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Abstract

Biglycan (Bgn) and Fibromodulin (Fmod) are small leucine rich proteoglycans (SLRPs) which are
abundant in the extra-cellular matrix (ECM) of mineralized tissues. We have previously generated
a Bgn/Fmod double knock-out (DKO) mouse model and found it has a 3-fold increase in
osteoclastogenesis compared with Wild type (WT) controls, resulting in a markedly low bone
mass (LBM) phenotype. To try and rescue/repair the LBM phenotype of Bgn/Fmod DKO mice by
suppressing osteoclast formation and activity, 3- and 26-week-old Bgn/Fmod DKO mice and age/
gender matched WT controls were treated with OPG-Fc for 6 weeks after which bone parameters
were evaluated using DEXA, micro-computedtomographic (LCT) and serum biomarkers analyses.
In the appendicular skeleton, OPG-Fc treatment improved some morphometric and geometric
parameters in both the trabecular and cortical compartments in Bgn/Fmod DKO female and male
mice, especially in the repair module. For many of the skeletal parameters analyzed, the Bgn/
Fmod DKO mice were more responsive to the treatment than their WT controls. In addition, we
found that OPG-Fc treatment was not able to prevent or ameliorate the formation of ectopic
ossification, which are common lesions seen in aged joints and are one of the phenotypical
hallmarks of our Bgn/Fmod DKO maodel. Analysis of skull bones, specifically the occipital bone,
showed the treatment recovered some parameters of LBM phenotype in the craniofacial skeleton,
more so in the younger rescue module. Using OPG-Fc as treatment alleviated, yet did not
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completely restore, the severe osteopenia and mineralized tissue structural abnormalities that Bgn/
Fmod DKO mice suffer from.
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Introduction

In vertebrates, a continuous remodeling process - the concerted and balanced action of
osteoclasts (bone-resorbing cells) and osteoblasts (bone-forming cells) determines bone
mass and shape. When this equilibrium is disturbed, osteoporosis, the most prevalent
degenerative disease in developed countries, ensues, leading to bone loss and increased
fracture risk.

Small leucine-rich proteoglycans (SLRPs) are molecules found abundantly in the
extracellular matrix (ECM) of bones. They consist of a relatively small protein core of about
40-60 kDa, containing 10-12 motifs of leucine rich repeats (LRR), 20-30 amino acids long
(lozzo and Murdoch, 1996; Schaefer and lozzo, 2008). Based on their amino-acid sequence,
the difference in the spacing of the N-terminal cysteine residues and the intron-exon
organization, they were divided into five subclasses (Bella et al., 2008). All the canonical
SLRPs undergo post-translational modification in the form of glycosaminoglycan (GAG)
chain attachments. SLRPs are structural molecules, known to regulate collagen organization
(Chen et al., 2014; Kalamajski and Oldberg, 2010) but are also involved in cell signaling
through the sequestration and release of ECM bound growth factors, such as BMP, TGF,
FGFs and more (Droguett et al., 2006; Hardingham and Fosang, 1992; Hildebrand et al.,
1994; Takeuchi et al., 1994; Wang et al., 2014; Winge et al., 2015; Yamaguchi et al., 1990).
The direct binding of these molecules to sites on the core protein or to the GAG chains
controls their bioavailability and activity, which in turn, affects cell differentiation and hard-
tissue remodeling (Bi et al., 2006; Chen et al., 2004; Kram et al., 2017; Miguez et al., 2011;
Mochida et al., 2006; Schaefer and lozzo, 2008; Waddington et al., 2003). Class | SLRPs
include decorin (Dcn), biglycan (Bgn), and asporin (Asp), which except for Asp, bear
chondroitin sulfate or dermatan sulfate GAG side chains. Class 1l SLRPs include lumican
(Lum) and fibromodulin (Fmod), both of which have several keratan sulfate GAG chains
attached (lozzo, 1997; Lauder et al., 1995; McEwan et al., 2006; Saamanen et al., 2001;
Schaefer and lozzo, 2008). We have previously reported that mice with double-deficiency of
the 2 SLRPs, fibromodulin and biglycan (Bgn/Fmod DKO), acquire skeletal abnormalities
including gait impairment, severe osteoarthritis and a general low bone mass phenotype
(LBM), the result of enhanced osteoclast number and activity (Ameye et al., 2002; Embree
etal., 2011; Kram et al., 2017; Wadhwa et al., 2005). The LBM also affected the craniofacial
skeleton resulting in shorter skulls in Bgn/Fmod DKO mice (Kram et al., 2017).

Another hallmark of the Bgn/Fmod DKO mice phenotype is early onset ectopic ossification
of tendons. Heterotopic or Ectopic ossification (HO/EQ), is the development of mature
lamellar bone at ectopic sites, mainly in soft tissues that do not normally ossify. It can either
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be congenital- the result of rare genetic conditions (Fibrodysplasia ossificans progressive
and Progressive osseous hyperplasia), acquired (usually caused by either trauma- fracture,
blast injury, burns, surgery, or a neurogenic cause- e.g., spinal cord or central nervous system
injury, stroke and brain tumors) or idiopathic, as is the case for our Bgn/Fmod DKO mice.
The exact cellular events leading to EO are not completely elucidated, however it is thought
that the pathogenesis involves inappropriate differentiation of multipotent “stem”/progenitor
cells into osteoblast-and osteoclast-like cells that are not terminally differentiated (e.g.
lacking osteoblast and osteoclast specific markers such as osteocalcin and cathepsin K
respectively) (Al-Fakhri et al., 2005; Chalmers et al., 1975; Urist et al., 1978; Zotz et al.,
2012). Histologically, EO displays as cancellous bone and mature lamellar bone, with
vessels and bone marrow. These “islands” of bone are not formed within the muscle itself
but rather in the connective tissue between the muscle planes (Jensen et al., 1987; Shehab et
al., 2002).

Osteoclastogenesis, the recruitment and differentiation of short lived, mobile, multinucleated
giant cells (100 um in diameter) derived from the fusion of the monocytic lineage, is
dependent on the expression and secretion of Receptor Activator of Nuclear Factor kappa B
Ligand (RANKL) and Macrophage-Colony Stimulating Factor (M-CSF) by osteoblasts.
Furthermore, the osteoblastic lineage cells also produce the decoy receptor, osteoprotegerin
(OPG), an important regulator of osteoclastogenesis via its competitive inhibition of the
interaction between RANKL and its receptor on the surface of preosteoclasts- RANK
(Asagiri and Takayanagi, 2007; Simonet et al., 1997; Yasuda et al., 1998a; Yasuda et al.,
1998b). Both RANKL and OPG are type 2 protein members of the TNFa superfamily
(Locksley et al., 2001). There is a tight regulation of RANKL, OPG and M-CSF expression
by cells of the osteablastic lineage: increasing the RANKL/OPG ratio by either stimulating
the expression of RANKL and/or inhibiting the production of OPG enhances
osteoclastogenesis (Boyle et al., 2003). About a decade ago antiresorptive agents with a
novel mechanism of action, were approved by the FDA for the treatment of osteoporosis,
cancer treatment-induced bone loss, metastases to bone and giant cell tumor of bone
(Belavic, 2011; Hussar and Stevenson, 2010; Kostenuik et al., 2009; Moen and Keam, 2011,
Pietschmann et al., 2009). One such agent is denosumab, a fully humanized monoclonal
antibody that binds with high specificity and affinity to RANKL and prevents it from
activating RANK (Moen and Keam, 2011)Prolia Product Monograph, Amgen Canada Inc;
2011). This binding subsequently inhibits the recruitment, maturation and action of
osteoclasts, resulting in resorption attenuation and promotion of normal bone turnover.
Because denosumab only recognizes primate RANKL (Kostenuik et al., 2009), its efficacy is
limited in most animal studies, therefore another RANKL inhibitor, osteoprotegerin—
immunoglobulin Fc segment complex (OPG-Fc) was developed, and since then has been
used in many animal studies as another means to diminish the effects of RANKL
overactivation (Canon et al., 2008; Delos et al., 2008; Kim et al., 2006; Miller et al., 2007;
Ominsky et al., 2007; Ominsky et al., 2008; Padagas et al., 2006).

