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A B S T R A C T

Lysyl hydroxylase 2 (LH2) catalyzes the hydroxylation of lysine residues in the telopeptides of type I collagen.
This modification is critical for the formation of stable hydroxylysine-aldehyde derived collagen cross-links, thus,
for the stability of collagen fibrils. Though dysfunction of LH2 causes Bruck syndrome, recessive osteogenesis
imperfecta with joint contracture, the molecular mechanisms by which LH2 affects bone formation are still not
well understood. Since the Plod2 knockout mice are embryonically lethal, we generated bone-specific LH2
conditional knockout mice (bsLH2-cKO) using the osteocalcin-Cre/loxP system, and evaluated phenotypes of
femurs. LH2 mRNA and protein levels assessed by qPCR, immunohistochemistry and Data Independent Acqui-
sition proteomics were all markedly low in bsLH2-cKO femurs when compared to controls. Lysine hydroxylation
of both carboxy- and amino-terminal telopeptides of an α1(I) chain were significantly diminished resulting in
reduction of the hydroxylysine-aldehyde derived cross-links. The collagen fibrils in bsLH2-cKO appeared to be
thicker, often fused and irregular when compared to controls. In addition, bone mineral density and mechanical
properties of bsLH2-cKO femurs were significantly impaired. Taken together, these data demonstrate that LH2-
catalyzed modification and consequent cross-linking of collagen are critical for proper bone formation and
mechanical strength.

1. Introduction

Collagens represent a large family of structurally related proteins
involving more than 40 distinct genes that produce at least 28 distinct
collagen types [1]. Among these members, fibril-forming type I collagen
(Col1) is the most abundant type in vertebrates providing tissues with
form and stability. It is a heterotrimeric molecule composed of two α1
and one α2 chain, and the molecule consists of three structural domains:
an amino (N)-terminal non-helical (N-telopeptide), a central triple he-
lical and a carboxy (C)-terminal non-helical domains (C-telopeptide)
[2]. They are packed into a fibril in the extracellular space. The
biosynthesis of Col1 involves a number of post-translational modifica-
tions (PTMs) in- and outside of the cell. One of the unique and

functionally critical PTMs are those of specific lysine (Lys) residues, i.e.
5-hydroxylation, mono- and di-glycosylation of hydroxylysine (Hyl)
residues that occur in the endoplasmic reticulum (ER), then oxidative
deamination of Lys and Hyl in both N- and C-telopeptides and finally the
formation of covalent cross-links in the extracellular space [2]. These
Lys PTMs, except the final cross-linking reactions, are catalyzed by
specific enzyme groups such as lysyl hydroxylases 1–3 (LH1-3) for Lys
hydroxylation, glycosyltransferase 25 domain containing (GLT25D) 1
and 2 for galactosylation of Hyl forming galactosylhydroxylysine
(G-Hyl), LH3 for glucosylation of G-Hyl forming glucosylgalactosylhy-
droxylysine (GG-Hyl) and lysyl oxidases (LOXs) for oxidative deamina-
tion of telopeptisyl Lys and Hyl forming reactive Lys aldehyde (Lysald)
and Hylald, respectively. The aldehydes then spontaneously undergo a
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series of condensation reactions to form covalent intra- and intermo-
lecular cross-links. The extent of these Lys modifications varies from
tissue to tissue and provides the basis for the tissue-specific cross-linking
pattern, i.e. quantity, types and maturation [2]. The abnormal Lys
modifications and cross-linking directly cause and/or associated with
various pathologies such as Ehlers-Danlos syndrome type VI [3,4],
hyperelastosis cutis [5], osteoporosis [6], fibrosis/keloid [7–10],
recessive dystrophic epidermolysis bullosa [11,12], recessive osteo-
genesis imperfecta [13–16].

