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Abstract

Osteogenesis imperfecta (Ol) is a heritable connective tissue disorder primarily due to mutations
in the type I collagen genes (COL1A1 and COL1AZ2), leading to compromised biomechanical
integrity in type | collagen containing tissues such as bone. Bone is inherently mechanosensitive
and thus responds and adapts to external stimuli, such as muscle mass and contractile strength, to
alter its mass and shape. Myostatin, a member of the TGF-f superfamily, signals through activin
receptor type 1B to negatively regulate muscle fiber growth. Due to the positive impact of
myostatin deficiency on bone mass, we utilized a soluble activin receptor type 11B-mFc
(sActRIIB-mFc) fusion protein in two molecularly distinct Ol mouse models (G610C and o0im)
and evaluated their bone properties. Wildtype (WT), +/G610C, and oim/oim mice were treated
from 2 to 4 months of age with either vehicle (Tris-Buffered Saline) or sActRIIB-mFc (10mg/kg).
Femurs of sActRIIB-mFc treated mice exhibited increased trabecular bone volume regardless of
genotype, while the cortical bone microarchitecture and biomechanical strength were only
improved in WT and +/G610C mice. Dynamic histomorphometric analyses suggest the improved
cortical bone geometry and biomechanical integrity reflect an anabolic effect due to increased
mineral apposition and bone formation rates. Whereas, static histomorphometric analyses
supported sActRIIB-mFc treatment also having an anti-catabolic impact with decreased osteoclast
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number per bone surface on trabecular bone regardless of sex and genotype. Together, our data
suggest that sActRIIB-mFc may provide a new therapeutic direction to improve both bone and
muscle properties in Ol.
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Introduction

Osteogenesis Imperfecta (Ol) is a heritable connective tissue disorder with clinical
manifestations of retarded growth and skeletal fragility, and often hearing loss, blue/grey
sclera, dentinogenesis imperfecta and muscle weaknesses(%). The majority of individuals
with Ol possess mutations in their type | collagen genes, COL1A1 and COL1A2, which lead
to compromised biomechanical integrity in type | collagen containing tissues, such as bone,
skin, and blood vessels. The remaining individuals with Ol have primarily recessive
mutations in genes coding for proteins involved in posttranslational modification and folding
of type | collagen, bone matrix mineralization and osteoblast function(%.

There is no cure for Ol. The difficulties in developing effective Ol treatments are associated
with the heterogeneity of the disease causing Ol mutations, which comprise over 1,500
dominant mutations in type | collagen genes as well as the additional recessive mutations
(https://oi.gene.le.ac.uk, accessed November 27 2017)(2). Current treatment strategies are
limited primarily to use of anti-resorptive drugs, bisphosphonates, and/or surgical
intervention. Bisphosphonates have been widely used in Ol patients with some success
through increasing bone volume, and thus providing higher resistance to fracture(®). Despite
the gain in bone mass, the bone matrix quality in Ol is still poor due to disorganized
collagen fibril assembly and abnormal matrix mineralization. The half-life of
bisphosphonate is a decade long and therefore remains in the bone matrix for an extended
time to inhibit the bone remodeling process, which allows accumulation of micro-damage in
the Ol bone matrix compromising bone quality even further(2:4). Surgical rodding to correct
bone deformity or multiple fractures can present with several associated complications
during and after surgery, including excess bleeding, delayed healing, rod migration, and
device failure(),

