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Abstract

Lysyl oxidases are required for collagen and elastin cross-linking and extracellular matrix
maturation including in bone. The lysyl oxidase family consists of lysyl oxidase (LOX) and 4
isoforms (LOXL1-4). Here we investigate whether deletion of LOXL1, which has been linked
primarily to elastin maturation, leads to skeletal abnormalities. Left femurs (n=8), L5 vertebrae
(n=8) and tibiae (n=8) were analyzed by micro-computed tomography (UCT) in 13-week old

wild type (WT) and LOXLI-/- male and female mice. Right femurs (n=8) were subjected

to immunohistochemistry for LOXL1, and histochemical/histology analyses of osteoclasts and
growth plates. Sera from all mice were analyzed for bone turnover markers. Results indicate strong
expression of LOXL1 in wild type growth plates in femurs. Significant deterioration of trabecular
bone structure in long bones and vertebrae from female was observed in not from male, mutant
mice compared with WT. Decreases in BV/TV, Conn.D, and trabecular thickness and number in
the femoral distal metaphysis were observed in female, but not male, mutant mice. Trabecular
spacing was increased significantly in femurs of female mutant mice. Findings were similar in
trabeculae of L5 vertebrae from female mutant mice. The number of TRAP positive osteoclasts
at the trabecular bone surface was increased in female mutant mice compared with WT females,
consistent with increased serum RANKL and decreased OPG levels. Analysis of bone turnover
markers confirmed increased bone resorption as indicated by significantly elevated CTX-1 in the
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serum of female LOXL1—-/-mice compared to their wild-type counterparts, as well as decreased
bone formation as measured by decreased serum levels of PINP. Picrosirius red staining revealed

a loss of heterogeneity in collagen organization in female L OXL1-/-mice only, with little to no
yellow and orange birefringence. Organization was also impaired in chondrocyte columns in both
female and male LOXL1-/-mice, but to a greater extent in females. Data indicate that LOXL1-/-
mutant mice develop appendicular and axial skeletal phenotypes characterized by decreased bone
volume fraction and compromised trabecular microstructure, predominantly in females.
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Introduction

The lysyl oxidase sub-family of copper dependent amine oxidase enzymes catalyzes

the oxidative deamination of peptidyl-lysine or hydroxylysine residues to create reactive
aldehydes in the biosynthesis of collagens and elastin. These modifications are required

for subsequent spontaneous cross-link formation and function of these connective tissue
proteins [1]. The five members of the lysyl oxidase family are respectively encoded by
different genes and are lysyl oxidase (LOX) and lysyl oxidase like 1-4 (LOXL1-4). These
proteins have more recently been implicated in a number of novel and diverse biological
roles that extend from promoting proliferation during cell development to shifts from normal
to malignant phenotypes in cancer [2—4]. The C-terminal domains of LOX and its family
members have sequence and structural similarity, and contain the active site of the enzymes.
LOX and LOXL1 are closely related in structure, both containing a pro-region that is
post-translationally processed, and both lack the scavenger receptor cysteine rich domain
present in LOXL2-LOXLA4 [5]. LOX is synthesized as a 50 kDa pro-enzyme and is secreted.
Proteolytic processing by extracellular pro-collagen C-proteinases releases the ~30 kDa
mature lysyl oxidase enzyme and the ~18 kDa pro-peptide (LOX-PP) [6-8]. LOXL1 is
similarly processed by pro-collagen C- proteinases to an active 33 kDa enzyme [9]. LOXL1
function has been linked primarily to elastin tissue maturation [10]. The reactive aldehydes
created by the oxidative deamination catalyzed by lysyl oxidase and its isoforms are critical
in forming intra- and inter-molecular cross-links needed to stabilize collagens and elastin
[11, 12]. These cross-links are required for the integrity of the extracellular matrix in
connective tissues, including bone and cartilage in which the predominant proteins are type
Il and type I collagen, respectively. Defects in LOX activity result in abnormal mineralized
tissue [13]; however a role for LOXL1 in bone formation has not been reported.

Lysyl oxidase inhibition by BAPN or copper depletion results in lathyrism, which is
characterized by a variety of connective tissue abnormalities [14]. Lox—/— mice exhibit
perinatal death and have connective tissue abnormalities in the cardiovascular and
respiratory systems similar to lathyrism [15, 16], and abnormalities have been observed

in cultured calvaria osteoblasts from LOX-/-embryos [17]. Osteoporaosis is a heterogeneous
group of abnormal processes characterized by the net loss of bone and increased
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susceptibility to fracture. By histomorphometric analysis, there is a decrease in the number
and size of trabecula in cancellous bone, as well as increases in trabecular perforations

and decreases in trabecular connectivity [18]. Estrogen deficiency is a significant cause