Among LH family members, LH2 is unique in its ability to hydrox-
ylate Lys and Hyl residues in telopeptides [7,17–19] and this function
apparently cannot be compensated by other LH family members [20].
Since the telopeptidyl Hylald-derived cross-links are chemically stable,
LH2 is a critical determinant for the stability of collagen fibrils [20].
Dysfunction of both LH2 and its chaperone molecule FKBP65 [21,22]
results in the lack of Lys hydroxylation in Col1 telopeptides that causes a
rare autosomal recessive osteogenesis imperfecta, Bruck syndrome (BS)
types II and I, respectively. Both types are clinically indistinguishable
[23] indicating the cause of both BR types to be the defective LH2
activity.

Though these studies demonstrate the critical role of LH2 in BS, it is
still not clear if the bone phenotype is a result of net effect of global LH2
disfunction or specific to bone without been affected by other tissues and
organs. We previously reported that the global LH2 knockout (KO) mice
die at an early embryonic stage [24]. Thus, to obtain insight into the
function of LH2 in bone formation in vivo, we generated bone-specific
LH2 conditional knockout mice (bsLH2-cKO) mice using the osteo-
calcin (OC)-Cre/loxP system and investigated the effects of bsLH2-cKO
on bone at biochemical, morphological and biomechanical levels.

2. Materials and methods

2.1. Ethics statement

Animals were cared for following the guidelines of Chiba University.
All of the animal experiments were approved by the Chiba University
Review Board for Animal Care (Protocol, A29-212). The present study
was reported in accordance with the ARRIVE 2.0 Essential 10 guidelines
(https://arriveguidelines.org). All mice were housed under diurnal
lighting conditions and allowed free access to food and water.

2.2. Generation of LH2F/F OC-Cre mice

LH2F/F OC-Cre (bsLH2-cKO) mice were generated according to the
protocol in Supplemental Materials and Methods.

2.3. Polymerase chain reaction (PCR)

Genotyping and Cre-mediated DNA recombination were analyzed by
PCR using specific primer sets. The PCR primers list has been described
previously [25]. Briefly, PCR was carried out in a 50 μl reaction volume
containing 0.25 μl Ex Taq polymerase (TaKaRa, Shiga, Japan), 4 μl dNTP
mix (TaKaRa), 1 μl of each primer, 5 μl Ex Taq buffer (TaKaRa), 5 μl
cDNA, and 33.75 μl nuclease-free water. The reaction was performed at
94 ◦C for 2 min, followed by 33 cycles of 94 ◦C for 30 s, 60 ◦C for 35 s,
72 ◦C for 35 s, and a final extension cycle at 72 ◦C for 5 min. The PCR
product size was determined by electrophoresis on 3 % agarose gels.

2.4. Histological and immunohistochemical analyses

4-μm sections of paraffin-embedded femurs were cut and subjected
to hematoxylin and eosin (H&E), Picrosirius Red (PSR), and immuno-
histochemical (IHC) analyses, according to the protocol in Supplemental
Materials and Methods.

2.5. Data Independent Acquisition (DIA) proteomic analysis

DIA proteomic analysis was performed to characterize and evaluate
protein levels in the femurs of LH2F/F and LH2F/F OC-Cre mice (n = 3),
according to the protocol described previously [26]. Volcano plots were
evaluated for protein expression variation between the LH2F/F and
LH2F/F OC-Cre mice.

2.6. Characterization of collagen fibrils and bone properties

In this study, we used femurs obtained from 8-week-old male mice.
To assess the morphology of femurs, transmission electron microscope
(TEM), micro-computed tomography (μCT) analysis, and three-point
bending test were performed according to the protocol in Supple-
mental Materials and Methods.

2.7. Cross-link and Lys modifications of telopeptides in Col1

Collagen cross-links and site occupancy of Lys hydroxylation in the
telopeptides of Col1 were analyzed according to the protocol in Sup-
plemental Materials and Methods.