Given that osteoclasts do not express significant levels of Bgnor Fmod (Kram et al., 2017;
Li et al., 2008) and that SLRPs can regulate osteoclastogenesis via their direct interaction

with M-CSF, RANKL and OPG (Ariyoshi et al., 2008; Theoleyre et al., 2006; Xaus et al.,
2001), the aim of this study was to determine if OPG-Fc would ameliorate the abnormal
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bone parameters of Bgn/Fmod DKO either by preventing the development of a LBM
phenotype early in maturation or by repairing the LBM of more aged mice.

Materials and Methods

Animals

Mice deficient in both Bgn and Fmod were generated as previously described (Ameye et al.,
2002). These mice were backcrossed with C57BL/6J mice (Taconic Biosciences) for 10
generations to produce Bgn/Fmod DKO mice on a pure C57BL/6J background. Mice were
bred and kept at the NIDCR/NIH/DHHS animal facility with water and food ad libitum. All
animal experiments were approved by the NIDCR/NIH/DHHS ACUC. The loss of Bgn and
Fmod expression, both at the mRNA and protein levels, was confirmed by RT-PCR
(genotyping), gRT-PCR and immunohistochemistry, as described previously (Kram et al.,
2017).

OPG-Fc treatment

3- and 26-week-old Bgn/Fmod DKO mice and age/gender matched WT controls were
injected S.C. with 10mg/kg OPG-Fc [Amgen] twice weekly for 6 weeks. Vehicle treated
mice were subjected to the same regime but were injected with saline (vehicle control). Each
experimental group had between 9 and 11 animals.

Dual-energy X-ray Absorptiometry (DEXA)

At the time of sacrifice mice were weighed and scanned with a DEXA machine (Lunar
PIXImus densitometer, GE Healthcare) to determine the total bone mineral density (BMD)
and total bone mineral content (BMC). When analyzing these parameters, the skulls were
excluded from the region of interest.

X-ray analysis of Ectopic ossification

After dissection and fixation of the hindlimbs and vertebrae, the bones were radiographed
using a Model FX-20 Faxitron X-ray system (Lincolnshire, IL, USA) at a setting of 30 kV
with a 40-second exposure time and developed on Kodak X-OMAT TL films (Rochester,
NY, USA), which were subsequently scanned using an Epson Expression 1680 scanner
(Epson American, Inc., Long Beach, CA). The semiquantitative scoring systems used to
measure the extent of ectopic ossification were previously described (Ameye et al., 2002).
Briefly, a score ranging from 0 to 3 was assigned to knees and ankles independently based
on the extent of ectopic radio-opaque areas observed on radiographs. A score of 0 indicated
the absence of any detectable ectopic radio-opaque area. A score of 1 indicated in the knee
the presence of one or two small ectopic areas and, in the ankle, a barely visible ectopic
area. A score of 2 indicated in the knee three or more small ectopic radio-dense areas or the
presence of a single ectopic area with a size similar to the patella and, in the ankle the
occurrence of an easily visible ectopic area. A score of 3 corresponded in the knee and ankle
to extensive ectopic radio-opaque areas.
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Micro-computed tomography (UCT)

The skeletal phenotype of Bgn/Fmod DKO mice was first analyzed in whole femurs using
the uCT50 system (Scanco Medical AG, Brittisellen, Switzerland) at 70kV, 85uA, 300ms
integration time and 10-pum? isotropic voxel size resolution. Skulls were scanned at 70kV,
85pA, 300ms integration time and 35-ums3 resolution. Mineralized tissues were segmented
by a global thresholding software. Standardized nomenclature was used for the bone
parameters measured (Bouxsein et al., 2010). For the femurs, trabecular parameters were
measured at the secondary spongiosa of the distal metaphysis and cortical parameters were
determined in a 1mm ring at the mid-diaphyseal region according to previously published
guidelines (Kohler et al., 2005). Skull scans were exported to Analyze 14.0 software
(Analyzedirect, KS, USA) for further analysis. All skulls were oriented so that the transverse
plane was parallel to x-axis, whereas the coronal and sagittal planes were perpendicular.
Since the skull is composed of complex bone structures of varying densities, we set two
different thresholds during uCT segmentation. The first threshold was set to define bone of
normal density (ND) at 0.6g HA/cm3. A second threshold defined finer bone structures of
lower density (LD bone) than the rest of the skull at 0.3 to 0.59g HA/cm? (e.g., the
squamous part of the temporal bone). In order to calculate the total volume for each skull, an
elliptical shape was fabricated to encompass the skull. Mandibles and teeth were excluded
from the final region of interest (ROI). The Bone Microarchitecture add-on in Analyze 14.0
was used to analyze the segmented skulls. In order to segment the occipital bone, the
boundaries were first demarcated on the 3D rendering along the suture lines of occipital
bone using the freehand tool in AnalyzePro. Following the demarcation of outline, the body
of occipital bone was segmented manually in the sagittal sections using the freehand tool.
Thresholding similar to the whole skull (ND Bone and LD Bone) was performed to look at
changes in parameters specific to this bone. Five mice per group were analyzed.

Serum markers

Histology

For serum markers of bone remodeling, whole blood was collected retro-orbitally at the time
of animal sacrifice. Serum was separated by centrifugation after allowing a 2-hour clotting
time. Serum N-terminal propeptide of type I procollagen (PINP; cat# AC-33F1, IDS) and
RatLaps™ (C-terminal telopeptides of type | collagen, CTX-I; cat# AC-06F1, IDS) were
analyzed in the same specimens, with 5 biological replicates per group, using commercial
EIA kits according to manufacturer’s instructions.

Following pCT scanning, the femurs were embedded undecalcified in methyl methacrylate
and mid-frontal longitudinal sections were prepared and stained with Von Kossa. Slides were
scanned using an Aperio ScanScope (Leica Biosystems; GmbH) slide scanner.

Statistical Analysis

While skeletal parameters are known to display sexual dimorphism (Callewaert et al., 2010;
Dubrow et al., 2007; Karasik and Ferrari, 2008; Laurent et al., 2014; Zanotti et al., 2014),
initially all parameters were tested using a 3-way analysis of variance (ANOVA), where
gender, genotype and treatment were factors. Gender was found to be a significant factor in
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all and therefore we split the samples by gender and reanalyzed them as separate groups.
Differences were examined by two-way ANOVA test for comparing multiple groups using
either GraphPad Prism 8 or SPSS statistics V.25 (IBM; NY). Anderson-Darling test and QQ
plots were used to assess normality. All data exhibited a normal distribution. Homogeneity
of variances was evaluated with Levene’s test, Spearman’s test for heteroscedasticity, and
residual plots. For heteroscedastic data, variance ratios were evaluated to determine if they
would exceed limits that would compromise ANOVA robustness (Blanca et al., 2018). For
data where variances were deemed unequal across groups, several steps were taken to assess
validity of statistical results. Parametric and nonparametric tests were employed in parallel,
resulting in comparable conclusions. To further prevent incorrect rejection of the null
hypothesis, p value of <0.001 was designated as significant. Subsequently, genotype x
treatment effects and main effects were assessed. Effect sizes were evaluated using partial
n2. When significant differences were indicated by ANOVA, group means were compared to
determine differences between specific groups using Tukey’s multiple comparisons tests. P
< 0.05 was considered statistically significant.

Ordinal regression analysis was used on the ectopic ossification scores (SPSS statistics
V.25). Five ordinal levels were assigned, data was tested for proportional odds using the test
of parallel lines. Regression model was evaluated using estimates (logit regression
coefficients) and standard error of the regression coefficients, which were used to calculate
the Wald chi-square statistic. In some cases, the Wald chi-square statistic could not be
determined because standard error was less than 0.0001, demonstrating high precision of the
model. P < 0.05 was considered statistically significant.