Myostatin, a member of the TGF-p superfamily, is a negative regulator of muscle growth,
whose main mode of action is signaling through activin receptor type 11B (ActRIIB) to
recruit nearby type | receptors, such as ALK4 and ALKS5. This results in activation of the
Smad-dependent pathway to regulate transcription of various downstream genes. Myostatin
deficiency in mice leads to muscle hypertrophy and hyperplasia®). Bone is
mechanosensitive, which enables it to respond and adapt to external stimuli by altering its
shape and mass. Muscle mass and contractile forces are some of the largest physiological
loads bones may experience(®). In support of this, myostatin knock-out mice exhibit
increased bone mass and biomechanical strength as compared to wildtype (WT) mice(7:8).
Due to the potential benefit of myostatin inhibition on bone mass, postnatal myostatin
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inhibition has been tested in various mouse models with compromised musculoskeletal
function, such as sex hormone deficiency(®), obesity(19), muscular dystrophy@1), and
osteogenesis imperfecta2). The positive influence of myostatin deficiency on bone mass
has been recapitulated in our previous work with the o/im mouse model of Ol as well. We
introduced congenic myostatin deficiency into heterozygous oim (+/0im) mice by breeding
heterozygous myostatin (+/mstr) mice with +/0im mice to produce offspring that were
double heterozygote mice (+/mstn+/0im) and demonstrated increased skeletal muscle mass
with increased bone volume and strength in the +/mstn+/oim mice relative to +/im mice(3).

As a preclinical strategy for postnatal myostatin inhibition in Ol mouse models, we report
herein the utilization of the soluble activin receptor type 11B-mFc (SActRIIB-mFc) fusion
protein, which functions as a decoy receptor for myostatin and other ligands (GDF11,
activins, and some BMPs) with high affinity for the ActRIIB(4). Treatment with sActRI1B-
mFc prevents these ligands from binding to their endogenous cellular receptors, which
inhibits activation of downstream signaling pathways. The primary aim of this study was to
evaluate the effects of postnatal myostatin inhibition on the skeletal properties of two
molecularly distinct Ol mouse models, G610C and o/m. Heterozygous G610C (+/G610C)
mice have an autosomal dominant glycine to cysteine substitution at position 610 of
proa.2(l) collagen chain and model both the genotype and phenotype of a cohort of 64
individuals with Ol type I/1V from an Old Order Amish kindred35). Whereas, homozygous
oim (oim/oim) mice have a functional null Co/Za2mutation resulting in abnormal proa.2(l)
collagen chains, which are unable to incorporate into normal heterotrimeric type I collagen
[a1(1)2a2(1)]16). Instead, the oim/oim mice synthesize homotrimeric type | collagen
[a1(1)3](®). We administered sActRIIB-mFc or vehicle (Tris-buffered saline) alone to WT,
+/G610C, and oim/oim mice and evaluated its effect on the hindlimb skeletal
microarchitecture and biomechanical integrity, as well as mechanistically at the cellular and
molecular level.

Materials and Methods

Animals

Heterozygote G610C (+/G610C; Col1la2!m1-I1Mcbry mice on the C57BL/6J congenic
background were a gift from Dr. Daniel McBride(1®). Col1a2/m2-IMcbr mice (stock #007248)
and Col1a29/™ (stock #001815) are publicly available from Jackson Laboratory (Bar Harbor,
ME, USA). Both the +/G610C and +/0im mice were maintained on the C57BL/6J
background and genotyped as previously described (1517.18) Mice were housed in an
AAALAC-accredited facility at the University of Missouri, and all experimental
manipulations were performed under an approved University of Missouri Animal Care and
Use protocol.

Drug Administration

The sActRIIB-mFc (RAP-031) was a kind gift from Acceleron Pharma Inc. (Cambridge,
MA). Male and female WT, +/G610C, and oim/oim mice were each randomly distributed
into two groups and treated bi-weekly with either vehicle [tris-buffered saline (TBS)] as
control or sActRIIB-mFc in TBS (10mg/kg of bodyweight) by intraperitoneal injection
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beginning at 2 months of age as previously described (animal numbers were 10-12 per
group and this was based on calculations of sample size using proc glmpower in SAS 9.1
(SAS Institute Inc., Cary, NC and Sigma Stat with a desired power of 0.80 and an alpha of
0.05) for bone microarchitectural [trabecular bone volume/total volume (BV/TV), number
(Th.N) and thickness (Th.Th)] and biomechanical (torsional ultimate strength and energy to
failure) parameters, and mineral apposition rate (MAR), bone formation rate/mineralizing
surface (BFR/MS), and osteoblast and osteoclast numbers (19). At 4 months of age, mice
were euthanized, and their serum, tibiae, and femurs harvested for analyses.