of accelerated bone loss and is known to affect circulating levels of specific cytokines
whose modulation results in enhanced bone resorption by increasing the recruitment,
differentiation, and activation of osteoclast cells [19]. Furthermore, estrogen has various
influences on connective tissue metabolism [20]. Diabetic osteopenia is also characterized
by defective connective tissue, specifically a decrease in biosynthetic lysyl oxidase
dependent cross-links per unit of collagen in normal bone tissue [21]. The aim of the present
study was to investigate the skeletal phenotype in mice genetically deficient in the LOXL1
isoform, and determine whether any phenotype found could resemble bone pathologies such
as those seen in osteoporosis or diabetic osteopenia. Since LOX-/-mice are neonatal lethal,
the LOXL1 isoform was chosen for the current study because its structure is the most
similar of the four other isoforms to LOX, and because LOX and LOXL1 are expressed

by osteoblasts [17, 22]. The present study reveals sex-specific deficiencies in trabecular
structure with evidence for increased osteoclast activity in LOXL I-/- mice compared to
wild-type littermate control mice. The sex-specific abnormalities in trabecular structure and
cytokine profiles of the LOXL 1-/-mice are of great interest and may suggest hormonal
regulation of LOXL1 that could be of possible functional significance in sex-specific bone
developmental programs and pathologies.

Materials and Methods

Mouse Tissues

LOXL1-/-mice were generated in accordance with a previously published strategy
employed for generating LOX null mice [15]. The ATG codon of LOXL 1 and surrounding
bases of a BAC clone containing LOXL 1 were converted to a Aot/ restriction sites by
site-directed mutagenesis (QuikChange mutagenesis, Stratagene, La Jolla, CA). A Not/
fragment of the modified gene including the PGK-Neo cassette was cloned into the Aot/
site of the mutagenized ATG initiation codon of the LoxL 1 gene construct. This construct
deletes the ATG initiation codon and replaces it with the PGK-Neo cassette in the opposite
transcriptional orientation. Correctly targeted RW4 embryonic stem cells (129/SvJ), carrying
this mutation, were injected into C57BL/6 blastocysts and chimeric mice were produced.
This mutation was transmitted into the germline and mice homozygous for this mutation
(LOXL1-/-) were generated in a mixed 129/SvJ x C57BL/6 background. Mice were
identified as heterozygous or homozygous with respect to the targeted allele by PCR of
tail tip DNA using nested primers (wild-type: 5> TTGTTCTCCCACTGGATCAGCTGCC
3’; mutant: 5° TACCGGTGGATGTGGAATGTGTGCGA 3’; common: 5’
TGGGAAGAGAAGCACGCACCGAG 3°). LOXLI-/-mice (backcrossed into the
C57BL/6 background for more than 7 generations) were bred at University of Texas
Southwestern Medical Center. All tissues were harvested under the same specified
conditions from knockout and wild type littermate controls at 13 weeks of age, and all
procedures were approved by the respective IACUC committees at both Boston University
and University of Texas Southwestern Medical Center. After sacrifice, the left femur,

left tibiae, and spines were dissected and wrapped in PBS-soaked paper to be used for
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subsequent micro- computed tomography (U-CT) analyses. The right femurs were fixed in
4% paraformaldehyde and then processed for histological staining and histochemical tartrate
resistant alkaline phosphatase (TRAP) analysis at Boston University. This processing was
performed at the same time for the mutant and wild type mice.

LOXL1 Immunohistochemistry

The right femur from each animal was fixed in cold 4% paraformaldehyde. Decalcification
was performed by dialysis in 14% EDTA (American Bioanalytical, Natick, MA) for three
weeks. The bones were then embedded longitudinally in paraffin with the intercondylar
notch at the distal end facing upward. Specimens were sectioned at 7 microns and prepared
for immunohistochemistry [23]. The primary antibody against LOXL1 was obtained from
Abbiotec, catalogue #252215, and was generated against a unique human LOXL1-specific
sequence conserved in mice. Sections were visualized using a Zeiss Axio Observer Z1 (Carl
Zeiss Microscopy, Jena, Germany), and images captured using ZEN pro software (Carl Zeiss
Microscopy, Jena, Germany).

