tested in three-point bending using a span of 6.21mm using an Instron 5848 

device (Instron Inc., Norwood MA). Prior to mechanical testing, bones were thawed, soaked 

in saline for at least 30 minutes, and then tested wet at room temperature. They were 

preloaded in the anterior to posterior direction (anterior side in compression, posterior side 

in tension) to 1N for 5 seconds and then were compressed to failure at a rate of 0.1mm/sec. 

Load and displacement data was captured at rate of 40Hz by using BLUEHILL Software 

(Instron). Following testing, all data files were analyzed using a MatLab program written to 

extract the pertinent data. Stress was calculated using the following formula:

where F is the load applied on the femur in N, L is the span length in mm, h is the specimen 

diameter in mm, and I is the cross-sectional moment of inertia in mm4. Both h and I were 

obtained by analyzing a midshaft micro-CT image from femurs stored in saline soaked 

gauze (separate from the full μCT analysis). Strain was calculated using the following 

formula:

where D is the actuator displacement in mm, h is the diameter in mm and L is the span 

length in mm. The load-displacement curve was divided into 4 equal segments from the end 

of the preload to the maximum load, and the slope of each segment was calculated. Stiffness 

and Elastic Modulus were defined from this maximum slope of the load-displacement and 

the corresponding slope of the stress-strain curve, respectively. Yield points were determined 

on both the load-displacement and stress-strain curves using a 0.2% offset strain from the 

maximum slope of the linear portion of the curve. The elastic region was identified as the 

region from the completion of the preload to the Yield Point. The plastic region was 

identified as the region from the Yield Point until the Failure Point. Failure was defined as 

fracture. A trapezoidal numerical integration method was used to determine both energy 

(area under the load-displacement curve) and resilience (area under elastic portion of the 
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stress-strain curve). Maximum Load and ultimate strength were determined by finding the 

highest load and strength values recorded by BLUEHILL, before the specimen failed.

Raman spectroscopy

Raman spectra were acquired from the cortex of intact tibiae using a confocal Raman 

microscope (inViaTM, Renishaw plc., Gloucestershire, England, UK), as described 

previously (30, 31). In brief, the tibiae were cleared of soft tissue, and stored in 70% ethanol 

until testing. The periosteum was stripped off from each sample at the midshaft area using a 

scalpel and a periosteal elevator. For Raman measurement, tibiae were mounted on a 

microscope slide using polymer clay with the proximal metaphyseal surface leveled 

horizontally. About 30 mW of 785 nm laser light was focused onto the cortical surface of the 

tibiae through a Leica N PLAN L50X/0.50 objective. The scattered Raman signals were 

collected via the same objective and coupled to a spectrometer inside the inViaTM Raman 

system. Three spectra per tibia were collected from the midshaft. Each measurement 

consists of three accumulations of 10 s exposure and has a spectral resolution of ~4 cm−1. 

All spectra were baseline corrected using a 5th-order polynomial fitting algorithm as 

previously described using custom written Matlab scripts (32). The peak heights were 

calculated from Raman signatures of bone, including phosphate ν1 (960 cm−1), phosphate 

ν2 (431 cm−1), proline (856 cm−1), carbonate (1072 cm−1), amide I (1665 cm−1), and amide 

III (1245 cm−1). Raman bands from proline and amides (I and III) respectively represent the 

contribution from collagen and the organic matrix (including collagen and non-collagenous 

proteins). Spectral parameters for composition analysis were determined as following-

collagen mineralization as indicated by mineral-to-collagen ratio (phosphate ν1/proline) (32, 

33) and mineral-to-matrix ratio (phosphate ν2/amide III) (34, 35); mineral crystallinity: 

reciprocal of the full width at half maximum of phosphate ν1 (100x) (33); carbonate-to-

collagen ratio: carbonate/proline (31); relative collagen content indicated by collagen-to-

matrix ratio (proline/amide I or III) (32).

Quantitative Backscattered Electron Imaging (qBEI)

Bone Mineralization Density Distribution (BMDD) was determined in mutant mice with a 

conditional allele of Fkbp10 with and without the Col1a1 Cre. Bone samples were fixed in 

70% ethanol, dehydrated in a graded series of alcohol and embedded in methylmethacrylate. 