Femoral Microarchitecture

Trabecular microarchitecture was quantified from left femurs by vivaCT 40 (Scanco Medical
AG, Bassersdorf, Switzerland) in accordance with recommended guidelines?® using an X-
ray energy of 55kV (145uA), a voxel resolution of 10.5um, 200ms integration time with the
number of projections set at 1000/180 degrees and using a 0.5mm aluminum low pass filter
prior to dynamic and static histomorphometry analyses. The threshold was set to 316
(equivalent to 498.5mgHA/ccm) for trabecular bone to distinguish mineralized from non-
mineralized tissue. 100 slices (1050um) were contoured starting at the metaphyseal end of
the distal growth plate, below the primary spongiosa, and progressing toward the midshaft.
Trabecular bone properties were analyzed using Scanco bone evaluation software. Cortical
bone microstructure from right femurs were evaluated by Siemens Inveon UCT equipped
with Siemens Inveon Acquisition Workplace Software Version 1.5 (Siemens Preclinical
Solutions, Knoxville, TN, USA) with an X-ray peak of 80kVp and an exposure time of
140ms prior to ex-vivotorsional loading to failure analyses. pCT image slices were
reconstructed and analyzed using the Image J software (1.50e) with BoneJ plugin (NI1H)@1)
to give a cubic voxel dimension of 21um?.

Torsional Loading to Failure

Following uCT analyses, right femurs were then potted into individualized cylindrical
holders and evaluated by torsional loading to failure using the TA-HDi testing machine
(Stable Micro Systems, Surrey, UK) as previously described?). Applied torque T (Nmm)
was calculated and plotted as a function of relative angular displacement 6 (degrees). The
whole-bone parameters of strength (torsional ultimate strength [Nmm], torsional stiffness
[Nmm/rad] and strain energy to failure [Nmm]), which take into account bone geometric and
material properties, were determined(!7). The bone material properties, tensile strength
(N/mm?), and stiffness (shear modulus of elasticity [N/mm?]) were also determined
according to Roarck(?2),

Serum Biochemical Markers

Blood collected by cardiac puncture at the time of sacrifice was centrifuged (14,000rpm, 15
minutes) and the collected serum stored at —80°C until analyses. Serum levels of the N-
terminal propeptide of type | procollagen (PINP), a biomarker of collagen synthesis, and C-
terminal cross-linked telopeptide of type I collagen (CTX), biomarker of collagen
degradation, were quantified using the Rat/Mouse PINP EIA kit (AC-33F1) and the
RatLaps™ EIA kit (AC-061F1) by Immunodiagnostics Systems (Scottsdale, Arizona),
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respectively. Samples and standards were measured in duplicate following the
manufacturer’s instructions.

Dynamic and Static Histomorphometry

To evaluate the change in mineral apposition rate, a calcein label (5mg/kg i.p.; MP
Biomedical, Santa Ana, CA) and an alizarin red label (20mg/kg i.p.; Acros Organics, Morris
Plains, NJ) were administered 10 and 3 days prior to sacrifice, respectively. After sacrifice,
left femurs were removed, fixed in 10% neutral buffered formalin (NBF) for 48 hours,
transferred to 70% ethanol (4°C), subsequently dehydrated in graded ethanols (70-100%),
and embedded in methyl methacrylate (MMA) without prior decalcification as described
previously(?3). 100um sections at the femoral midshaft were cut using a Leica 1600 saw
microtome. Unstained sections were viewed under epifluorescent illumination using a Leica
SP8 spectral confocal microscope and a series of cross-sectional images of the femurs (20X
magnification) obtained. Fluorescent labeling and the distance between the two fluorescent
labels were quantified using image J software according to Egan et al.(24). Static
histomorphometric analysis of trabecular bone was performed on left distal femurs.
Undecalcified 5um thin longitudinal serial sections were cut with a Thermo Scientific
HM355S microtome. Three non-adjacent sections per animal were deplastified and stained
with Von Kossa-Tetrachrome and tartrate resistant acid phosphatase (TRAP) to characterize
osteoblasts and osteoclasts, respectively. A series of images were taken using a bright field
microscope (Zeiss Axiovert 200M, Zeiss, Oberkochen, Germany) with 20X magnification,
then compiled into a single image using MetaMorph (Molecular Devices, Sunnyvale, CA)
software. Histomorphometric measurements of Von Kossa-Tetrachrome and TRAP stained
sections were obtained using image J software (1.50e) according to Egan et al4). Dynamic
and static histomorphometric parameters were measured directly or derived from measured
indices following the 2012 recommendations of the American Society for Bone and Mineral
Research(25),