Micro-Computed Tomography and Image Analysis

All uCT analyses of femurs, L5 vertebrae, and tibiae were carried out at the uCT Imaging
Core Facility at Boston University using a Scanco Medical pCT40 Scanning instrument
(Brutisellen, Switzerland). The power, current, and integration time used for all scans were
70 kVp, 113 pA, and 200 msec respectively. The femurs, spines, and tibiae were all scanned
at a resolution of 12 microns/voxel. The software used for the subsequent contouring and
analysis was developed by Scanco Medical. Regions selected for trabecular analysis were
the trabecular compartments of the distal metaphysis of the femur, the center of the vertebral
body of the L5 vertebrae, and the proximal tibial plateau of the tibia. For cortical analysis,
the mid diaphysis of the femur, the cortical shell (cortical compartment) of the vertebrae,
and the mid diaphysis of the tibia were used for analysis [24]. To determine the trabecular
region of interest of the femurs and tibiae, the location of the growth plate was determined
and the regions which were 60 microns removed from the end of the growth plate and which
extended 1200 microns proximal and distal of the growth plate were respectively analyzed.
The entire lengths of the vertebrae were evaluated, comprising a total length of ~3600
microns. Gaussian filtering (sigma= 0.8, support=1) was used for partial background noise
suppression. The threshold was set at a 16-bit gray value of 9830 and this global threshold
was applied to all of the samples [25]. For contouring the perimeter of the trabecular region,
each transverse 2-D tomogram of the vertebra was manually traced to designate the cortical
shell and trabecular regions. For separating the cortical and trabecular regions of the femurs
and tibiae, an automated method within the system software was used [26]. Trabecular and
cortical analyses were performed and reported as described [27].

Osteoclast Density in the Distal Metaphysis

The right femur from each animal was fixed in cold 4% paraformaldehyde, decalcified by
dialysis in 14% EDTA (American Bioanalytical, Natick, MA) for three weeks, sectioned
and then stained for TRAP activity. The area analyzed was from the bottom of the growth
plate extending 2 mm toward the opposite end of the long bone. All osteoclasts were
counted in this area, excluding osteoclasts in the cortical shell. Osteoclasts were identified
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as TRAP positive, multinucleated cells associated with the bone surface. Other identifiers
included size, (25-50 uM in diameter), and association with a resorption pit. Overlapping
images were taken on an Olympus FSX100 and analyzed using FSX-BSW v02.02 software
(Olympus America Inc., Center Valley, PA) which created a composite picture of the
individual low magnification images (100X) taken of the area, as well as higher resolution
images (200X). The number of osteoclasts was normalized to millimeter of bone surface of
the trabecular contour drawn using Image J software.

Osteoblast Density in the Distal Metaphysis

Osteoblasts were counted using hematoxylin and eosin stained central sections, to better
visualize nuclei. Three central sections were chosen for each animal (n=8, total of 24
sections), from composite pictures as described above. Osteoblasts were identified by
morphological criteria: cuboidal cells attached to the bone occurring in clusters, having

an asymmetrically positioned nucleus, and stained light purple. The number of osteoblasts
was normalized to millimeter of bone surface of the trabecular contour drawn using Image J
software.

Growth Plate Analysis

The chondrocyte density in the growth plate was calculated by counting the number of cells
in each composite image and dividing by the total growth plate area as calculated by Image
J software determined from hematoxylin and eosin stained sections. The average number of
column forming chondrocytes was calculated by counting the number of cells per column
in 5 separate columns and averaging them. The average height of the growth plate was
calculated by measuring the height at five different regions across the plate.

Analysis of Collagen Organization

Collagen organization was analyzed using picrosirius red stained central sections as
described [28]. Images were visualized using an Olympus IX70 microscope with and
without polarizing filters engaged (Olympus Inc., Tokyo, Japan) and captured using
Pictureframe software. The area analyzed for each image started at the center of the growth
plate and extended ~ 2 mm to the right. Images were analyzed for yellow, orange, and red
birefringence.

Serum Immunoassays

Serum from wild-type and mutant mice were tested for relative quantities of the following
cytokines: IL-6, TNF-a, osteocalcin (OCN), osteoprotegerin (OPG), and Receptor Activator
of Nuclear Factor Kappa-B Ligand (RANKL) via immunoassay using the Milliplex system
(EMD Muillipore, Billerica MA) according to the manufacturer’s instructions. This system
utilizes mouse antibody-immobilized beads magnetized to a plate block. Serum samples
were diluted 1:2 with assay buffer for all of the protein markers except osteocalcin, which
was diluted 1:20. Three separate assays were done, one using 3 antibody immobilized

beads consisting of 11-6, OPG, and TNF-a, and two other assays were run on OCN and
RANKL single immobilized beads. The plates were read using a Luminex Magpix platform
(Luminex, Austin, TX) to identify the fluorescence of the secondary antibody/streptavidin
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reporter. Standard curves were generated using standards with known concentrations for all
the analytes run. MFIs (median fluorescent intensity) were generated and used to determine
the concentration of each analyte. Serum was also analyzed for bone turnover markers
procollagen type | N-terminal peptide (PINP) and cross-linked C-telopeptide of type |
collagen (CTX-1) using ELISA assays according to the manufacturer (MyBiosource, San
Diego, CA, Cat # MBS736256 and Cat# MBS2014019 ).