Fig. 1. Establishment of LH2F/F OC-Cre mice and evaluation of LH2 levels
by immunohistochemical analyses. (A) Confirmation of bsLH2-cKO in tails
by genotyping PCR. Genomic DNA was extracted from the tails of six types of
mice (LH2+/+, LH2+/+ OC-Cre, LH2F/+, LH2F/+ OC-Cre, LH2F/F, and LH2F/F

OC-Cre). Floxed allele, 1028 bp; wild allele, 926 bp. (B) Representative HE
images of femurs from LH2F/F and LH2F/F OC-Cre mice. There are no evident
differences in cancellous and cortical regions of femurs between the LH2F/F and
LH2F/F OC-Cre mice. Original magnification, ×40 and × 200; Scale bars, 300
μm and 50 μm.
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2.8. Statistical analysis

The Welch’s t-test were used to analyze statistical differences, and P-
values below 0.05 were considered statistically significant. The data are
expressed as the mean ± the standard deviation (SD).

3. Results

3.1. Generation of LH2F/F OC-Cre mice

The bsLH2-cKO was generated using the OC-Cre/loxP system. We
performed PCR analysis of genomic DNA extracted from tails of six types
of mice (LH2+/+, LH2+/+ OC-Cre, LH2F/+, LH2F/+ OC-Cre, LH2F/F, and
LH2F/F OC-Cre), using previously reported primer sets [25]. Since LH2
floxed (LH2F) allele includes two loxP and a FRT sites, PCR product sizes
of LH2F and LH2+ alleles were 1028 bp and 926 bp, respectively, as
shown in Fig. 1A (upper panel). We also used OC-Cre primers to confirm
the bone-specific expression of Cre recombinase (Fig. 1A; lower panel).

Histological images of cancellous and cortical bones of femurs
(LH2F/F and LH2F/F OC-Cre) are shown in Fig. 1B. Based on the H&E
staining, there were no obvious differences in both regions between
LH2F/F and LH2F/F OC-Cre mice. The LH2 protein levels in these regions
of femurs were then assessed by IHC (Fig. 2A). The levels of immuno-
reactivities for LH2 in LH2F/F OC-Cre mice were significantly lower in
both cancellous and cortical regions than those in LH2F/F mice (Fig. 2A;
P < 0.05). In addition to the bone-associated cells, the hypertrophic
chondrocytes in the growth plate also showed positive immunoreac-
tivity for LH2 in LH2F/F mice but the reactivities were significantly lower
in LH2F/F OC-Cre mice (yellow arrows). In the cortical bone, weak im-
munoreactivities were seen in osteocytes in LH2F/F mice (red arrows)
but almost absent in LH2F/F OC-Cre mice. The LH2 IHC scores for the
cells of cancellous bone areas ranged from 72.3 to 88.8 (median, 76.2)
and 20.6 to 30.6 (median, 25.6) in LH2F/F and LH2F/F OC-Cre mice,
respectively (P< 0.001), and those in the cortical bone ranged from 49.8
to 60.9 (median, 57.3) and 18.0 to 23.2 (median, 20.0) in LH2F/F and
LH2F/F OC-Cre mice, respectively (P < 0.05).

3.2. Immunohistological evaluations of relevant proteins in femurs in
LH2F/F OC-Cre mice

Protein levels of other LH isoforms, i.e. LH1 and LH3, in the
cancellous and cortical bone areas of LH2F/F and LH2F/F OC-Cre femurs
were assessed by IHC. Both LH1 and LH3 levels in both regions were not
significantly different between LH2F/F and LH2F/F OC-Cre femurs

(Fig. 2B and C). Col1 levels in these regions were also comparable be-
tween LH2F/F and LH2F/F OC-Cre femurs (Fig. 2D).

When subjected to PSR staining and observed under the polarized
light, LH2F/F cancellous bones showed a certain directionality of thick
fibers with green, orange and red colors indicating thick, tightly packed
and organized collagen fibers in this group. However, LH2F/F OC-Cre
cancellous bones showed a patchy appearance with a poor direction-
ality with green to orange colors indicating that the collagen fibers are
immature and are not packed in an orderly fashion (Fig. 3A). For the
cortical bones, LH2F/F also showed a well-organized, lamellar structure
with yellow to red colors while LH2F/F OC-Cre a poorly organized, non-
lamellar structure with green to orange colors (Fig. 3A).