RNA isolation and analysis of gene expression by quantitative PCR

Snap frozen intact right tibiae (with marrow) were homogenized in TRIzol Reagent
(Invitrogen, Carlsbad, CA) and total RNA was isolated using the RNeasy Kit (Qiagen,
Germantown, MD) with in-column DNase treatment (Qiagen, Germantown, MD). Total
RNA (2ug) was used to generate a cDNA library with a High Capacity Reverse Kit (Applied
Biosystems, Foster City, CA). Gene expression levels for markers of differentiation and
function of osteoblasts (Runx2, Sp7, DIx5, Alpl, Bglap, and Serpinhl), osteoclasts (Tnfsf11,
Csfl, Itgh3, and Ctsk), and osteocytes (Dmp1, Sost, Phex, and B-cat) were normalized to
18S, Pgk1, and Ubc as endogenous controls, using the AACt method (Quantstudio 3 Real
Time PCR System, Applied Biosystems, Foster City, CA) (Supplemental Table S1). Results

are plotted in bar graphs and the range of expression indicated by 2-(AACT+SD) ang
2-(DACT-SD) (26)

Statistical Analyses

Statistical analyses were performed using SAS (SAS Institute Inc., Cary, NC). +/G610C and
oim/oim data were analyzed independently as 2X2X2 factorials [2 genotypes (WT and +/
G610C or WT and oim/oim), 2 sexes, and 2 treatments (vehicle and sActRIIB-mFc treated)]
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using Fisher’s Protected Least Significant Difference (27:28), If heterogeneous variations
were present, a log transformation was used to stabilize the variation. If the log
transformation failed to stabilize the variation, a nonparametric ranked analysis was
performed according to Conover et al(?%, Cohen’s effect size was calculated to evaluate the
practical significance of sActRIIB-mFc treatment with d=0.8 indicating high significance
(Supplemental Tables S$2-S6)(9). Bivariate Pearson correlation analysis was performed
using SPSS (IBM Corp., Armonk, NY) to evaluate the relationships between skeletal muscle
properties, biomechanical properties, and osteoblast/osteoclast function. Differences were
considered to significant at p<0.05.

Skeletal maturity in C57BL/6J mice is reached at 4 months of age (the age of peak bone
mineral density)(®1) and we chose the 9-16 week treatment duration to encompass the
pubertal growth period. Chiu et al. demonstrated no further increase in muscle mass with
30mg/kg of sActRIIB-mFc when compared to 10mg/kg dose(®2). Thus, we chose the
10mg/kg dose and showed significant increases in body weight and skeletal muscle mass
regardless of genotypes and sex without showing any adverse side-effects19). Four of 94
mice (one +/G610C and three o/my/oim) died during course of the study (Supplemental Table
S7). Three of 35 +/G610C and 34 of 55 o/m/oim mice had at least one fracture/callus of
their hindlimb long bones (femurs and tibias) at the time of harvest (Supplemental Table S7)
and the occurrence of fractures/calluses appeared independent of treatment.