Sectioned bone surfaces of sample blocks were sequentially ground with sand paper 

followed by polishing with diamond grains (size down to 1 μm) on hard polishing clothes by 

a precision polishing device (PM5 Logitech, Glasgow, Scotland). Finally, the sample surface 

was carbon coated by vacuum evaporation (Agar SEM Carbon Coater, Stansted, UK). 

Quantitative Backscattered Electron Imaging (qBEI) was performed separately in the 

metaphyseal spongiosa, the epiphyseal spongiosa, and the midshaft cortical bone, as 

described before (36–39). In total, 14 femurs were analyzed: 7 homozygous floxed without 

the Cre (3 male samples and 4 female samples) and 7 containing the Cre recombinase (3 

male samples and 4 female samples). Note: In one mutant femoral bone the epiphyseal 

region was missing, therefore BMDD in the epiphyseal region was evaluated only in 6 

mutant samples. Bone areas were imaged using a digital electron microscope (DSM 962, 

Zeiss, Oberkochen, Germany) and gray level histograms were deduced, which were 

transformed into calcium weight percent (wt% Ca) histograms. The derived BMDD 
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parameters are: (1) CaMean: the mean calcium concentration (weighted mean) (2) CaPeak: 

the most frequently occurring calcium concentration (the peak position of the BMDD) in the 

sample, (3) CaWidth: the width of the BMDD distribution (full width at half maximum) 

reflecting the heterogeneity in matrix mineralization, (4) CaLow: the percentage of low 

mineralized bone area, which is mineralized below 17.68 wt% Calcium. This cut-off 

corresponds to the 5th percentile of the reference BMDD in human adults and reflects the 

portion of bone area undergoing primary mineralization. (5) CaHigh: the percentage of 

highly mineralized bone matrix, which is mineralized above the 95th percentile value of the 

corresponding control animals BMDD. This value was defined from the BMDDs of controls 

at each skeletal site (metaphyseal, epiphyseal, and midshaft cortical bone).

Small Angle X Ray Scattering (SAXS)

For SAXS analyses the same resin embedded blocks were used as for qBEI. 100 μm thin 

bone sections were obtained by cutting with a low speed diamond saw and subsequent 

polishing. By this procedure, carbon coating was removed. Bone samples were analyzed 

with a Nanostar (Bruker AXS, Karlsruhe, Germany) device. The X-ray beam with a 

wavelength of 1.5418 Å and a diameter of about 200 μm in the focus was generated by an X-

ray generator (Bruker AXS, Karlsruhe, Germany) with a rotating copper anode operating at 

40kV and 100mA (Cu Kα radiation). The sample-to-detector distance was about 650 mm 

for the HI-STAR detector (Bruker AXS, Karlsruhe, Germany, pixel size 105.26 μm x 105.26 

μm). The calculation of the beam center and the exact sample-to-detector distance was done 

using a silver behante standard.

The T parameter is defined as:

with ξ being the mineral volume fraction and σ the total surface of the mineral particles per 

total tissue volume. Using the assumption that mineral particles have the shape of platelets 

and that the volume fraction of mineral particles is in the range of ξ ≈ 0.5, the T parameter 

represents directly the average mineral particle thickness (40–43). The SAXS data were 

analyzed by using the software DPDAK (directly programmable data analysis kit) (39, 44).

The average mineral particle thickness (T) was evaluated on 4 different sites (beam 

diameter: 500μm) on the midshaft cortical diaphysis of each bone sample.

Collagen Fibril Analysis/ Electron Microscopy

Femurs were collected from 3mo old male mice, both epiphyses were removed, and 

remaining midshaft cortical bone was spun down to remove bone marrow. Bones were then 

collected in DMEM tissue culture media. Samples were then decalcified using microwave-

mediated EDTA treatment. The ends of the bone were trimmed to ensure no trabecular bone 

remained, along with any tendon fragments. They were then cut into 4 longitudinal strips, 

followed by cuts to 1mm lengths. An OMNI 2000 homogenizer was used to shear the bone 

into smaller fragments, followed by homogenization with a glass homogenizer and Teflon 
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plunger (on ice). 5μl of homogenate with the collagen fibrils in solution was placed onto the 

surface of a glow-discharged carbon coated 600 mesh grid, incubated 1–2 minutes, then 5μl 

of 4% phosphotungstic acid was added. The grids were dried and examined on a FEI G200 

operated at 120KV. Images were taken at a magnification of 150,000x (when printed to a 

final width of 8 inches) at random locations of the grid, and showed between 1–12 

individual collagen fibrils per image. Femurs of two pairs of one Fkbp10fl/fl and Col1-Cre; 
Fkbp10fl/fl littermate mouse each were used, 30–37 images per sample were analyzed. The 

diameter of the collagen fibrils was measured using Image J (45), resulting in a total amount 

of fibrils measured between 87 and 158 per mouse femur (n=158 for WT and n=100 for 

mutant in the first pair, n=87 and n=102 in the second pair).