Quantitative image analysis under polarized light demonstrated that
the staining intensities of the red fibers in LH2F/F OC-Cre mice were
significantly lower than those of LH2F/F mice and the green significantly
higher than those of LH2F/F mice (Fig. 3A).

3.3. Proteomic analysis of femurs in LH2F/F OC-Cre mice

We performed DIA proteomics analysis to assess the protein
expression patterns in the femurs of LH2F/F OC-Cre mice as compared to
those of LH2F/F. Volcano plots revealed that 75 and 250 proteins were
significantly up and downregulated more than two-fold, respectively, in
LH2F/F OC-Cre femurs when compared to LH2F/F femurs (Fig. 2E).
Consistent with the IHC data, LH2 expression was markedly decreased in
LH2F/F OC-Cre mice (Fig. 2E and F; P< 0.05). LH1, LH3, and Col1 levels
were not significantly different between LH2F/F OC-Cre and LH2F/F mice
(Fig. 2E and F; P > 0.05).

3.4. Characterization of collagen fibrils and mCT analysis

Typical cross-sectional views of the collagen fibrils in the femurs
from LH2F/F and LH2F/F OC-Cre mice are shown in Fig. 3B. The fibrils in
the LH2F/F mice were generally circular in shape and relatively uniform
while those in LH2F/F OC-Cre mice were irregular and frequently fused.
The distribution range of fibril diameters in the LH2F/F bones was
~10–70 nm with a mean value of 38.09 nm. The LH2F/F OC-Cre mice
showed wider diameters with a broad distribution range, i.e. 20–100 nm
with a mean value of 51.02 nm. The difference in the diameter between
the two groups was significant (Fig. 3B; P < 0.001).

We next evaluated bone mineral density (BMD) and bone volume
(BV) using 10 μCT slices from each of the 4 mice (n = 4). While there
were no significant differences in cortical and cancellous BV between
LH2F/F and LH2F/F OC-Cre femurs, the BMDs of both cortical and

Fig. 2. Evaluation of LH1, LH2, LH3 and Col1 levels by IHC and Proteomic analysis of femurs in LH2F/F OC-Cre mice. Representative IHC images for LH1,
LH2, LH3 and Col1 in cancellous and cortical regions of femurs from LH2F/F and LH2F/F OC-Cre mice. LH1, LH2, LH3 and Col1 expression levels are not significantly
different between LH2F/F and LH2F/F OC-Cre femurs. Original magnification, ×40 and × 200; Scale bars, 300 μm and 50 μm. DIA proteomics in LH2F/F and LH2F/F