Statistical Analysis

Results

For all analyses performed statistics were done by comparison of each mutant to wild type
of the corresponding sex by a one way ANOVA. Tukey’s post hoc tests were then performed
if differences between groups were significant. A p-value of <0.01 was considered to be
statistically significant.

Sex-Specific Effects of LOXL1-/- on Trabecular Bone Parameters

LOXL1was ablated from the mice homozygous for the mutated allele at the DNA (Figure
1) and protein levels were assessed by immunohistochemistry with an antibody specific

for the unique N-terminus of LOXL1 (Figure 2). This was indicated by the presence of
chondrocyte and extracellular matrix-associated LOXL1 staining in the growth plates of
sections made from wild type mice, and the absence of staining in the LOXL1-/-male
and female femur sections, and all 1gG isotype control stained serial sections (Figure 2).
No staining was observed in osteoblasts or in cortical bone in any samples suggesting

that LOXL1 long bone expression occurs primarily in chondrocytes in 13 week old mice.
Knockout mice were viable and grossly normal. Comparisons of weight and femur length
indicate that mutant and wild-type controls were similar in size (Table 1). Three dimensional
reconstructions of the uCT scans of the distal metaphysis of the femur and the L5 vertebrae
show clear abnormalities in trabecular architecture in LOXL1-/-female mice relative to
wild-type littermates, (Figure 3A-D and 3E-H, respectively). Full-length bone scans of
the femur corroborate these results and further indicate that femur length is unaltered in
spite of trabecular abnormalities (Figure 31-L). This effect was also seen in the tibial
plateau in LOXL1-/-mice (data not shown). These images show that these abnormalities
are exclusively seen in LOXL 1-/-females, while the LOXL 1-/—males resemble their
wild-type counterparts. This is supported by quantitative analyses computed from the uCT
scans (Figure 4).

BV was significantly lower in the female, but not in the male, LOXLI-/- mice as compared
to their wild-type counterparts, whereas total volume was similar for both female and

male mutant phenotypes compared to wild-type (Figure 4A and 4B, respectively). This

is reflected in significant decreases in BV/TV ratios in LOXL 1-/-females compared to

WT females (p-value <.001) (Figure 4C). In the trabeculae, connectivity density (Conn.D,
Figure 3D), trabecular number (Th.N, Figure 3E) were decreased, trabecular spacing was
increased (Th.Sp, Figure 3F), and trabecular thickness (Th.Th, Figure 3G) was decreased
significantly in LOXL 1-/-females (p-value <.01). Interestingly, these changes in trabeculae
were not observed in LOXL1-/-males. Hence, all uCT trabecular parameters tested were
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significantly affected in female, but not male, LOXLI—/-mice. In contrast, cortical bone
parameters were not significantly altered in either female or male LOXL1-/-femurs relative
to respective wild-type controls (Table 2).

To corroborate results observed in the distal metaphysis of the femur, trabeculae of the

L5 vertebrae were analyzed using the same parameters employed for the femurs. The L5
vertebrae also showed significantly low trabecular bone parameters that were sex-specific,
compared to their wild-type controls. Specifically, bone volume was significantly low in
LOXL 1-/-females while total volume remained the same across all four genotypes (BV,
Figure 5A and 5B). The results, therefore, reflect significant decreases in the BV/TV ratios
in trabeculae of L OXL1-/-females compared with WT (p-value <0.001) (Figure5C). There
were no such effects observed in LOXL1-/-males. Further, connective density (Conn.D,
Figure 4D), trabecular number (Th.N, Figure 4E), and trabecular thickness (Th.Th, Figure
4F) were decreased in LOXL1-/-females, but not LOXL1-/-males (p < 0.01). There
were no significant differences in trabecular spacing nor in the cortical parameters of the
cortical shell of the L5 vertebrae in any of the mice (Table 2). Together, these results indicate
a defect in the trabecular bone architecture of female L OXL 1-/- mice, which was not
observed in cortical bone. Quantitative analyses were also performed on the trabecular bone
of the tibiae and showed the same sex-specific abnormalities in all of the uCT parameters
tested (data not shown).

Histological Analysis of Bone Resorption and Formation

To determine if increased bone resorption contributed to defective trabecular patterns in
LOXL1-/-mice, bones were stained for TRAP activity. Representative images clearly show
a high concentration of TRAP stain (Figure 6, panel D) and TRAP positive osteoclasts
(Figure 6, panel E) in the LOXL1-/-females. The number of osteoclasts was next
quantified by counting TRAP positive, multinucleated cells. The number of osteoclasts

per millimeter of bone area was increased dramatically in LOXL 1—/-females (p< 0.0001,
Figure 7A). These results indicate increased resorptive activity in LOXL1—/-female mice,
which also corresponds to a significant decrease in total bone area in LOXL1—/-females
determined with Image J software (data not shown). There was no statistically significant
increase in TRAP positive cells seen in LOXLI-/- males (Figure 7A).