Statistical analyses

For histomorphometry, mass spectrometry and Raman spectroscopy, student s t-test was 

performed between the two genotypes for each parameter. The BMDD parameters obtained 

for three tissue ages and the mineral particle thickness (T) were separately analyzed. For 

μCT and BMDD, we performed 2-way ANOVA to test for the simultaneous effect of gender 

and genotype, followed by a pairwise comparison using Tukey’s multiple comparison post-

tests using GraphPad Prism (version 6.0f) and SigmaPlot. Since the differences among the 

different BMDD parameters between gender and genotype were marginal, we pooled 

samples from males and females for a repeated measure analysis of the influence of tissue 

age using GraphPad Prism (version 6.0f). For all analyses, p < 0.05 was considered 

significantly different.

Results

Generation of a conditional Fkbp10 mouse model

Mice previously derived from the European Conditional Mouse Mutagenesis Program 

(EUCOMM) -ES cells (Fkbp10tm1e/+) (24) were bred with mice expressing germline 

flippase mice under the Gt(ROSA)26Sor promoter to delete the region between the flippase 

recognition target (FRT) sites and to create a conditional line (Fkbp10fl/fl) (Figure 1A). 

Fkbp10fl/fl mice (herein fl/fl) were then bred to the rat Col1a1 2.3kb Cre recombinase line to 

conditionally remove Fkbp10 in osteoblasts (Col1-Cre; Fkbp10fl/fl) (Figure 1A) (46). 

Western blot analysis of calvarial bone extracts from 3-month old mice revealed that 

FKBP65 expression is absent in Col1-Cre; Fkbp10fl/fl mice (herein fl/fl Cre+) compared 

with Cre-negative controls (herein fl/fl) (Figure 1B). In general, fl/fl Cre+ mice showed no 

obvious defects in the overall morphology of the skeleton by X-ray imaging (Figure 1C).

Osteoblast derived Fkbp10 is dispensable for postnatal bone mass and does not affect 
bone cellular composition

To determine if conditional deletion of Fkbp10 in osteoblasts affects postnatal bone mass 

and microarchitecture, femurs and spines from 3-month old mice were collected and 

analyzed by micro-computed tomography (μCT). In femurs, the distal metaphyseal 

trabecular bone and the cortical bone at the midshaft of femurs in both male and female 

mice did not show any differences in bone volume over tissue volume (BV/TV), bone 

surface over bone volume (BS/BV), trabecular number (Tb.N.), trabecular thickness 
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(Tb.Th.), trabecular separation (Tb.Sp.) or cortical thickness (Ct.Th.) in mutant mice when 

compared with Cre-negative littermate controls (Figure 2A, Supplementary Figure 1A), 

although significant differences in these parameters was observed between male and female 

mice, regardless of the genotype (Table S1). Similarly, spines from male mice did not show 

differences in BV/TV or BS/BV compared with spines of control mice, whereas mild 

reductions were observed in Tb.N and connectivity density (Conn.D.), which was 

accompanied by a concomitant increase in Tb.Sp (Figure 2B). Spines from female mice 

showed no significant changes in these μCT parameters (Supplementary Figure 1B).

We next assessed both static and dynamic histomorphometric parameters from spines of 3-

month old male mice to identify changes in osteoblast (bone forming cells) and osteoclast 

(bone resorbing cells) numbers and osteoblast activity in fl/fl Cre+ mice. Consistent with 

findings from μCT analyses, only a mild yet significant reduction in Tb.N and increase in 

Tb.Sp were identified in fl/fl Cre+ mice compared to littermate controls (Figure 3). 