Femoral Microarchitecture

Consistent with previously published works(7:18) femoral trabecular and cortical bone
microarchitecture of 4 months old +/G610C and oim/oim mice were compromised relative
to WT littermates (Figure 1). Importantly, distal femoral trabeculae of SActRIIB-mFc treated
mice had at least 2-fold greater BV/TV regardless of genotype, with sActRIIB-mFc treated
oim/oim femurs reaching 3 to 4-fold greater trabecular BV/TV values as compared to their
vehicle treated counterparts (Figure 1A). Increased BV/TV with sActRIIB-mFc treatment
was attributed to increased trabecular number (Th.N) and decreased trabecular spacing
(Th.Sp), as trabecular thickness remained unchanged (Figures 1B-D). Similarly, femoral
cortical bone microarchitecture of sActRIIB-mFc treated WT and +/G610C mice had
increased femur length, cortical bone cross-sectional area (CSA) and polar moment of area
as compared to their vehicle treated counterparts except for female +/G610C mice (Figures
1E-G). Oim/oim femurs did not show any changes in cortical bone geometry with sActRIIB-
mFc treatment except for increased cortical bone CSA in female o/im/oim mice (Figure 1F).

Torsional Loading to Failure Biomechanical Testing

After uCT analyses, femoral torsional loading to failure testing demonstrated that +/G610C
and oim/oim femurs had decreased torsional ultimate strength, tensile strength, and energy
to failure as compared to their WT counterparts (Figure 2A, C, and E). The impact of
SActRIIB-mFc treatment was evident in male WT and +/G610C femurs with increased
torsional ultimate strength and energy to failure as compared to their vehicle treated
counterparts (Figures 2A and E). Femurs of sActRIIB-mFc treated female WT mice had
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increased torsional ultimate strength as compared to their vehicle treated counterpart (Figure
2A). Oim/oimfemurs did not exhibit changes in biomechanical properties with the
SACtRIIB-mFc treatment (Figure 2).

Dynamic Histomorphometry

To evaluate the effects of SActRIIB-mFc on bone remodeling, we analyzed fluorochrome
labeling at the mid-diaphysis of the left femur. Male +/G610C femurs displayed reduced
endocortical bone formation as compared to their WT counterparts, while these differences
were absent in female mice (Figures 3E and G). Oim/oim femurs had increased periosteal
surface mineralization and bone formation relative to their WT counterparts regardless of
sex (Figures 3B and F). On the endocortical surface, oim/oim femurs displayed increased
mineralizing surface and decreased mineral apposition rate relative to their WT counterparts,
although male oim/oim mice did not reach significance (Ec.MS: +32.4% [p=0.0613] &
Ec.MAR: -21.1% [p=0.0783]) (Figures 3C and E). sActRIIB-mFc treatment effect was
evident on the periosteal bone surface of WT and +/G610C mice regardless of sex.
SACtRIIB-mFc treated female WT mouse femurs had increased periosteal bone formation as
compared to vehicle treated counterparts, while male WT mouse femurs also had non-
significant increases in same parameters (Figures 3B, D and F). sActRIIB-mFc treated +/
G610C mouse femurs had increases in periosteal bone formation relative to their vehicle
treated counterparts regardless of sex, and male +/G610C femurs had additional increases in
mineralizing surface and mineral apposition rate (Figure 3B, D, and F). The sActRIIB-mFc
treatment effect on the endocortical bone surface was only present in female WT and +/
G610C mouse femurs with increased endocortical surface mineralization and bone
formation rate (Ec.BFR), although the +/G610C femurs did not reach significance in their
Ec.BFR (+35.9%; p=0.134) (Figures 3C and G).

Static Histomorphometry

To quantitatively elucidate the impact of SActRIIB-mFc treatment on +/G610C and oim/oim
osteoblast and osteoclast, we performed static histomorphometry on the distal trabeculae of
the left femur. +/G610C and oim/oim femurs had reduced total numbers of osteoblasts
(N.ODb) relative to their WT counterparts regardless of sex except for male +/G610C mice
(Figure 4A). Male oim/oim mice had reduced osteoblast number per bone surface (N.Ob/
BPm) and osteoblast surface per bone surface (Ob.S/BPm), while female +/G610C mice had
reduced Ob.S/BPm as compared to their WT counterparts (Figures 4C and E). Male +/
G610C mice had increased osteoclast number per bone surface (N.Oc/BPm) as compared to
WT littermates, and o/m/oim mice exhibited increased N.Oc/BPm and osteoclast surface per
bone surface (Oc.S/BPm) as compared to WT counterparts regardless of sex (Figures 4D
and F). sActRIIB-mFc treated mice had increased N.Ob as compared to vehicle treated
counterparts regardless of sex and genotype, with no changes in N.Ob/BPm and Ob.S/BPm
(Figures 4A, C, and E). In contrast, N.Oc/BPm and Oc.S/BPm were significantly reduced in
sActrRIIB-mFc treated mouse femurs as compared to vehicle treated counterparts regardless
of genotype and sex, except for male WT mice (Figures 4D and F).
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Serum Biochemical Markers