Study approval

Results

All animal studies were performed in accordance with NIH guidelines under institutionally
approved protocols following the guidelines and approval of The National Institutes of
Dental and Craniofacial Research Animal Care and Use Committee (protocol #18-865).

Bgn/Fmod deficient (DKO) mice exhibit a markedly low bone mass (LBM) phenotype
starting as early as 1 month which worsens with age (Kram et al., 2017). Here we used two
approaches to test the effect OPG-Fc treatment has on bone parameters.

Prevention model:

In the prevention model, treatment was administered to skeletally immature mice starting 3
weeks after birth. At the end of the 6-week treatment period the now 9-week-old mice did
not show any weight difference between treatment (OPG-Fc vs vehicle) groups in either
females or males, indicating the treatment did not have an adverse effect on the animals’
weight. As we reported previously, significant weight differences were found between the
genotypes (WT vs DKO) [Figure 1A]. Only for the females, the interaction between
treatment and genotype was also found to be significant (F (1, 36) = 5.191, P=0.0287), that
is, the OPG-Fc treatment had a greater effect on the WT mice. Whole-body DEXA analysis
revealed that, as expected, the OPG-Fc treatment markedly increased the BMD in both
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genders (36.04% and 58.44% in treated WT and treated DKO females respectively; 41.27%
and 46.81% in treated WT and treated DKO males respectively, all compared to vehicle
treatment). For the females, the genotype x treatment interaction was significant with
treatment and genotype exhibiting significant main effects on BMD (F (1, 36) = 6.437,
P=0.0157 for interaction; F (1, 36) = 10.58, P=0.0025 for genotype and F (1, 36) = 260.8,
P<0.0001 for treatment), with the treatment factor notably accounting for 83.11% of the
total variation. The only two groups whose BMD did not differ significantly were the WT
and DKO OPG-Fc treated (WT-O and DKO-O) groups. As for the males, both the treatment
and genotype were significant factors (F (1, 36) = 5.237, P=0.0281 and F (1, 36) = 489.9,
P<0.0001 for genotype and treatment respectively), but by far the differences seen were
mostly due to the treatment, which accounted for over 90% of the total variation. [Figure
1B]. The same pattern was found for BMC where the treatment significantly increased the
BMC in both genders (43.56% and 89.54% in treated WT and treated DKO females
respectively; 62.51% and 76.13% in treated WT and treated DKO males respectively, all
compared to vehicle treatment). In both genders both the genotype and treatment were
associated with increased BMC, but not the interaction between them, and in both the
treatment had a greater effect on the BMC than the genotype (in females F (1, 36) = 20.02,
P<0.0001, partial 12=0.1172 for genotype and F (1, 36) = 111.5, P<0.0001, partial
12=0.6529 for treatment; in males F (1, 37) = 6.060, P=0.0186, partial ?=0.0256 for
genotype and F (1, 37) = 189.1, P<0.0001, partial 12=0.8013 for treatment) [Figure 1C].

DEXA analysis is a fast and easy way to evaluate the animal’s [total] BMD and BMC,
however it is a limited technique that relies on a 2D image and stereologic models, therefore
to directly measure the morphology and microarchitecture of individual bones high-
resolution 3D imaging techniques are used. To determine the morphometric and geometric
parameters in both the trabecular and cortical compartments of the long bone, we next
analyzed the femoral bone, a murine site suitable for the assessment of both, using uCT. We
have previously reported changes in the femoral length between WT and Bgrn/Fmod DKO
(Kram et al., 2017). After the treatment regimen ended, both female and male Bgrn/Fmod
DKO mice showed shorter femora compared to their WT counterparts. More interestingly,
we found that in both genders, the OPG-Fc treatment also impaired the longitudinal growth
of the femur. In fact, the treatment had a stronger effect than the genotype (F (1, 34) = 27.78,
P<0.0001, partial 12=0.2126 and F (1, 34) = 63.04, P<0.0001, partial n2=0.4824 for the
females’ genotype and treatment respectively; F (1, 37) = 8.568, P=0.0058, partial
12=0.0778 and F (1, 37) = 65.16, P<0.0001, partial n2=0.5919 for the males’ genotype and
treatment respectively) [Figure 2A]. The changes in the trabecular BV/TV between the
treated vs vehicle groups were suspiciously above our expectations (1891% and 3045% for
treated WT and DKO females ; 1324% and 1406% for treated WT and DKO males, all
compared to their vehicle group) [data not shown]. A closer examination revealed a
mineralized mass basically filling the whole volume of the distal metaphysis of the femur
[Figure 2B]. Histological examination of this area revealed a striking pathology, where most
of the marrow space was occupied by acellular mineralized tissue [Figure 2C].

To evaluate the rate of remodeling in these bones, we analyzed serum markers of bone
resorption (C-terminal telopeptides of type I collagen; CTX-I) and bone formation (N-
terminal propeptide of type | procollagen; PINP) collected just before the mice were
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sacrificed. CTX-I results showed a substantial reduction in bone resorption in the OPG-Fc
treated groups in both genotypes and across both genders, but in the females only the
treatment had a significant effect (F (1, 16) = 219.1, P<0.0001), accounting for 90.98% of
total variation, whereas in the males, though both the interaction and the treatment itself
were statistically significant factors, the treatment had a stronger effect (F (1, 15) = 12.10,
P=0.0034, partial 1 2=0.09 for genotype x treatment interaction vs. F (1, 15) = 103.8,
P<0.0001, partial 2=0.7772 for treatment main effect). [Figure 2D]. Surprisingly, the PINP
results also showed an almost complete suppression of bone formation in the OPG-Fc
treated mice, again across genotype and gender only the treatment was a significant factor (F
(1, 16) = 42.46, P<0.0001 and F (1, 16) = 41.61, P<0.0001 for females and males
respectively) [Figure 2E].

Another, previously reported phenotype the Bgrn/Fmod DKO mice have is early onset EO.
To assess whether the OPG-Fc treatment had any effect on the progression of this
pathological process, we examined the mice’s hindlimb X- rays [Figure 3A] and scored the
severity of EO at two distinct locations. Ordinal regression analyses showed that in the knee,
DKO female mice were 61.5 times more likely to exhibit higher EO scores compare to WTs
(Wald x2(1) =9.62, p=0.002). For the males, both genotype and treatment were associated
with higher EO scores (Wald x2(1)=14.984, p<0.0001 and Wald x2(1)=4.091, p=0.043 for
genotype and treatment respectively) The odds of DKO male mice to have higher scores
were 119.68 times that of the WTs [Figure 3B]. Interestingly, though male DKO mice had
higher EO scores compared to WT, the treatment had an opposite effect on the two
genotypes- slightly lowering the scores of DKO males while increasing them in the WTs
(Wald x2(1)=5.73, p=0.017 for the genotype x treatment interaction).

Mineralization/ossification in the ankle seem to lag behind the knee area, as in most of the
animals there were no visible radio-opaque areas present at the end of the 6-week treatment
regimen. For the females, regression analyses did not apply, therefore, no conclusions
regarding the effects of either genotype or treatment could be made (final model fitting
p=0.290), however, despite not being statistically significant, there was an obvious trend
pointing to higher scores in the DKO (irrespective of treatment). In the males, on the other
hand, the genotype was still a predictor (Wald Xz(l) =3.81, p=0.05), and the odds of DKO
male mice to have higher EO scores was 10.93 times that of the WTs.