However, osteoblast numbers (N.Ob/BS), osteoclast numbers (N.Oc/BS) and osteocyte 

density (N.Ot/B.Ar) were not significantly changed in bone of fl/fl Cre+ mice compared 

with fl/fl bone. In addition, neither mineral apposition rate (MAR) nor bone formation rate 

(BFR/BS) were altered in fl/fl Cre+ mice, indicating normal osteoblast function. 

Furthermore, we did not find any evidence of changes in osteoid (unmineralized bone) 

parameters (osteoid volume (OV), osteoid surface (OS)) (Figure 3). Taken together, these 

results indicate that osteoblast derived Fkbp10 is mostly dispensable for postnatal bone mass 

and bone cellular composition. Unlike in OI caused by collagen glycine substitutions and/or 

defects in 3-prolyl-hydroxylation, we do not observe a high bone turnover state at the 

cellular level.

Osteoblast specific deletion of Fkbp10 leads to impaired bone mechanical properties, 
altered collagen crosslinking and collagen fibril diameter, and reduced collagen 
mineralization and crystal size

Next, we examined whether loss of Fkbp10 in osteoblasts affected bone mechanical 

properties and mineralization parameters. Three-point bending analysis was performed on 

femurs obtained from male mice at 3-months of age (n=6 or 8 per group). Although the 

extrinsic biomechanical parameters (=whole bone level) of femurs of fl/fl Cre+ mice were 

not different compared with fl/fl femurs, there was a significant decrease in the intrinsic 

parameters (= tissue level, corrected for femur geometry) of ultimate strength and elastic 

modulus, suggesting impaired bone tissue properties of bones of the mutant mice. However, 

unlike in other forms of OI (47, 48), the femurs did not exhibit significantly increased 

brittleness (determined by reduced plastic displacement and strain) (Table 1).

The quality of collagen cross-linking was assessed in femoral and tibial bone by mass 

spectrometry to determine telopeptide lysine hydroxylation and HPLC for pyridinoline 

content. The C-telopeptide domain of type I collagen was underhydroxylated in fl/fl Cre+ 

bone (Figure 4A and 4C). Consistent with this observation, the total content of mature 

crosslinks (HP+LP) in fl/fl Cre+ bone was significantly reduced whereas the 

hydroxylysylpyridinoline/lysylpyridinoline (HP/LP) ratio was unaltered compared with 

control fl/fl littermate bone (Figure 4D and 4E).
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In order to examine the effects of Fkpb10 deletion on collagen fibril diameter, we performed 

electron microscopy of collagen fibrils in bone samples of fl/fl Cre+ compared with control 

mice. Quantifying the diameter of collagen fibrils isolated from decalcified cortical bone 

samples, we observed a subtle trend towards an increased number of fibrils with larger 

diameters in the mutant samples compared to controls (Figure 5).

To understand if these changes in crosslinking translate into an altered bone material 

composition, Raman spectroscopy was performed on tibiae bones of male mice. No 

significant changes were detected in mineral crystallinity or relative collagen content 

between genotypes (Figure 6). The collagen mineralization (phosphate V1/proline and 

phosphate V2/amide III), and carbonate-to-collagen ratio reduced in the mutant bone 

samples, indicating decreased hydroxyapatite and carbonate content with Fkbp10 mutation.

Additionally, to determine alterations of the mineral content across the femur in fl/fl Cre+ 

mice, we performed quantitative backscattered electron imaging (qBEI) to assess Bone 

Mineralization Density Distribution (BMDD) in femurs of male and female mice. Three 

regions of interest corresponding to different tissue ages were evaluated: the metaphyseal 

spongiosa, the epiphysis and the midshaft cortical bone (Figure 7A). In both control and 

mutant mice, the BMDD curve was shifted towards higher mineral content in cortical 

midshaft bone compared to metaphyseal cancellous bone, reflecting differences in tissue age 

(Figure 7B). 2-Way ANOVA revealed no interaction between gender and genotype (Table 

S1). The average mineral content (CaMean) of the bone tissue at the three regions of interest 

was similar independently of gender or genotype. Only in the metaphyseal spongiosa we 

found that the heterogeneity in mineralization (CaWidth) and the portion of lowly 

mineralized bone (CaLow) were affected by gender. At all other sites no major differences 

were observed (Table S1). Since the differences in BMDD parameters between gender and 

genotype were marginal, we pooled the samples from males and females for a repeated 

measures analysis of the influence of tissue age. There was a significant increase in CaMean, 