OC-Cre femurs (n = 3). (A) Representative IHC images for LH2 in cancellous and cortical regions of femurs from LH2F/F and LH2F/F OC-Cre mice. In LH2F/F+ femurs,
intense immunoreactivities are evident in the areas of cancellous and cortical bone when compared to those from LH2F/F OC-Cre mice. Original magnification, ×40
and × 200; Scale bars, 300 μm and 50 μm. LH2 levels were calculated by the IHC scoring system (n = 3). The LH2 IHC scores for the cells of the cancellous bone
ranged from 72.3 to 88.8 (median, 76.2) and 20.6 to 30.6 (median, 25.6) in LH2F/F and LH2F/F OC-Cre mice, respectively. The LH2 IHC scores for the cells of the
cortical bone ranged from 49.8 to 60.9 (median, 57.3) and 18.0 to 23.2 (median, 20.0) in LH2F/F and LH2F/F OC-Cre mice, respectively. LH2 levels in LH2F/F OC-Cre
femurs are significantly lower than those of LH2F/F femurs. ***P < 0.001. (B) LH1 levels are calculated by the IHC scoring system (n = 3). The LH1 IHC scores for the
cells of the cancellous bone ranged from 47.9 to 57.7 (median, 50.4) and 45.4 to 62.8 (median, 54.3) in LH2F/F and LH2F/F OC-Cre mice, respectively. The LH1 IHC
scores for the cells of the cortical bone ranged from 23.0 to 34.4 (median, 29.5) and 21.5 to 33.5 (median, 28.9) in LH2F/F and LH2F/F OC-Cre mice, respectively. (C)
LH3 levels are calculated by the IHC scoring system (n = 3). The LH3 IHC scores for the cells of the cancellous bone ranged from 64.6 to 78.1 (median, 72.6) and 56.7
to 76.4 (median, 69.4) in LH2F/F and LH2F/F OC-Cre mice, respectively. The LH3 IHC scores for the cells of the cortical bone ranged from 40.8 to 46.3 (median, 44.7)
and 39.3 to 50.5 (median, 46.2) in LH2F/F and LH2F/F OC-Cre mice, respectively. (D) Representative IHC images for Col1 in cancellous and cortical regions of femurs
from LH2F/F and LH2F/F OC-Cre mice. Col1 expression levels are not significantly different between LH2F/F and LH2F/F OC-Cre femurs. Original magnification, ×40
and × 200; Scale bars, 300 μm and 50 μm. Col1 levels are calculated by the IHC scoring system (n = 3). The Col1 IHC scores for the cells of the cancellous bone
ranged from 64.7 to 84.0 (median, 73.6) and 62.4 to 77.5 (median, 67.4) in LH2F/F and LH2F/F OC-Cre mice, respectively. The Col1 IHC scores for the cells of the
cortical bone ranged from 40.5 to 63.0 (median, 54.4) and 45.2 to 66.1 (median, 51.8) in LH2F/F and LH2F/F OC-Cre mice, respectively. (E) Volcano plots of
significantly differentially expressed genes with P < 0.05 and more than a two-fold change or less than a 0.5-fold change in 75 upregulated and 250 downregulated
proteins. The X-axis represents the (log2) fold-change (FC) and the Y-axis represents the − log10 of the P-value. (F) LH2 expression levels in LH2F/F OC-Cre femurs
are significantly lower than in LH2F/F femurs. LH1, LH3, and Col1 expression levels are not significantly different between LH2F/F and LH2F/F OC-Cre femurs. *P <

0.05; NS, Not significant.
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cancellous regions in LH2F/F OC-Cre femurs were significantly lower
than in LH2F/F femurs (Fig. 3C; P < 0.01).

3.5. Bone mechanical properties of femurs

We then assessed the biomechanical properties of LH2F/F and LH2F/F

OC-Cre femurs using the three-point bending tests (Fig. 4A). The results
revealed that the elapsed time of breaking point, maximum load,
breaking load, breaking times, breaking placement, breaking energy,
and stiffness in LH2F/F OC-Cre femurs were all significantly lower than
those in LH2F/F femurs (Fig. 4B and C). These results demonstrated that
the load-bearing capacities in LH2F/F OC-Cre femurs were markedly
lower, i.e. more fragile, than those of LH2F/F, suggesting that LH2-
catalyzed collagen post-translational modifications are critical for
bone mechanical strength.