Due to the marked changes in the long bones, we further looked at the skulls to determine
whether the OPG-Fc treatment affected the craniofacial skeleton in a similar manner. The
UCT analysis showed that in both genders, the vehicle treated Bgrn/Fmod DKO skulls had
much more low density (LD) bone (orange, Figure 4A) than the WT mice. OPG-Fc treated
mice, of both genotypes, had skulls with considerably less LD bone, suggesting that the
treatment converted much of the LD bone to normal density (ND) bone. In addition, we also
observed some shape changes after the OPG-Fc treatment including shorter skulls and
thicker zygomatic bone [data not shown]. The occipital bone was most prominently affected
(Figure 4B) and we therefore analyzed the volume density parameters of this bone along
with the whole skull.
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Quantification of the parameters specific to occipital bone showed a significant main effect
of treatment on ND volume in females (F (1, 16) = 28.1, P<0.0001, partial n2=0.637)
whereas, genotype x treatment interaction as well as both genotype and treatment as main
factors were significant factors for ND bone in the males (F (1, 16) = 13.8, P=0.002, partial
12=0.462 for genotype x treatment interaction; (F (1, 16) = 11.6, P=0.004, partial 12=0.420
for genotype; (F (1, 16) = 123.2, P<0.0001, partial n2=0.885 for treatment). OPG-Fc
treatment significantly increased ND bone in both genotypes across both genders (28.5% in
treated WT vs 44.1% in treated DKO females; 33.4% increase in treated WT vs 98.6%
increase in treated DKO males; all compared to their vehicle-treated controls) (Figure 4C).
LD bone volume was affected only by treatment in females (F (1, 16) = 7.6, P=0.014, partial
12=0.500), whereas in the males both the interaction and treatment were significant (F (1,
16) = 22.8, P<0.001, partial n2=0.587 for genotype x treatment interaction and F (1, 16) =
23.8, P<0.001, partial 2=0.598 for treatment). Following treatment LD volume decreased
significantly in female WT but not DKO mice, (-26.7% in WT vs —10.7% in DKO females),
whereas in males, LD volume decreased significantly in DKO but not in WT (-0.64% vs
-41.7% in WT and DKO respectively) (Figure 4D). Following treatment, the total volume of
the occipital bone, with areas of both densities combined (ND and LD bone) increased
significantly in both DKO females and males (28.2% and 38.9% in treated females and
males respectively) (Figure 4E). The total volume, was affected only by treatment in females
(F (1, 16) = 15.9, P=0.001, partial 12=0.500), while both genotype and treatment had
significant effect in males, though the effect of treatment on total volume was greater
accounting for 77.5% total variance (F (1, 16) = 55.2, P<0.0001 for treatment vs F (1, 16) =
5.1, P=0.039, partial 12=0.240 for genotype). Both genotype and treatment were found to be
significant main factors affecting the density of the occipital bone in females (F (1, 16) =
5.6, P=0.031, partial n2=0.259 for genotype and F (1, 16) = 16.7, P=0.001, partial n?=0.511
for treatment), whereas in males the interaction between genotype and treatment as well as
both main factors were significant (F (1,16) =41.4, P<0.0001, partial n2=0.721 for genotype
xtreatment interaction; F (1, 16) = 9.4, P=0.007, partial 2=0.370 for genotype and F (1, 16)
= 142.8, P<0.0001, partial n2=0.899 for treatment). Bone density increased significantly
more in the treated DKO males (7.4% and 20.1% in treated WT and DKO respectively)
(Figure 4F). Whole skull was analyzed by segmenting the skull (omitting the mandible and
teeth) using thresholding analogous to the occipital bone. Quantification of the uCT data for
the skull as a whole revealed a similar trend (Supplementary Figure 1):ND bone volume was
significantly increased after treatment in the DKO groups across gender (in females 8.0% vs.
26.7% increase in treated WT and DKO respectively; in males 8.5% increase in treated WT
vs. 40.5% increase in treated DKO male mice respectively) all compared to their vehicle
treated controls) (S. Fig. 1A). Correspondingly, the volume of LD bone decreased following
OPG-FC treatment (S. Fig. 1B) (In females —14.0% and —11.6% in treated WT and DKO
respectively; in males —10.5% vs. —15.9% in treated WT and DKO respectively). Only the
treatment as main factor in females was found to be significant (F (1,16) = 5.6, P=0.031,
partial 12=0.259).

In order to normalize these findings to the skull size, we calculated the ratio of the bone
volume (ND bone +LD bone) to the total volume (S. Fig. 1C). In the females, the BV/TV
ratio was significantly influenced by the interaction and genotype as main factor (F (1,16)
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=10.4, P=0.005, partial n2=0.395 for interaction; F (1,16) =4.6, P=0.048, partial 12=0.222
for genotype). In the males, though both genotype and treatment were found to be significant
in influencing the BV/TV, the genotype had a stronger effect on this parameter accounting
for 49.7% of total variance((F (1,16) =4.6, P=0.001, partial n2=0. for genotype and F (1,16)
=2.7, P=0.007, partial 12=0.369 for treatment). Across both genders, treatment was the only
factor influencing BMD showed significant difference with treatment in both genders (F
(1,16) =6.2, P=0.024, partial n2=0.280 in females and F (1,16) =19.4, P<0.0001 partial
12=0.548 in males) (S. Fig 1D).

In summary, OPG-Fc treatment caused drastic changes in the skull as a whole with marked
changes in the density. The changes in volume resulted in generalized thickening of the
occipital bone (data not shown). The Bgrn/Fmod DKO mice skulls were more affected by
treatment than WT mice. Also, males showed more pronounced changes than females.

Repair model:

for this model we let the “natural” course of aging as well as the full Bgn/Fmod DKO
phenotype to develop and tried to evaluate whether OPG-Fc treatment can rescue, at least to
some extent, the damage that was already found in the skeleton. At the end of the treatment
regimen, the animals were 32 weeks old. For both females and males, only the genotype was
a significant factor in influencing the whole-body weight accounting for 11.96% of variance
in females (F (1, 36) = 5.409, P=0.0258) and 43.86% of the variance in males (F (1, 35) =
29.17 , P<0.0001) [Figure 5A]. Though in females and males, both the genotype and the
treatment were significant main factors influencing BMD in both genders, the treatment had
a greater effect than the genotype (F (1, 36) = 8.637, P=0.0057, partial 1 2=0.2959 for
genotype and F (1, 36) = 19.41, P<0.0001, partial n2=0.1316 for treatment in females; F (1,
34) = 9.303, P=0.0044, partial n2=0.222 for genotype and F (1, 34) = 13.19, P=0.0009,
partial 12=0.1566 for treatment in males). Across both genders, the treatment had a (not
statistically significant) bigger effect on the DKO mice (5.7% increase in treated WT vs.
11.03% in treated DKO females; 2.8% increase vs. 12.19% increase in treated WT and DKO
males respectively, all compared to their vehicle controls), rendering the BMD of the OPG-
Fc treated mice comparable to that of the “naive” WTs, thus basically restoring this
parameter[Figure 5B].In terms of BMC, though both the treatment and genotype were
significant main factors associated with increased BMC in females, the effect of the
genotype was larger accounting for 24.13% of the variance (F (1, 36) = 14.37, P=0.0006 for
genotype vs. F (1, 36) = 6.566, P=0.0147, partial n2=0.1102 for treatment). In the males, on
the other hand, only the genotype significantly influenced BMC, accounting for over 33% of
the variance (F (1, 35) = 19.78, P<0.0001). As with the BMD, though not statistically
significant, in both genders it seemed that the OPG-Fc treatment had a stronger effect on the
DKO mice (2.76% increase in treated WT vs. 14.54% increase in treated DKO females;
1.30% increase in treated WT vs. 23.70% increase in treated DKO males, all compared to
their vehicle controls), again comparing the BMC of DKO-O mice to that of WT-V ones
[Figure 5C]. Thus, to summarize, DEXA analysis indicated, that in both females and males,
the OPG-Fc treatment resulted in an increase of both BMD and BMC and was able to
restore the defect the DKO mice suffer from.
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Since the growth plates of murine long bones do not close, there is continuous longitudinal
growth even at advanced age. The differences seen in the femoral length were only
determined by the genotype of mice, (F (1, 36) = 34.58, P<0.0001, partial 12=0.49; F (1, 35)
=121.8, P<0.0001, partial 12=0.777 for females and males respectively) [Figures 6A-B].
Examination of the trabecular compartment revealed the OPG-Fc treatment was able to
increase the BV/TV in both genders and for both genotypes. In fact, in the females the
treatment and genotype had similar contributions to the BV/TV (F (1, 36) = 35.67,
P<0.0001, partial n 2=0.3356 for genotype and F (1, 36) = 32.58, P<0.0001, partial
12=0.3066 for treatment), whereas in the males the genotype x treatment interaction, as well
as genotype and treatment as main effect were significant, though by far the genotype had
the strongest effect (F (1, 34) = 4.168, P=0.0490, partial 1 2=0.0232 for interaction; F (1, 34)
=108.0, P<0.0001, partial n2=0.6036 for genotype and F (1, 34) = 33.93, P<0.0001, partial
12=0.1896 for treatment)). Again, for both females and males, the OPG-Fc treatment was
more effective in increasing the BV/TV in the DKO groups (112.47% increase in treated
WT vs. 237.73% increase in treated DKO females; 63.58% increase in treated WT vs.
158.78% in treated DKO male mice, all compared to their vehicle controls) [Figure 6C&D].