The number osteoblasts per millimeter of bone surface was quantified by counting cuboidal,
light purple, clustered cells with an asymmetric nucleus associated with the bone surface

in hematoxylin and eosin stained central sections. There were no significant differences
between any of the genotypes (Figure 7B). Therefore the increase in bone resorption

as indicated by increased osteoclast number is not accompanied by an increase in bone
formation as quantified by osteoblast number. If bone formation were to increase with bone
resorption, total bone turnover would remain the same. Instead this cytometric analysis
points to a cellular uncoupling of bone turnover processes favoring increased resorption as
measured by the ratio of osteoclasts to bone-generating osteoblasts (Figure 7C), consistent
with the bone deficits evaluated by micro-CT.
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Histological Analysis of Cartilage Growth Plates

Representative images of growth plates shown in Figure 8 indicate that columns lack a
normal organization in all knockout mice, although the effects were more pronounced

in the knockout female mice (Figure 8, panel D). Quantitative analyses of the growth

plates revealed significantly lower numbers of chondrocytes per column in both LOXL1-/-
females and males in comparison to their wild-type counterparts (p< 0.0001) (Figure 8E).
The average growth plate height and chondrocyte density were not significantly affected in
mutant mice however (data not shown), consistent with very similar femur lengths in mutant
mice compared to wild-type mice (Table 1).

Histochemical Analysis of Collagen using Picrosirius Red

To examine whether the structural changes observed in the trabeculae and growth plate
disorganization are accompanied by changes in the organization of the collagen fibers,
picrosirius red staining was performed [28]. The slides were then viewed under both
non-polarized light and polarized light to examine collagen birefringence colors which
are enhanced under polarized light by sirius red dye. Fibrillar collagens are normally
stained red with variations in color corresponding to alignment: yellow and orange fibers
are indicative of larger, thick collagen fibers, while green fibers are indicative of thinner
collagen fibers. Data in Figure 9 show that while the wild type control mice and LOXLI-/
—male mice showed a normal mixed birefringence of red, yellow and orange fibers, as
well as some green indicative of a higher ordered structure of type | and type 11 collagen,
LOXL 1-/-female mice showed predominately red birefringence, with very little of the
other birefringence colors represented.

Analysis of Bone Biomarkers in Serum

Serum was taken from all mice and analyzed for selected metabolic bone markers using

the Milliplex immunoassay system. Two biomarkers showed significant differences in
LOXL1-/-females only. There was a significant increase in receptor activator of nuclear
factor kappa-B ligand (RANKL), a ligand that binds to its corresponding receptor RANK
on osteoclast progenitor cells and induces osteoclast differentiation (p-value < 0.01). To
exacerbate this effect, there was also a significant decrease in osteoprotegerin (OPG), the
soluble decoy receptor for RANKL (Figure 10) (p<0.01) resulting in an increase in the
RANKL/OPG ratio. Interestingly, there were no significant differences seen in LOXL -/~
males compared to their wild-type counterparts. There were no significant differences in
interleukin-6, TNF-a, or osteocalcin concentration between the groups (Figure 10). These
results are generally consistent with the uCT and histological characterizations summarized
above and indicate that there is sex-specific dysregulation occurring that drives the observed
phenotype, though the lack of significant change in IL-6 and TNF-a was not expected.

To further extend the histomorphometric data showing evidence for increased bone
resorption, serum was analyzed for bone turnover markers procollagen type | N-terminal
propeptide (PINP) which is a sensitive marker for bone formation, and C-terminal
telopeptide (CTX-1) which is a cross-linked peptide of type I collagen and the most specific
marker for bone resorption [29]. Results indicate not only a significant increase in CTX-1
in female LOXL1-/-mice compared to their wild-type counterparts (Figure 11A, p < 0.05),
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which validates the increased number of osteoclasts seen in these mice, but also a significant
decrease in PINP (Figure 11B, p < 0.01), indicating an actual decrease in bone formation in
female LOXL 1-/-mice compared to their wild-type counterparts. No such difference was
observed in male LOXL1-/-mice.