3.6. Collagen cross-link analysis of femurs in LH2F/F OC-Cre mice

The amino acid analysis revealed that the Hyl content in collagen,
calculated as Hyl/HypX300, was significantly decreased in LH2F/F OC-
Cre femurs compared to that of LH2F/F (Fig. 5A; P < 0.001). Using the
mass spectrometric analysis, we evaluated the extent of Lys hydroxyl-
ation in the telopeptides of Col1. The results demonstrated that, in LH2F/
F OC-Cre collagen, Lys residues in the α1 chain telepeptides (α1 Lys-9N
and α1 Lys-16C) were both significantly (P < 0.05) under-hydroxylated
compared to those of LH2F/F by ~80–90 % (Fig. 5B). There was a trend
of lower Hyl at α2 Lys-5N in LH2F/F OC-Cre Col1 that of LH2F/F but did
not reach the significant level (Fig. 5B). In all bone samples, reducible
cross-links, DHLNL, HLNL and HHMD, and non-reducible cross-links Pyr
and d-Pyr were identified and quantified. The results demonstrated that
the Hylald-derived cross-links, thus, LH2-mediated cross-links, Pyr, and
DHLNL were significantly (P< 0.01) decreased in LH2F/F OC-Cre femurs
compared to LH2F/F femurs (Fig. 5C). Another LH2-mediated cross-link,
d-Pyr, trended lower in LH2F/F OC-Cre femurs, but the difference did not
reach the significant level (Fig. 5C; P > 0.05). HLNL was markedly
increased in LH2F/F OC-Cre mice when compared to LH2F/F mice
(Fig. 5C). Even though this cross-link can be derived from Lysald×Hyl or
Hylald× Lys, given that telopeptidyl Lys hydroxylation in LH2F/F OC-Cre
collagen was markedly decreased, the increase of HLNL in LH2F/F OC-
Cre collagen is most likely the result of the increase of (Lysald × Hyl)
not (Hylald × Lys). The ratio of DHLNL to HLNL was significantly
decreased in LH2F/F OC-Cre femur collagen (Fig. 5C). The HHMD cross-
link, a non-LH2-mediated cross-link, tended to be lower in LH2F/F OC-
Cre femur collagen though the difference was not significant (Fig. 5C).
The ratio of the Hylald- (DHLNL, Pyr, and d-Pyr) to Lysald-derived
(HHMD) cross-links, i.e., LH2-mediated to -non-mediated cross-links,
were significantly (P < 0.01) lower in LH2F/F OC-Cre femurs than in
LH2F/F femurs (Fig. 5C). The total number of aldehydes involved in
cross-linking was significantly decreased in LH2F/F OC-Cre femurs
compared to LH2F/F femurs (P < 0.05) (Fig. 5C).

4. Discussion

The function of LH2 as telopeptidyl LH has been reported by several
groups employing correlational as well as gain-/loss-of-function studies
[17,27–29]. These early studies, however, primarily depended on the
collagen cross-link profile to characterize the state of telopeptidyl Lys
hydroxylation. Also, in these studies, no complete LH2 gene (Procolla-
gen-Lysine, 2-Oxoglutarate 5-Dioxygenase 2; Plod2) knockout cells or an-
imal models were established. Our attempt to generate the Plod2
knockout mice to study the LH2 function at the tissue and animal levels
was unsuccessful due to its early embryonic lethality [24]. Recently,
with the progress of proteomics and gene editing technology, we have
generated Plod2 knockout osteoblastic cells and characterized molecular
phenotypes of Col1 and its functional outcomes [20]. Gistelinck and
co-workers have generated a Plod2 non-sense zebrafish model and
showed its adverse effects on musculoskeletal development [30]. The
same group also analyzed bone Col1 in a patient with type II BS caused
by PLOD2 mutations and reported the lack of telopeptidyl Lys hydrox-
ylation in the sample. We have also reported bone phenotypes in LH2
heterozygous mice that expressed low levels of LH2 in this mouse model.
These in vivo studies have provided valuable insights into the function of
LH2 in bone development. However, a question remains: Do the bone
phenotypes observed in the LH2 mutant/deficient animals occur spe-
cifically in bone, if so, what would be the mechanisms, or are these
phenotypes a result of LH2 deficiency in the whole animal? To partially
address this question, we generated bone-specific LH2 conditional
knockout mice.

In the present study, we reported the generation of bsLH2-cKO mice
using an OC-Cre/loxP system and demonstrated that deficiency of LH2
in OC-expressing mature osteoblasts significantly affected the molecular
phenotypes of bone Col1, i.e. telopeptidyl Lys hydroxylation, cross-
linking, collagen fibrillogenesis, and bone quality as evaluated by
BMD and mechanical properties.