For the trabecular number, in both females and males, though both the genotype and
treatment were significant main factors, the genotype had a stronger effect than the treatment
(F (1, 36) = 57.71, P<0.0001, partial n2=0.5616 for genotype vs. F (1, 36) = 7.521,
P=0.0094, partial 2=0.0732 for treatment in females and F (1, 35) = 61.66, P<0.0001,
partial 112=0.4845 for genotype and F (1, 35) = 28.12, P<0.0001, partial n2=0.221 for
treatment in males). Surprisingly, the DKO females were effected to a lesser degree than the
WT by the OPG-Fc treatment, while in the males the increase in trabecular number after
OPG-Fc treatment was more noticeable in the DKO group (15.01% vs. 7.53% in treated WT
and DKO females respectively; 24.89% and 33.03% for treated WT and DKO males
respectively, all compared to their vehicle treated controls). [Figure 7A]. In the females, only
the treatment was a significant factor affecting trabecular thickness, accounting for 22.62%
of the total variance (F (1, 36) = 11.13, P=0.0020), whereas for the males, both genotype and
treatment were significant main factors influencing the thickness (F (1, 34) = 14.30,
P=0.00086, partial n2=0.2487; F (1, 34) = 7.929, P=0.0080, partial 12=0.1379). [Figure 7B].
The spacing between the trabeculae is a corollary of both the number and thickness,
therefore it was not surprising to find significant differences between the groups across both
genders. In both females and males, though both the genotype and treatment were significant
main factors, the genotype was a more influential factor, accounting for over 53% of the
total variation in both genders (In females F (1, 34) = 50.59, P<0.0001, partial 12=0.5465 for
genotype and F (1, 34) = 7.583, P=0.0094, partial n2=0.0819 for treatment; In males F (1,
34) = 64.58, P<0.0001, partial 2=0.5308 for genotype and F (1, 34) = 22.98, P<0.0001,
partial n2=0.1889 for treatment). Taken together, these data indicate that in the females the
overall increase in the BV/TV was due more to an increase in the thickness of existing
trabeculae than formation of new trabeculae (15.01% and 7.53% increase in Tb. N. in treated
WT and DKO mice compared to 34.96% and 22.21% increase in Th. Th. in treated WT and
DKO mice), whereas in the males the treatment increased the number of trabeculae more
than their thickness (24.89% and 33.03% increase in Tb. vs. 10.01% and 24.16% increase in
Th. Th. in treated WT and DKO mice). [Figure 7C]. The connectivity density, a parameter
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describing the architectural integrity of the trabecular network, was affected by both the
genotype and the treatment in both females and males (F (1, 34) = 20.25, P<0.0001, partial
12=0.2411 for genotype vs. F (1, 34) = 24.07, P<0.0001, partial n2=0.2867 for treatment in
females; F (1, 35) = 64.40, P<0.0001, partial n2=0.5578 for genotype vs. F (1, 35) = 11.36,
P=0.0018, partial n2=0.0983 for treatment in males). [Figure 7D].

Since the cortical and trabecular bone compartments are subject to different regulatory
mechanisms, we also wanted to assess the efficacy of the OPG-Fc treatment on cortical
parameters. Cortical thickness was differently affected in females and males. For the
females, only the genotype was a significant factor, accounting for 25.08% of total variation
(F (1, 36) = 13.45, P=0.0008). Whereby even before the treatment, the Bgrn/Fmod DKO
mice displayed somewhat thicker cortices, at the end of the 6- week treatment course this
parameter did not change significantly (3.02% vs. 7.79% increase for treated WT and treated
DKO respectively, compared to vehicle treated mice). In the males on the other hand, both
the genotype and treatment had a significant effect on the cortical thickness, but the
genotype had a stronger influence (F (1, 35) = 100.6, P<0.0001, partial 12=0.6477 for
genotype vs. F (1, 35) = 21.01, P<0.0001, partial n2=0.1353 for treatment). Here also, the
DKO mice had thicker cortices to begin with and in both genotypes the OPG-Fc treatment
resulted in thickening of the cortex, though to a greater degree in the WT (16.42% vs. 6.56%
increase in treated -WT and -DKO, respectively, compared to their vehicle controls) [Figure
8A]. Though the DKO female mice started with narrower diaphyses compared to their WT
counterparts, the OPG-Fc treatment increased this parameter beyond the value of the treated
WTs, thus it was not surprising to find both the treatment and the genotype x treatment
interaction as significant factors affecting this index (F (1, 35) = 6.429, P=0.0159, partial
12=0.1182 for genotype x treatment interaction and F (1, 35) = 13.38, P=0.0008, partial
12=0.2461 for treatment). For the males, both the genotype and the treatment were
significant effectors (F (1, 35) = 6.441, P=0.0158, partial 2=0.1334 and F (1, 35) = 6.080,
P=0.0187, partial n 2=0.1259for genotype and treatment respectively) [Figure 8B]. In both
genders, the Bgn/Fmod DKO mice started out with narrower medullary diameters and the
treatment had opposite effects on WT and DKO mice; the OPG-Fc treated WT showed a
mild reduction in the diameter, whereas the DKO mice treated with OPG-Fc showed an
increase in this parameter (-0.56% vs. 3.48% in treated WT and treated DKO females
respectively; —13.18% vs. 2.91% in treated WT and treated DKO males respectively, all
compared to their respective vehicle controls). In the females, only the genotype was found
to significantly influence medullary cavity diameter, accounting for 38.79% of the total
variance (F (1, 36) = 24.25, P<0.0001), whereas for the males the interaction as well as both
individual main factors significantly influenced the observed variance (F (1, 33) = 14.58,
P=0.0006, partial 12=0.102; F (1, 33) = 82.91, P<0.0001, partial 12=0.58 and F (1, 33) =
15.23, P=0.0004, partial 2=0.1065 for genotype x treatment interaction, genotype and
treatment respectively) [Figure 8C]. Taken together, these results indicate that in both WT
and DKO females and the DKO males the cortical thickening in the treated mice was due to
periosteal apposition of new bone. In the WT males, on the other hand, it seems there was
both endosteal and periosteal apposition of new bone.

Looking at the serum markers for bone resorption revealed that, as expected, OPG-Fc
treatment lowered the levels of CTX-1. Though in both females and males, the DKO mice
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start at a lower serum level of CTX-I than the WTs, only the treatment was found to be a
significant main effect accounting for over 30% of the total variance (F (1, 16) = 8.770,
P=0.0092, partial 12=0.3077 and F (1, 16) = 12.61, P=0.0027, partial n) 2=0.3863 for
females and males respectively). Therefore, the effect of OPG-Fc treatment was more
marked in the WT (-53.84% vs. —20.18% in treated -WT and -DKO females respectively;
-41.09% vs. —16.60% in treated -WT and -DKO male mice respectively, all compared to
their vehicle controls) [Figure 8D]. As with the young mice, the OPG-Fc treatment also
lowered the levels of PINP in the mouse serum. Once more, because in both females and
males the DKO mice had a lower baseline level, the treatment had a stronger effect on the
WTs (-66.40% vs. —53.33% reduction in PINP levels in treated WT and treated DKO
females respectively; —70.67% vs. —4.69% reduction in PINP levels in treated WT and
treated DKO males respectively, compared to vehicle controls). For the females, only the
treatment was a significant factor, accounting for 69.85% of the total variance(F (1, 16) =
44,75, P<0.0001), while for the males the interaction between genotype and treatment as
well as both the genotype and treatment as main factors all had a significant influence on the
PINP serum level (F (1, 16) = 13.68, P=0.0019, partial n2=0.2581 for genotype x treatment
interaction; F (1, 16) = 8.149, P=0.0115, partial n?=0.1538 for genotype main factor and F
(1, 16) = 15.17, P=0.0013, partial n2=0.28.62 for treatment as main factor)[Figure 8E].