Discussion

Results presented here indicate for the first time that LOXL1 is important for a normal
trabecular bone phenotype, particularly in females. Serum analyses for pro-collagen type

I N-terminal propeptide (PINP) and C-terminal telopeptide for collagen type | (CTX-1)
show not only an increase in CTX-1 marker for bone resorption in female LOXL1-/-

mice, but also a decrease in PINP marker for bone formation. Differences in growth plate
organization were evident in both LOXL1-/-females and males, although this effect was
much more pronounced in females. The combination of the sex-specific defects in trabecular
bone structure and an altered OPG/RANKL cytokine ratio bone suggest an osteoporotic-
like condition in the LOXL 1-/-female mouse bones that may be generally relevant to
osteopenia. For example, studies in humans and animals support that osteopenic diabetic
bones contain lower levels of lysyl oxidase family-dependent cross-links and higher levels of
advanced glycation endproducts (AGESs), as recently reviewed [21].

Itis of interest that in 13 week-old mice, LOXL1 expression was observed almost
exclusively in and around chondrocytes and in the growth plate extracellular matrix in
femurs. We previously reported the expression patterns of all five LOX isoforms in

fracture healing and identified a temporal expression pattern which implied high expression
particularly in chondrocytes. LOXL2 knockdown studies in the ATDCS5 chondrocyte cell
line identified a critical role for LOXL2 expression in chondrocyte differentiation [30].
LOXL1- LOXL4 were all up-regulated during the chondrogenic phase of bone healing, but
studies in ATDCS5 cells indicated that LOXL1 expression as a function of differentiation
was constitutive [30]. Here, data in Figure 8 suggest that LOXL1 is critical for chondrocyte
growth plate organization in both sexes, with greater effect and consequences on trabecular
bone structure in female mice. Taken together, data suggest that while LOXL2 is required
for chondrocyte differentiation, LOXL1 contributes to chondrocyte organization with
apparent secondary effects on trabecular bone structure. LOXL2 null mice have recently
been reported to be perinatal lethal with 50% penetrance, though no sex-correlations for
penetrance or bone characterization was presented [31].

There are differences in the severity of the trabecular defects, suggesting that LOXL1
deficiency may affect long bones and vertebrae differently. For example, trabecular defects
in the femur were overall more severe than in the vertebrae, with the vertebrae exhibiting no
defects in trabecular spacing. Connectivity density was ~50% lower in the femur relative to
the vertebrae. Tibiae more closely resembled the femurs in severity (data not shown). In a
typical osteoporosis model, the more profound trabecular bone deterioration is observed in
the vertebrae, which have trabeculation through the entire length of the vertebral body and

is the most common site of fracture [32]. Our findings using LOXL1 null animals suggest
that (i) LOXL1 plays crucial roles in bone remodeling that preferentially affect one site more
severely than another, and (ii) absence of LOXL1 results in bone pattern defects that are not
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typical of osteoporosis. This finding may be related to the possibility that LOXL1 is a major
product of chondrocytes, and a relatively minor product of osteoblasts suggested by data in
Figure 1.

The LOXL1 isoform has been thought to be most important in elastin biosynthesis [33],
whereas direct evidence for a role for LOXLL1 in skeletal structure has not been previously
reported. The trabecular defects combined with the cytokine profiles reported here in the
female L OXL 1-/-mice suggest cross-talk between expression of lysyl oxidase isoforms
and female hormonal regulation or activity. Estrogen increases the activity of LOX in vivo in
aging mice that undergo estrogen therapy, and this leads to the acceleration of the maturation
of collagen and elastin in the extracellular matrix [20]. Loss of estrogen in post-menopausal
women is a main physiological cause of bone loss and subsequent osteoporosis in these
women, leading to an increase in fracture [34]. The effects of estrogen loss on the trabecular
bones of mice have also been demonstrated [35]. Estrogen exerts its anti-resorptive effects in
bone by stimulating the expression of OPG in osteoblasts [36], resulting in the sequestration
of RANKL from its receptor RANK on osteoclasts [37]. Immunoassays performed here
showed a significant decrease in OPG and a significant increase in RANKL in all female
LOXL1-/-mice tested, but not in male LOXLI-/-mice. This dysregulation tips the scales
in favor of increased bone resorption. However, because all mice were cycling and fertile,

it is likely that estrogen production from the ovary was similar among WT and LOXL1-/-
females. Thus, low estrogen levels in LOXL1—/-female mice are not likely to have occurred
or to have driven the phenotypic sex-specific effects observed here. We speculate that the
loss of LOXL1 in some way either interferes with female hormone responses, or that the
higher level of androgens in males may induce high levels of LOX or other lysyl oxidase
isoforms in bone and compensate for constitutive low levels of LOXL1 in female bones [38].
Further investigation into the sex-specific developmental and hormonal regulation of lysyl
oxidase family members in bone is now of considerable interest.