The Cre/loxP system is one of the most widely used techniques to
generate tissue-specific gene knockout mice. Several types of Cre mice,
such as OC-Cre, Osx-Cre, and Col1-Cre, have been used to generate bone-
specific conditional KO mice. Among them, we had adopted the OC-Cre
system because OC-Cre transgene becomes active beginning at E17
when bone formation begins [31], targets the mature osteoblast lineage
including osteocytes, and the activity is not detected in non-skeletal
tissues [31]. We first confirmed that the expression of LH2 was signifi-
cantly suppressed in bone without affecting other LH members, LH1 and
3, or Col1 (Fig. 2). This was also confirmed by DIA proteomics analysis
showing a marked suppression of LH2 (10-fold downregulation in
bsLH2-cKO bone) but no differences in LH1, 3 and Col1 (Fig. 2). Small
amounts of LH2 seen in IHC as well as DIA analyses of bone indicate that
LH2 is also expressed in cells such as preosteoblasts other than mature
osteoblasts, and osteocytes and hypertrophic chondrocytes where
osteocalcin is significantly expressed [32]. Incomplete recombination
efficiency and a potential off-target recombination [33] could also be
contributing factors. These need to be addressed in future studies.

Fig. 3. Histological evaluation, TEM and μCT analyses of femurs in LH2F/F OC-Cre mice (PSR). (A) Representative PSR images of cancellous and cortical
regions of femurs from LH2F/F and LH2F/F OC-Cre mice. PSR staining quantification of the mean intensity of red and green fibers in the cancellous and cortical
regions. The collagen fibers in the LH2F/F OC-Cre femurs show a green and, in some areas, orange/red color, whereas those of LH2F/F femurs show a relatively
uniform orange color. The mean intensity of red fibers in the cancellous and cortical regions of femurs from LH2F/F OC-Cre is significantly lower than those of LH2F/F

femurs. The mean intensity of green fibers in the cancellous and cortical regions of femurs from LH2F/F OC-Cre is significantly higher than those of LH2F/F femurs. (B)
Cross-section of femoral collagen fibrils in LH2F/F and LH2F/F OC-Cre mice under TEM. A total of 600 fibrils were measured for each sample and plotted. Collagen
fibrils of femurs in LH2F/F OC-Cre mice show an irregular distribution of fibril diameters, and the average diameter of collagen fibrils in LH2F/F OC-Cre mice is
significantly larger than that in LH2F/F mice. 600 fibrils in each group were measured from a single experiment and plotted. (C) Representative μCT images of the
coronal section of femurs (n = 4). Parameters for the CT scans were set as follows: tube voltage, 50 kVp; tube current, 145 μA; integration time, 3.6 ms; axial field of
view, 60 mm, with an isotropic voxel size of 60 × 30 μm, according to the manufacturer’s instructions. Regions of interest (ROI) were defined as areas of cancellous
bones below the proximal growth plate (proximal portion) and the cortical bones in the central portion of the femur. In the cortical area, cortical BMD is significantly
lower than in the femurs of LH2F/F. In the cancellous area of LH2F/F OC-Cre femurs, cancellous BMD and total BMD are significantly lower than in the femurs of LH2F/
F mice. Cortical BV, cancellous BV, and total BV are not significantly different between LH2F/F and LH2F/F OC-Cre femurs. *P < 0.05; **P < 0.01; and ***P < 0.001;
NS, Not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Bone mechanical strength of femurs in LH2F/F OC-Cre mice. Mechanical properties of LH2F/F and LH2F/F OC-Cre femurs (n = 4). (A) Illustration of the
three-point bending test in LH2F/F and LH2F/F OC-Cre mice. (B, C) Maximum load, breaking load, breaking times, breaking placement, elapsed time of breaking
point, breaking energy, and stiffness in LH2F/F OC-Cre femurs are significantly lower than in LH2F/F femurs. *P < 0.05; **P < 0.01; and ***P < 0.001.
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Interestingly, osteocalcin-expressing tissues such as cartilage (Fig. 1B)
and ligament [34] appear unaffected at least at the light microscopic
level indicating that LH2 deficiency mainly impair bone tissues.
Expression levels of major cartilage components such as type II collagen
(Col2) and aggrecan were not significantly changed in LH2F/F OC-Cre
mice compared with LH2F/F (Appendix Fig. 1). The tissue-specific ef-
fect of LH2 deficiency needs to be addressed in future studies. As for the
collagen phenotypes in bsLH2-cKO bones, at the light microscopic level,
collagen fibers in both cancellous and cortical bones appear to be