CaPeak from the metaphyseal spongiosa, to the epiphyseal spongiosa to the cortical 

midshaft bone whereas CaLow was decreasing with tissue age (Figure 7C). The same 

femurs were then subjected to analysis by small angle x-ray scattering (SAXS) to determine 

mineral particle thickness in cortical midshaft bone. The main effects of gender and 

genotype cannot be properly interpreted since the interaction term was significant as 

revealed by 2-Way ANOVA (see Table S1, last row). Post-hoc tests showed that mineral 

particle thickness was significantly elevated in femurs of male control mice compared to 

female controls, male and female mutants (Figure 7D).

Discussion

FKBP10 mutations can cause Osteogenesis Imperfecta (OI) and Bruck Syndrome in human 

patients (11, 13, 22). Given these skeletal phenotypes, as well as the embryonic and 

postnatal expression patterns of Fkbp10 in skeletal tissue (24), in this study we characterized 

the effects of osteoblast specific ablation of Fkbp10 on the bone phenotype in mice. 

Unexpectedly, bone mass and most microarchitectural parameters assessed by μCT were not 

affected by conditional Fkbp10 deletion, except in vertebrae of male mutant mice, where the 

Tb.N was decreased and Tb.Sp was increased. Histomorphometric analyses of vertebrae 
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were consistent with trabecular μCT parameters, but did not reveal changes in the osteoid 

(unmineralized bone matrix) content, osteoblast numbers, osteoclast numbers or osteocyte 

density, mineral apposition rate or bone formation rate. Thus, deletion of Fkbp10 in 

osteoblasts had only minor effects on the quantity or dynamics of bone formation, or balance 

of osteoblasts and osteoclasts, which are commonly affected in human patients and mouse 

models of OI (10, 12, 49–52).

Despite the lack of dramatic changes in bone quantity, we observed impaired bone quality 

parameters in the mutant mice. For instance, biomechanical analysis demonstrated that the 

femurs of mutant mice were weaker (reduced ultimate strength) and exhibited a decrease in 

elastic modulus. Unlike other OI models where dramatically increased brittleness was 

observed, we saw a relatively small, but insignificant, increase in brittleness parameters in 

these animals. In this study, the reductions in post-yield properties ranged from 12–18% and 

our sample size was not large enough to be able to detect reductions less than 30% with 

sufficient power. Based on previous studies showing diminished stable collagen-crosslinking 

in bone of patients with OI due to FKBP10 mutations (23, 53), and our studies showing a 

lack of telopeptide lysine hydroxylation in early calvarial bone of a systemic Fkbp10 
knockout mouse model (24), we evaluated the enzymatic collagen crosslinks in the 

conditional knockout model (23, 24). The results showed an approximately 50% decrease in 

HP +LP pyridinoline crosslinks in the long bones of mutant mice compared with littermate 

controls. Statistical analysis between the total collagen crosslinks and telopeptide lysine 

hydroxylation showed a strong Pearson correlation with high significance (r=0.890, 

p=0.007), indicating that decreased crosslinking in mutant mice is associated with 

underhydroxylation of telopeptide lysines.

While the ratio of HP/LP was unchanged in mutant mice, the HP + LP amount was 

decreased, suggesting that telopeptide lysines are underhydroxylated. However, the degree 

of underhydroxylation of telopeptide lysines in the mutant mice was not as severe as that 

observed in Bruck syndrome patient bone samples (23). Potential causes for this discrepancy 

may include contributions of collagen or FKBP65 from additional tissue types. The latter 

can be partly explained by the presence of residual FKBP65 protein in long bones (Figure 

S2), which is not observed in calvaria (Figure 1). Alternatively, it could reflect redundancy 

of another unknown protein in mice that is not as relevant in the human context, which may 

compensate for the decrease in lysyl hydroxylase activity in mice. In addition, we cannot 

exclude the possibility that this may be caused by differences in age and the lack of 

extensive studies from human patient samples. These possibilities will require further 

investigation to identify the precise molecular mechanisms. Due to the reduction in collagen 

crosslinks and potential for altered collagen structure, we analyzed the collagen fibril 

diameters by EM imaging, and found trends to increased collagen fibril diameters in bones 

of mutant compared with fl/fl mice. However, further studies are needed to correlate the 

reduction in permanent collagen crosslinking with the increasing trend in fibril diameter.