Evidence for increased bone resorption in female knockout bones was further supported

by histological analyses including osteoclast and osteoblast number per bone surface [39].
To further support the cytometric analysis and provide a serum read-out for bone turnover,
PINP and CTX-1 serum levels were analyzed [40]. It was especially important to examine
CTX-1 since this peptide is the portion of type I collagen cleaved by osteoclasts during bone
resorption [41]. CTX-1 serum levels were significantly elevated in female LOXL1-/-mice
compared to their wild-type counterparts, confirming the increase in osteoclast number is
accompanied by an increase in osteoclast resorptive activity. Interestingly, PINP levels, a
marker of bone formation [29, 42], were decreased in LOXL 1-/-female mice compared

to their wild-type counterparts, suggesting impaired bone formation. Taken together data
indicate that dysregulation in the process of bone remodeling female mice in the absence of
LOXL1.

Given the role of LOXL1 in fibrillogenesis, and the structural and organization defects seen
in the bone and growth plate, it was important to examine the properties of the collagen
fibrils directly. Analyses of picosirus red stained sections of growth plates revealed that

L OXL 1-/-female mice have a more homogenous overall birefringence while the other
three experimental groups had more normal mixed birefringence profiles. Collagen fiber
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structure correlates with the strength of connective tissue, and lysyl oxidases are critical for
normal collagen structure. [43, 44]. A multimodal diameter distribution provides connective
tissues with the ability to resist different types of mechanical stress, and the structure and
organization of collagen fibrils controls hydroxyapatite crystal growth [45]. Therefore the
observed loss of heterogeneity in the collagen network of LOXL1-/-female mice may have
implications in the mineralization of the collagen, leading to the loss of structural integrity
observed in these mice.

A trabecular phenotype was observed in LOXL1 null mice, but no significant cortical bone
abnormalities were identified by uCT analyses. We speculate that LOXL1 may be most
important in bone remodeling rather than bone formation. The phenotype would therefore
be more apparent in relatively young 13 week old mice in the trabecular structure which is
more dynamic than the cortical bone. Analysis of expression and localization of LOXLL1 in
bone in developing and aging male and female mice could be informative in this context,
and may uncover a period in which LOXL1 is expressed not only by chondrocytes, but also
by osteoblasts. LOXL1 expression has been previously detected in MC3T3-EL1 cells in vitro
[22].

Both Lox/1-/-female and male mice have more severely impaired organization of
chondrocytes within the distal femur growth plates compared to wild type, suggesting that
LOXL1 influences growth plate development independent of sex. However body weights
and femur lengths were unaffected in both L OXL 1—/-female and male mice. Decreased
bone growth characteristic of many chondrodysplasias results primarily from defects in
chondrocyte proliferation and apoptosis in the proliferative zone of the growth plate [46,
47]. Notably, overall chondrocyte density and growth plate height were the same in the
LOXLI-/-mice as in their wild-type counterparts; while chondrocyte organization was not
normal.

We have reported that LOXL2 is critically required for chondrocyte differentiation in a
fracture healing model for endochondral bone development [30], and additional reports
indicate that LOX influences cell differentiation independent of its role in collagen cross-
linking [2, 48-52]. It is now clear that the lysyl oxidase family is multifunctional and
may affect cell signaling directly [52-55]. However, data presented here could also suggest
that LOXL1 is somehow regulated by sex hormones such as estrogen or testosterone,

and defective collagen resulting from the absence of LOXL1 could trigger the production
or release of factors that stimulate osteoclast formation and activity to a greater degree

in females than in males due to sex-dependent developmental differences. For example,
defective collagen itself can cause an inflammatory response which may be higher in
females, leading to a subsequent increase in the production or release of RANKL by
osteoblasts and immune cells, resulting in increased osteoclast activity [56]. Further
mechanistic studies will be needed to elucidate the mechanisms by which loss of LOXL1
can lead to observed bone phenotypes.
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Figure 1. Absence of LOXL1 in femur tissue from LoxI1 —/— mice.
Genotyping of mouse tail tip DNA shows the presence of a single 175 bp band

corresponding to the mutant gene and the absence of the larger band corresponding to the
wild type LOXL 1 gene. Genotype designations are under each lane. The marker isa 1 Kbp
ladder.
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Figure 2. Absence of LOXL1 in LOXL1-/- bones.
LOXL1 antibody (Abbiotec #252215) or 1gG isotype control were employed to stain femurs

from LOXL1-/-mice and wild type littermates. Arrows mark the growth plates which
contain high in LOXL1 staining in wild type mice. LOXL1—/-femurs contain no LOXL1
staining. Scale bars, 100 um for 100X magnification and 50 um for 200X magnification.
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Figure 3. Micro-computed tomography of Loxl1—/— and wild type mouse bones.
Three-dimensional images (transverse view) for the femoral distal metaphysis (A-D)

representing wild type and LOXLI —/-male and female mice. Images are representative of
eight animals analyzed. (E-H) Images for L5 vertebrae (sagittal view) representing wild-type
and LOXL1 —/-male and female mice. Images are representative of eight animals analyzed
per group. (I-L) Representative full-length, cross-sectional views of the femur from wild
type and LOXL1 -/-male and female mice showing the same overall length of femurs, but
trabecular deficiencies in female LOXL1-/-femurs.
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Figure 4. Trabecular bone parameters from femur distal metaphysis from wild type and
LOXL1-/- male and female mice.