immature and less organized compared to those of controls (Fig. 3A). At
the ultrastructural level, collagen fibrils in bsLH2-cKO bones were
frequently fused and showed a broad distribution of fibril diameters
(Fig. 3B). Since fibrillar Col1 functions as a 3-dimensional template for
mineralization [35], such structural abnormalities likely cause defective
mineralization of bone leading to lower BMD and inferior mechanical
properties (Figs. 3C and 4).

As expected, an extent of Lys hydroxylation in Col1 telopeptides in
bsLH2-cKO bone was significantly lower than that of controls. This is

Fig. 5. Collagen cross-link and lysine hydroxylation analyses of femurs in LH2F/F OC-Cre mice. (A) Amino acid analysis quantified as moles/mol of collagen (n
= 4). Hyl (Hyl/HypX300) are significantly lower in LH2F/F OC-Cre femurs than LH2F/F femurs. (B) Lysine hydroxylation is expressed as a percentage calculated by
hydroxylysine/(lysine + hydroxylysine) × 100. between LH2F/F (n = 4) and LH2F/F OC-Cre (n = 4), respectively. (C) Cross-links were quantified as moles/mol of
collagen (n = 4). DHLNL, DHLNL/HLNL, Pyr, total aldehydes, and the ratio of the Hylald to Lysald-derived cross-links are significantly lower in LH2F/F OC-Cre than in
LH2F/F mice, whereas those of HHMD are not different between the mice. DHLNL, dihydroxylysinonorlucine; d-Pyr, deoxypyridinoline; Pyr, pyridinoline; HHMD,
histidinohydroxymerodesmosine; HLNL, hydroxylysinonorleucine; total aldehyde, number of aldehydes involved in the cross-links calculated as DHLNL + HLNL +2
× Pyr + 2 × d-Pyr + 2 × HHMD; (DHLNL + Pyr + d-Pyr)/HHMD indicates the ratio of the hydroxylysine aldehyde (Hylald)- to lysine aldehyde (Lysald)-derived cross-
links. *P < 0.05; **P < 0.01; and ***P < 0.001; NS, Not significant.
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consistent with the data of LH2 heterozygous mouse bones, LH2 mutant
zebrafish bones [30], bone from a BS patient [36] and LH2-KO osteo-
blastic cells [20]. Interestingly, though showing a trend, the a2(I)
N-telopeptide Lys hydroxylation was relatively unaffected when
compared to the N- and C-telopeptides of a1(I) chain. The similar
finding, i.e. less affected Lys hydroxylation in the a2(I) N-telopeptide,
was also reported in LH2 heterozygous bone collagen and that secreted
by LH2-KO osteoblastic cells [20]. This could be due to its sequence,
-Asp-Lys-Gly-, that also occur in the helical domains, i.e. two in an a1
and one in an a2 chains in mouse Col1 (Uniprot numbers P11807 and
Q01149), thus, it can be hydroxylated by the helical lysyl hydroxylase,
LH1. These changes in the telopeptidyl Lys hydroxylation led to a sig-
nificant reduction of Hylald-derived stable cross-links in the LH2cKO
bone collagen that result in increased solubility and enzymatic de-
gradability of collagen [20]. Furthermore, we found a significant
reduction of total aldehydes involved in cross-linking in bsLH2-cKO
bone. These changes in cross-linking may partially explain the imma-
ture and less organized collagen matrix seen in the bsLH2-cKO bone,
thus, affecting their mechanical properties.

In conclusion, we generated the bsLH2-cKO mice and demonstrated
the defects in type I collagen and inferior mechanical properties of bone
in these mice. These findings indicate that bone defects caused by
PLOD2mutations seen in BSmay occur in an osteoblast-specific manner.
This mouse model may provide further insights into the role of LH2
catalyzed type I collagen modifications in bone formation and
pathologies.
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