To determine the effects of osteoblast specific Fkbp10 deficiency and reduced telopeptide 

collagen crosslinks on bone material composition in Fkbp10 conditional mutant mice, we 

performed Raman spectroscopic analysis. Interestingly, we discovered that conditional 

deletion of Fkbp10 in osteoblasts reduced the mineral-to-collagen ratio and the carbonate-to-
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collagen ratios. While no significant difference was observed in collagen content in relation 

to the organic matrix, the reduced mineral-to-collagen ratio indicates less mineralization in 

the Fkbp10 mutant mice. These results are consistent with Raman spectroscopy analysis 

performed in fibroblasts of patients with FKPB10 mutations (53). Further analysis of the 

bone mineralization density distribution by qBEI revealed no changes in the mean degree of 

mineralization, heterogeneity of mineralization, or proportions of lowly or highly 

mineralized bone areas in femurs of mutant mice, although some gender-specific 

mineralization patterns were observed in the youngest bone tissue (i.e. in the metaphyseal 

spongiosa) for heterogeneity of mineralization. Together, this indicates that Fkbp10 is 

necessary for normal bone mineralization and carbonate/matrix ratios, independently of 

mineral concentration. Still, these experiments are not sufficient to address the spatial 

arrangement and size of mineral nanocrystals, which are important contributors to bone 

quality and biomechanical strength (2, 7, 41). Therefore, we performed SAXS to determine 

hydroxyapatite crystal size. Interestingly, Fkbp10 mutant bones exhibited a significant 

reduction in mineral particle thickness compared to male controls, whereby an interaction 

between gender and genotype effects cannot be excluded. Taken together, our findings show 

that although there is no evidence of an overall altered mineral content in Fkbp10 mutant 

mice, the ratios of mineral to matrix components are perturbed in lieu of the aberrant 

collagen crosslinking and may provide clues to the role of crosslinking in matrix 

organization.

The mechanical competence of bone is affected by bone molecular compositions that are 

arranged in a hierarchical structure. In this study, we investigated mineral properties at 

multiple scales to determine the potential effects of Fkbp10 on bone mineralization: qBEI 

and μCT are surrogates of bone mineral density and distribution at tissue level, Raman 

spectroscopy assesses mineral-to-collagen ratio microscopically in micron scale, and SAXS 

analyzes the nanocrystal size of mineral. While no significant differences have been 

observed in tissue-level mineralization, the amount and crystal size of hydroxyapatite 

demonstrated notable reduction with Fkbp10 mutations at micron- and nano-scales 

respectively although the observed interaction between gender and genotype could interfere 

with this difference. This finding indicated that Fkbp10 might affect matrix mineralization at 

the microscopic level.

In summary, loss of Fkbp10 in osteoblasts does not result in dramatic changes in bone 

quantity, but leads predominantly to qualitative changes of the bone material, together with a 

decrease in permanent collagen crosslinking bonds at telopeptide sites, a decrease in mineral 

particle thickness, and reduced overall bone biomechanical strength. The phenotype 

ascertained in this model is clearly less severe than in OI/Bruck Syndrome human patients 

with loss of function FKBP10 mutations, possibly due to the lesser reduction of collagen 

crosslinks. Regardless, the results of this study highlight the importance of molecular 

changes in collagen crosslinking, bone mineralization, and crystal size on determining bone 

strength and quality. Further investigation is warranted to develop methods that can enhance 

bone quality for which this mouse model may provide a valuable tool.
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Figure 1. Conditional Knockout of Fkbp10
(A) Fkbp10 EUCOMM mice were bred to transgenic mice expressing germline flippase to 

generate a conditional allele. The Col1a1 2.3kb Cre was used to conditionally ablate Fkbp10 
in osteoblasts. (B) Western blot of FKBP65 deletion in 3-month old calvarial samples. (C) 

Radiographs of 3-month old male mice do not show any gross phenotypes.
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Figure 2. Quantitative μCT Analysis
Bone parameters by μCT of (A) femurs and (B) spines in 3-month old male mice. 