As ectopic ossification is a pathological process that worsens with age, we were curious to
see whether the OPG-Fc treatment influenced its progression. Examination of the hindlimb
x-rays indicated that compared to the young mice (in the prevention module), there were
more and broader areas of ectopic ossifications in both WT and DKO mice across both
genders [Figure 9A]. Scoring the two distinct sites- the knee and ankle- revealed that again,
the DKO mice tended to have higher scores compared to their WT counterparts, the result of
both more and larger radio opaque areas. For both locations and in both genders, only
genotype was found to have an effect on the amount and/or size of the ectopic ossification
whereas the OPG-Fc treatment was not effective in either ameliorating nor exacerbating the
progression of this pathology (For females: Wald Xz(l): 4.904, p<0.000 ; Wald
X2(1)212.697, p=0.000 for genotype in the knee and ankle respectively. For males: Wald
x2(1) =319.659, p=0.000 and Wald (1) =189.314p=0.000 for genotype in the knee and
ankle respectively), making the odds of DKO mice (females and males) having more/bigger
EO lesions in their knees at least a 100 times that of WTs and more than 50 times that of
WTs in the ankle [Figure 9B&C].

UCT analysis of the skulls showed that, unlike the young mice, OPG-Fc treatment did not
completely rescue the low density phenotype in skulls of older mice (Figure 10A). Similar to
the young mice, in the older mice of the repair module, males had more changes in the
occipital bone parameters than females (Figure 10B). OPG-Fc treatment increased the ND
volume (Figure 10C), total volume (Figure 10E) and bone density (Figure 10F) in females
and males, but the changes were not statistically significant. In terms of LD volume (Figure
10D), no differences were found between any of the experimental groups in females,
whereas in the males, genotype had a significant influence on LD volume explaining 36.9%
of the total variance (F (1,15) = 7.8, P=0.016). In females, OPG-Fc treatment was a
significant factor influencing the total volume (F (1,15) = 4.7, P=0.046, partial 2 = 0.239).
No interaction or main factors significantly affected this parameter in male mice (Figure
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10E). In both females and males, only the genotype had a significant effect on the bone
density (F (1,15) = 25.2, P<0.001, partial n2 = 0.627 for females and F (1,15) = 8.7,
P=0.011, partial n2 = 0.401 for males respectively) (Figure 10F). In the whole skull analysis
(Supplementary Figure 2), only the DKO males exhibited significant increase in ND bone
volume (F (1,14) = 580.8, P<0.001, partial n2 = 0.620) and BV/TV (F (1,14) = 17.2,
P=0.001, partial n2 = 0.552) . OPG-Fc treatment had a positive effect on BMD. For females
and males alike both genotype and treatment were found to be significant factors (In
females: (F (1,15) = 27.1, P<0.001, partial n2 = 0.643 for genotype and F (1,15) = 7.1,
P=0.018, partial n2 = 0.321; In males: F (1,14) = 37.6, P<0.0001, partial n2 = 0.729 for
genotype and (F (1,14) = 22.9, P<0.001, partial n2 = 0.620 for treatment).

This data shows that OPG-Fc treatment does not affect the adult skulls as drastically as the
skulls in younger mice. However, the milder changes in volume and density indicate that
bone remodeling process in adult mice is affected to some extent by OPG-Fc treatment
regardless of the genotype.

Discussion

Proteoglycans in general, and SLRPs specifically, are known to play a crucial role in skeletal
health. We and others have previously shown skeletal defects in mouse models lacking one
or more of these ECM proteoglycans (Ameye and Young, 2002; Bi et al., 2006; Boskey et
al., 2005; Corsi et al., 2002; Goldberg et al., 2006; Xu et al., 1998). Our Bgn/Fmod double
deficient mouse model exhibits an upsurge in osteoclastogenesis resulting in profound low
bone mass (LBM) phenotype that is already significant at 5 weeks of age, yet still worsens
with age (Kram et al., 2017). In recent years, denosumab, a fully human monoclonal
immunoglobulin G2 antibody against RANKL has been approved for treatment of various
pathological conditions in which the etiology is increased osteoclast activity (Cummings et
al., 2009; Kostenuik et al., 2009). Denosumab’s advantage is that, unlike conventional
bisphosphonates, it is not incorporated into the bone matrix, which initially deemed it
suitable for long-term therapy and use in children (Baron et al., 2011; Boyce, 2017; Brown
et al., 2009; Ellis et al., 2008). Because denosumab only recognizes primate RANKL, OPG-
and soluble RANK-immunoglobulin Fc segment complexes were developed to inhibit
osteoclast formation and activity in preclinical animal models (Canon et al., 2008; Delos et
al., 2008; Ominsky et al., 2008; Padagas et al., 2006).

The purpose of this study was to assess whether OPG-Fc treatment could either prevent the
LBM in the Bgn/Fmod DKO from developing or cure it once it is already established. We
followed the provider’s recommended dosage of 10mg/kg twice a week for 6 weeks with
either 3- or 26-week old mice and evaluated their skeletal parameters at the endpoint. With
regard to the axial skeleton, in the prevention arm of the experiment, it initially seemed like
the treatment was effective: across both genders and genotypes, the treated groups showed a
noticeable increase in both BMD and BMC as measured by DEXA; However, on closer
examination, a pathological phenotype was revealed, where the metaphyses were completely
calcified/mineralized (though we did not investigate this further to be able to discern) with
practically all of the marrow space obliterated. This is reminiscent of the congenital form of
osteopetrosis. Due to this interruption to the primary spongiosa, all treated groups showed a
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marked growth inhibition indicated by the shortened femoral length. Moreover, our results
indicate that OPG-Fc treatment significantly reduced serum biochemical markers of both
bone resorption and formation. Though some inhibition of bone formation markers is
expected with antiresorptive treatments (Reid et al., 2010; Sipos et al., 2011), since there are
no active osteoclast resorbing bone, and hence no recruitment of newly differentiated
osteoblasts to fill out resorptive pits, a complete arrest of the remodeling process was not
expected given these were young mice at the peak of their growth period. Our results
resemble findings of other groups using different treatment protocols (dosage, duration,
species] of OPG-Fc in young/juvenile subjects (Bargman et al., 2012; Ominsky et al., 2007;
Reid et al., 2010; Sipos et al., 2011). In fact, Sipos et al. showed 40-70% reduction in serum
bone markers as early as 5 days after initiating the OPG-FC treatment (Sipos et al., 2011)
and Bargman et al. showed adverse reaction of the young (mouse) skeleton even with low
dose OPG-Fc treatment (1 mg/kg/week for 4 weeks) (Bargman et al., 2012).