Data are (mean values +/- SD). One asterisk (*) indicates significant difference from
wild-type mice of the same sex with p<.01, two asterisks (**) indicate p<.001, and three
asterisks indicate p<.0001 by one-way ANOVA and Tukey’s multiple comparison test; n=8
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Figure 5. Trabecular bone parameters from L5 vertebrae representing wild type and LOXL1-/-
male and female mice.

Data are (mean values +/- SD). One asterisk (*) indicates significant difference from
wild-type mice of the same sex with p<.01, two asterisks (**) indicate p<.001, and three
asterisks indicate p<.0001 by one-way ANOVA and Tukey’s multiple comparison test; n=8
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Figure 6. TRAP staining of representative sagittal sections of femurs.
(A-D) Images are from the area directly proximal to the distal growth plates representing

wild type and LOXL 1-/-male and female mice; scale bar, 200 uM. (E) Panel D at higher
magnification (200X). Arrows indicate TRAP positive osteoclasts. Scale bar, 100 pM.
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Figure 7. (A) Histomorphometric analyses of histological sections of femur sections analyzed for
number of TRAP positive osteoclasts in wild type and LOXL1-/- male and female mice.

Data are (mean values +/- SD). One asterisk (*) indicates significant difference from
wild-type mice of the same sex with p<.01, two asterisks (**) indicate p<.001, and three
asterisks indicate p<.0001 by one-way ANOVA and Tukey’s multiple comparison test; n=8.
(B) Histomorphometric analyses of histological sections of femur sections analyzed for
number of osteoblasts. Asterisk notation is the same, n=8 (C) Calculated ratio of osteoclasts
to osteoblasts. Asterisk notation is the same, n=8.
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Figure 8. Hematoxylin and eosin staining of representative sagittal sections of femur distal
growth plates.

(A) Images are from wild type and LOXLI-/-male and female mice; scale bar, 100 pM.
(B) Histomorphometric analyses of histological sections of femur sections for chondrocytes
per column of wild type and mutant male and female mice. Asterisk notation is the same as
in Figure 6, n=8.
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A Male, LOXLI1 +/+ B Male, LOXLI /- C  Female, LOXLI +/+ D Female, LOXLI -/~

Figure 9. Picrosirius red staining of representative sagital sections of femurs.
Images are from the area starting at the center of the growth plate extending ~2mm to the

right from wild type and LOXLI-/-male and female mice. Scale bar, 500 pM.
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Figure 10. Concentration (pg/mL) of OPG, RANKL, Interleukin 6, TNF-a, and osteocalcin in
the serum of wild type and LOXL1-/- male and female mice.

Data are mean values in pg/ml +/— SD. One asterisk (*) indicates significant difference from
wild-type mice of the same sex with p<.01, two asterisks (**) indicate p<.001, and three
asterisks indicate p<.0001 by one-way ANOVA and Tukey’s multiple comparison test; n=8.
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Figure 11. Concentration (pg/mL) of PINP and CTX-1 in the serum of wild type and LOXL1-/-
male and female mice.

Data are mean values in pg/ml +/- SD. One asterisk (*) indicates significant difference from
wild-type mice of the same sex with p<.05 and two asterisks (**) indicate p<.01 by one-way
ANOVA and Tukey’s multiple comparison test; n=6.
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Table 1

Left Femur Lengths in and Weights of Wild Type and Lox/I -/~ Mice

Genotype | Sex Mean Femur Length (mm) +/- SD | Mean Weight (grams) +/-SD | N
Wild type | Male 16.03 +/~ 0.32 37.7+-43 8
Wild type | Female | 15.95 +/- 0.65 26.05 +/- 4.7 8
Loxl1 /- | Male 16.23 +/- 0.17 36.21 +/-3.14 8
Lox/1 -/~ | Female | 16.03 +/- 0.48 26.1+/-3.19 8
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Table 2

Bone Volume/Total Volume (BV/TV) of Cortical Bone

Male, LOXL1 +/+ | Male, LOXL1 -/- | Female, LOXL1 +/+ | Female, LOXL1 -/-
Femur 0.543 +/- .02 0.529 +/- .03 0.512 +/- .03 0.487 +/- .03
Vertebrae | 0.598 +/-.13 0.639 +/- .03 0.629 +/- .05 0.638 +/- .06
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