Parameters as follows: bone volume/tissue volume (BV/TV), bone surface/bone volume 

(BS/BV), trabecular number (Tb.N), trabecular thickness (Tb.Th.), trabecular separation 

(Tb.Sp.), connectivity density (Conn.D.) Data are presented as means ± SD. *p<0.05 

(Student’s t-test), n=9 for control and n=7 for mutant.
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Figure 3. Histomorphometric Analysis
Histomorphometric analysis of the L4 vertebrae of 3-month old male mice. Parameters are 

bone volume/ tissue volume (BV/TV), bone surface/bone volume (BS/BV), trabecular 

number (Tb.N), trabecular separation (Tb.Sp.), osteoid volume/bone volume (OV/BV), 

osteoid surface/bone surface (OS/BS), number of osteoblasts/bone surface (N.Ob/BS), 

osteoblast surface (Ob.S./BS), number of osteoclasts/bone surface (N.Oc./BS), osteoclast 

surface/bone surface (Oc.S/BS), number of osteocytes/bone area (N.Ot./B.Ar), mineral 

apposition rate (MAR) and bone formation rate (BFR/BS). Values are means ± SD, *p<0.05 

by Student’s t-test. N=7 per group.
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Figure 4. Post-translational Collagen Modification and Cross-linking
(A) SDS-PAGE of CNBr digested bone and mass spectral analysis of in-gel trypsin digested 

α1(I) CB6. The C-terminal tryptic peptide shown reveals the α1(I) C-telopeptide lysine 

hydroxylation state. (B) MS/MS fragmentation spectra of parent ion (1241.23+) from fl/fl 

and fl/fl Cre+ bone α1(I). The fl/fl Cre+ spectrum shows both lysine and hydroxylysine 

fragment ions, whereas only hydroxylysine fragment ions are present in the control. (C) 

Quantitation of bone collagen C-telopeptide lysine hydroxylation by mass spectrometry. (D) 

The hydroxylysylpyridinoline/lysylpyridinoline (HP/LP) ratio was not altered in mutant 

compared to control littermate bones, but the total crosslinks (HP+LP) were significantly 

reduced in both the femur and tibia (E). Statistical analyses were performed by Student’s t-

test for each parameter. N=3–4 per group, values in mean ± SD, *p<0.05.
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Figure 5. Collagen Fibril Diameter
(A) Representative electron microscopy images of collagen fibrils, extracted from femoral 

bones of fl/fl Cre+ mice and control littermates, are shown from paired samples. (B and C) 

Quantification of the diameters of collagen fibrils are shown from two littermate pairs of 

control and mutant mice. 87–158 individual fibrils were measured in 30–37 separate image 

fields from each bone.
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Figure 6. Raman Spectroscopy
Mineralization (phosphate V1/proline and phosphate V2/amide III), and carbonate/matrix 

(carbonate/proline) ratios were significantly reduced in tibias from 3-month old male mice. 

Crystallinity (100/phosphate V1 width) and protein/matrix (amide/CH2) were unchanged. 

n=7, values in mean ± SD, *p<0.05.
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Figure 7. Bone Mineralization Density Distribution (BMDD) of Femurs
(A) Quantitative backscattered electron image (qBEI) of a wild type femur showing three 

regions of interest with different bone tissue age (metaphysis, epiphysis, cortical bone). (B) 

Example of BMDD curves in cortical bone and the metaphysis of fl/fl control and fl/fl Cre+ 

mice. Note that cortical bone is more highly mineralized than metaphyseal cancellous bone, 

reflecting higher (less remodeled) tissue age. However, at the same skeletal site, BMDD 

curves are unchanged between groups. (C) Results of Repeated Measures ANOVA with 

multiple comparisons. CaMean and CaPeak increase significantly in fl/fl controls as well as 

in fl/fl Cre+ mutants from metaphysis, to epiphysis to cortical bone, whereas CaLow 

decreases progressively with tissue age. CaWidth and CaHigh are not significantly affected 

by tissue age. For each point n=7 (three males and four females, pooled). Data are mean 

(±SD) *p<0.05, **p<0.01, ***p<0.001, ****p <0.0001. (D) Mineral particle thickness (T 

parameter) determined by small angle x-ray scattering (SAXS) is reduced in mutant male 

and female femurs compared to male controls, but not in female counterparts. N =3 (males) 

or 4 (females). Values in mean (± SD). Statistical analyses two-way ANOVA with multiple 

comparisons. *p<0.05; **p<0.01.
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