The effect of OPG-Fc treatment on mature/old mice (past the rapid bone accrual stage) is
quite different as the rescue arm of the present study indicates. As with the young mice,
DEXA analysis showed a substantial increase in both the BMD and BMC indices in the
treated groups across both genders and genotypes. It is important to note that the treatment
had a greater effect on the Bgn/Fmod DKO mice compared to the WTs, probably because
their starting point is much lower. The pCT results revealed improvement of specific bone
architectural parameters induced by the OPG-Fc-treatment, some of which were actually
restored to the level of the naive WTs. Though the murine skeleton undergoes continuous
elongation, the rate at which this longitudinal growth happens is much slower as the animal
ages. Therefore, it was not surprising to not find significant differences between OPG-Fc-
and vehicle-treated mice after only 6 weeks of treatment, and having the genotype be a
significant factor to femur length. OPG-Fc treatment led to higher trabecular BV/TV and
improved trabecular architecture. In the females, increases in both trabecular number and
thickness were seen in the WT treated group, whereas the Bgn/Fmod DKO females only
exhibited a significant change in the thickness parameter as a result of the treatment. For the
males, the elevated BV/TV was mostly the result of increased trabecular number and not
thickness in both Bgn/Fmod DKO and their WT controls. The connectivity density, a
measurement of the architectural integrity of the trabecular bone, was also improved by the
OPG-Fc treatment in both females and males. Likewise, the cortical bone was affected by
the treatment, as all treated groups across both genders displayed an increase in cortical
thickness (though not always a statistically significant one). In both females and males, the
variances seen between groups in most parameters was due to genotype rather than the
treatment factor, though at least in some indices treatment was a significant factor.
Moreover, an interaction between genotype and treatment was also found in some of the
parameters analyzed, indicating the two genotypes responded to the treatment differently
(sometimes the magnitude of the effect was different in others the response was opposite).
Taken together, these results indicate that OPG-Fc treatment in mature mice can improve
many of the impaired skeletal indices of the Bgn/Fmod DKO mice, though even with the
treatment, most of the skeletal indices were not restored to the level of the untreated WTs.
The analysis of serum markers again revealed that both resorption as well as formation were
affected by the treatment. Despite both biochemical indicators being reduced in OPG-Fc-vs.
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vehicle-treated mice, we believe that because in both females and males the Bgn/Fmod DKO
mice had a lower baseline level, the treatment had a stronger effect on the WT mice. It is
interesting to note that DKO-V mice have lower serum levels of CTX-1 compared to their
age matched controls. This corresponds to the fewer Osc/Th. Perimeter we reported in older
Bgn/Fmod DKO mice. We hypothesized the enhanced osteoclastogenesis at a young age
resulted in such low bone perimeter/surface, that there was very little (if any) resorption
going on (Kram et al., 2017).

The craniofacial skeleton differs developmentally and structurally from the appendicular
skeleton (Chai and Maxson Jr, 2006; Wilkie and Morriss-Kay, 2001) and in this study we
show it also reacted differently to the OPG-Fc treatment. Although not as debilitating as the
long bone, OPG-Fc treatment drastically affected the skull bones in the young group. In the
young mice, though the treatment managed to improve some of the skulls” parameters, there
are also some side effects in the form of morphological changes that still need further
investigation. The moderate changes in adult mice due to OPG-Fc treatment shows that
despite having completed growth, the remodeling bone is still sensitive to OPG. The skull
bones also differ in their developmental origin and future studies warrant investigation on
how different bones could be affected.

The early onset EO seen in our Bgrn/Fmod DKO mouse model is idiopathic. In such cases
proximal joints are typically more involved (e.g. knee vs. ankle) and often the lesions are
seen in more than a single region (Edwards and Clasper, 2015; Shehab et al., 2002). Though
in many cases, early EO formation is subclinical and only noted on radiographs, prophylaxis
and/or early treatment of EO is extremely important to prevent progression and
complications, which in severe cases may include debilitating pain, peripheral nerve
entrapment and restricted range of motion up to ankylosis and full loss of joint mobility
(Shehab et al., 2002). EO has repeatedly been shown to be an inflammatory related process,
with cytokines such as TNFa being involved (Shehab et al., 2002), therefore, nonsteroidal
anti-inflammatory drugs may be used for therapy. Moreover, demineralized bone matrix (as
a result of inflammation or trauma) can also invoke EO, by releasing osteogenic growth
factors and cytokines such as BMPs (Shehab et al., 2002; Urist et al., 1978).

Interestingly, decorin, aggrecan and biglycan were all detected in ectopic bone but in lower
amounts compared to normal bone, and differences in proteoglycan concentrations in
heterotopic bone samples may reflect different pathophysiology and development patterns
(Mania et al., 2009).

PGs play a role in the mineralization process of bone, largely by controlling the availability
of growth factors and cytokines. In our Bgn/Fmod DKO model (Kram et al., 2017), the lack
of these two SLRPs results in increased TNFa activity, and hence increased
osteoclastogenesis, as well as inflammatory potential, which may explain the amplified EO
phenotype in the Bgn/Fmod DKO compared to WT controls (earlier onset, more and bigger
lesions). The elevated TNFa signaling in the Bgn/Fmod DKO mice might also explain why
the OPG-Fc treatment, though obviously eradicating osteoclast activity, did not influence the
EO state. Our Bgn/Fmod DKO model has been shown to have restricted range of joint
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motion (Ameye et al., 2002), though initially attributed to abnormal collagen fibrils in
tendons it could also be the result of the extensive EO lesions, especially at an advanced age.

In the mature mice, the OPG-Fc treatment protocol we implemented clearly resulted in
improvement of specific bone architectural parameters, some of which were restored to the
level of the naive WTs, but based on the serum markers, it also affected the formation stage
of the remodeling cycle (most probably elongating this phase). Though the reversible nature
of OPG-Fc or denosumab treatment is well established (Bargman et al., 2012; Bekker et al.,
2004; Boyce, 2017; Iranikhah et al., 2018; Kim et al., 2006; Kostenuik et al., 2009), our and
others results point to a deleterious effect of OPG-Fc treatment on the “pediatric” skeleton.
Consequently, more research needs to be done on the young, pre-puberty population.
Clinically, the benefits of such antiresorptive treatment must seriously outweigh the risks
and/or side-effects (e.g., growth arrest, obliteration of marrow space).

In summary, we find that LBM phenotype in the Bgn/Fmod DKO model could be partially
rescued by OPG-Fc treatment in mature mice, but in young mice, even though effective in
enhancing BMD, treatment was harmful to the skeletal structure independent of genotype.
While overactive osteoclastogenesis in the Bgn/Fmod DKO model appeared to be reduced
by the OPG-Fc and somewhat beneficial to the mineralized tissue, the nature, quality and
strength of the new bone produced is not known. Further experiments will be needed to
determine if additional factors could be used to achieve full effectiveness of OPG-Fc in
cases of ECM disruption caused by loss of Bgn/Fmaod.
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Highlights:

. Bgn/Fmod DKO mice have low bone mass (LBM) and other mineralized
tissue defects

. Bgn/Fmod DKO and WT were injected with OPG-Fc to rescue and repair
LBM

. OPG-Fc treatment in young mice was harmful to the growth of craniofacial
and long bones

. Treatment improved some parameters in older DKO mice but was unable to
restore them to WT levels

. Treatment was not able to prevent the formation of ectopic ossification in
Bgn/Fmod DKO mice
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Figure 1:

Impact of OPG-Fc treatment of skeletally immature mice on body weight, BMD and BMC
(A.) whole body weight; (B.) BMD and (C.) BMC obtained by DEXA analysis. Data are
mean + SE obtained from N = 10 mice per group. Analyzed by two-way ANOVA and
Tukey’s post hoc. *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001. WT-V: wild type
vehicle treated; WT-O: wild type OPG-Fc treated; DKO-V: Bgn/Fmod double knockout
vehicle treated; DKO-O: Bgn/Fmod double knockout OPG-Fc treated.
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Figure 2:

Adverse effects of OPG-Fc treatment on the skeleton of young mice. (A.) femoral length;
(B.) 3D reconstructed uCT images of the femoral metaphysis of OPG-Fc- vs. vehicle-treated
WT and Bgn/Fmod DKO mice demonstrating a calcified mass filling the trabecular
compartment. Data are mean + SE obtained from N=10 mice per group. Analyzed by two-
way ANOVA. and Tukey’s post hoc *, p<0.05; **, p<0.01; ***, p<0.001. (C.) Von Kossa
stained sections of representative femurs demonstrating acellular trabecular compartment
with (almost) completely obliterated marrow space. Serum levels of (D.) bone resorption
and (E.) bone formation markers. Serum was obtained from 9-weeks old mice before
sacrifice and measured using commercial ELISA Kits. Data are mean + SE obtained from
N=5. Analyzed by two-way ANOVA and Tukey’s post hoc. *, p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001. WT-V: wild type vehicle treated; WT-O: wild type OPG-Fc
treated; DKO-V: Bgn/Fmod double knockout vehicle treated; DKO-O: Bgn/Fmod double
knockout OPG-Fc treated.
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Figure 3:
Effect of OPG-Fc treatment in young mice on ectopic ossification. (A.) x-ray image of hind

leg demonstrating EO lesions (marked by yellow arrows) in knee and Achilles ligament of
Bgn/Fmod DKO mice. Note the massive radio-opaque area in the distal metaphysis of the
femur and proximal metaphysis of the tibia in the OPG-Fc treated groups. EO scoring of
(B.) Knee and (C.) ankle areas using arbitrary units. Data are mean * SE obtained from
N=7-10. Analyzed by ordinal regression followed by Dunn’s post hoc test. *, p<0.05; **,
p<0.01; ***, p<0.001. WT-V: wild type vehicle treated; WT-O: wild type OPG-Fc treated;
DKO-V: Bgn/Fmod double knockout vehicle treated; DKO-O: Bgn/Fmod double knockout
OPG-Fc treated.
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Figure 4:

UCT analysis of craniofacial skeleton of the prevention module. (A.) 3D renderings of 9-
week old male skulls (Dorsal view) showing normal density (ND) bone (0.6g HA/cm3) in
gray and low density (LD) bone (0.3-0.59g HA/cm3) in orange. (B.) Posterior view of skull
showing the occipital bone. Quantification of the changes in (C.) ND bone (D.) LD bone
volume. (E.) Total volume (TV) and (F.) Bone Density of the occipital bone. Data are mean
+ SE obtained from N = 5 mice per group. Analyzed by two-way ANOVA, and Tukey’s
post-hoc. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. WT-V: wild type vehicle
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treated; WT-O: wild type OPG-Fc treated; DKO-V: Bgn/Fmod double knockout vehicle
treated; DKO-O: Bgn/Fmod double knockout OPG-Fc treated.

J Struct Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kram et al.

_Rescue 7
P P
Lo g.,a\.v,\.f>
e P —
26 weeks old 32 weeks old

A Body weight
50
40
30 ——

o

20

T
Females

Figure 5:

Males

mg/mm?

0.08+

0.074

0.06-{

0.05-

0.04-

OWT-V

Page 29
BMD C BMC
ank ak 0.8+ i
...... e L xk
et 5 S, o
—_ 0.6 = e
% o
£ o
S 0.4
o £
0.2
T T 0.0 T T
Females Males Females Males
eWT-O 0ODKO-V mDKO-O

Impact of OPG-Fc treatment of skeletally mature mice on body weight, BMD and BMC (A.)
whole body weight; (B.) BMD and (C.) BMC obtained by DEXA analysis. Data are mean +
SE obtained from N = 10 mice per group. Analyzed by two-way ANOVA and Tukey’s post
hoc. *, p<0.05; **, p<0.01; ***, p<0.001, **** p<0.0001. WT-V: wild type vehicle treated;
WT-O: wild type OPG-Fc treated; DKO-V: Bgn/Fmod double knockout vehicle treated:;
DKO-0: Bgn/Fmod double knockout OPG-Fc treated.
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Figure 6:
Impact of OPG-Fc treatment in mature mice on longitudinal growth and trabecular bone

microarchitecture. (A.) 3D rendering of uCT femoral scans from 32w old WT and Bgrn/
Fmod DKO mice; (B.) femoral length; (C.) 3D rendering of distal femoral metaphyseal
bone. Images from each group were obtained from animals with median metaphyseal
trabecular bone density values. (D.) Quantitative uCT analysis of Trabecular bone volume
density (BV/TV). Data are mean + SE obtained from N = 10 mice per group *, p<0.05; **,
p<0.01; ***, p<0.001; **** p<0.0001 by two-way ANOVA and Tukey’s post hoc. WT-V:
wild type vehicle treated; WT-O: wild type OPG-Fc treated; DKO-V: Bgrn/Fmod double
knockout vehicle treated; DKO-O: Bgn/Fmod double knockout OPG-Fc treated.
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Trabecular parameters of OPG-Fc and Vehicle-treated WT and Bgn/Fmod DKO mice at the
end of the repair module (32 weeks). Quantitative uCT analysis of: (A.) Trabecular number
(Th.N.); (B) Trabecular thickness (Th.Th.); (C.) Trabecular spacing (Th.Sp.); (D.)
Connectivity Density (Conn. D.). Data are mean + SE obtained from N = 10 mice per group.
*,p <0.05; ** p <0.01; *** p <0.001; **** p<0.0001. Analyzed by two-way ANOVA
with Tukey'’s post hoc. WT-V: wild type vehicle treated; WT-O: wild type OPG-Fc treated;
DKO-V: Bgn/Fmod double knockout vehicle treated; DKO-O: Bgn/Fmod double knockout
OPG-Fc treated.
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Figure 8:

Cortical dimensions and serum markers of OPG-Fc and Vehicle-treated WT and Bgr/Fmod
DKO mice at end of the repair module (32 weeks). Quantitative uCT analysis of: (A.) mid-
diaphyseal cortical thickness (Ct.Th.); (B.) mid-diaphyseal diameter (Dp.Dm.); (C.)
medullary cavity diameter (Me.Dm). Data are mean + SE obtained from N = 10 mice per
group. Analyzed by two-way ANOVA and Tukey’s post hoc*, p < 0.05; **, p < 0.01; ***, p
< 0.001; **** p < 0.0001. Serum levels of (D.) bone resorption and (E.) bone formation
markers. Serum was obtained from 32-weeks old mice before sacrifice and measured using
commercial ELISA kits. Data are mean + SE obtained from N=5. Analyzed by two-way
ANOVA and Tukey'’s post hoc. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. WT-
V: wild type vehicle treated; WT-O: wild type OPG-Fc treated; DKO-V: Bgn/Fmod double
knockout vehicle treated; DKO-O: Bgn/Fmod double knockout OPG-Fc treated.
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Figure 9: Effect of OPG-Fc treatment in mature mice on ectopic ossification.
(A.) x-ray image of hind leg demonstrating more and bigger EO lesions (marked by yellow

arrows) in knee and Achilles ligament of both OPG-Fc- and vehicle-treated Bgr/Fmod DKO
and WT mice. EO scoring of (B.) Knee and (C.) ankle areas using arbitrary units. Data are
mean + SE obtained from N=7-10. Analyzed by ordinal regression. *, p<0.05; **, p<0.01;
*** p<0.001; **** p<0.0001. WT-V: wild type vehicle treated; WT-O: wild type OPG-Fc
treated; DKO-V: Bgn/Fmod double knockout vehicle treated; DKO-O: Bgn/Fmod double

knockout OPG-Fc treated.
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Figure 10:

UCT analysis of craniofacial skeleton of rescue module. (A.) 3D rendering of 32-week-old
male skulls (Dorsal view). ND bone (0.6g HA/cm3) is gray whereas LD bone (0.3-0.59g
HA/cm3) is orange. (B.) Posterior view of the same skulls showing occipital bone.
Quantification of changes in (C.) ND (D.) LD volume (E.) Total volume (TV) and (F.) Bone
density of the occipital bone. Data are mean + SE analyzed by two-way ANOVA and
Tukey’s post-hoc Data are mean + SE analyzed by two-way ANOVA, obtained from N =5
mice per group *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001. WT-V: wild type
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vehicle treated; WT-O: wild type OPG-Fc treated; DKO-V: Bgn/Fmod double knockout
vehicle treated; DKO-O: Bgn/Fmod double knockout OPG-Fc treated.
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