Serum PINP was decreased in female +/G610C and oim/oim mice as compared to their WT
counterparts. Serum CTX was increased 10-15 fold in o/m/oim mice relative to their WT
counterparts regardless of sex; this dramatic increase in CTX likely reflects excess
degradation of abnormal type | collagen, which has not been integrated into the bone matrix
(Figure 5B). There was no major impact of SActRIIB-mFc treatment in either PINP or CTX
levels, except increased PINP levels in female +/G610C mice, and increased CTX levels in
male +/G610C and female o/m/oim mice relative to their vehicle treated counterparts
(Figure 5).

RNA Analyses

To investigate the effects of SActRIIB-mFc on bone remodeling at the molecular level in oim
and G610C Ol mice, right tibial gene expression levels for specific transcripts critical to
osteoblast, osteoclast, and osteocyte differentiation and function were evaluated. Vehicle
treated male oim/oim mice demonstrated increases in gene expression levels of Alpl, Ctsk,
and p-cat as compared to vehicle treated male WT mice (Figure 6). Tibiae of SActRIIB-mFc
treated male +/G610C mice had increased Ctsk expression and female +/G620C mice had
increased Sp7, Serpinhl, and Csflexpression relative to their vehicle treated counterparts
(Figure 7B and Supplemental Figure S2). Lastly, tibiae of SActRIIB-mFc treated male
oim/oim mice had enhanced gene expression levels of Alpl, Dmp1 and Phex as compared to
vehicle treated counterparts (Figure 7C).

Discussion

ActRIIB ligand trapping for 8 weeks by sActRIIB-mFc treatment increased femoral
trabecular bone volume regardless of sex and genotype. The impact was also evident by
improved cortical bone geometry and biomechanical strength of WT and +/G610C femurs
(Figures 1 and 2). The sActRIIB-mFc mediated increases in bone mass likely reflect
anabolic effects with higher mineral apposition and bone formation rates at the femoral mid-
diaphysis (Figure 3). Additionally, sActRIIB-mFc treatment was associated with an almost
2-fold increase in total osteoblast number concomitant with decreased osteoclast number per
bone surface at the distal trabecular bone regardless of sex and genotype, thus synergistically
causing a 2—4 fold increase in trabecular bone volume (Figure 1 and 4).

DiGirolamo et al. treated o/m/oim mice with a soluble activin receptor type 11B fusion
protein once a week for 4 weeks and demonstrated about 1.3 fold increase in trabecular
BV/TV{2). Our study has taken this further to investigate the effect of extended SActRIIB-
mFc treatment on biomechanical integrity and cellular and molecular mechanisms in two
molecularly distinct Ol mouse models. Torsional loading to failure testing showed increases
in torsional ultimate strength and energy to failure without altering bone material properties
(tensile strength and shear modulus of elasticity) with SActRIIB-mFc treatment, suggesting
improvement in bone biomechanical strength appears mainly due to increased bone mass
rather than altered bone quality (Figure 2). These increases were consistent with the
increased cortical CSA and polar moment of area seen in the femoral mid-diaphysis of
SACtRIIB-mFc treated WT and +/G610C mice (Figure 1). In contrast, oim/ofm mouse
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femurs did not show changes in cortical bone geometry or biomechanical parameters
(Figures 1 and 2). It is difficult to discern if the absence of a difference in hindlimb fracture/
callus numbers observed at sacrifice in the vehicle- versus sActRIIB-mFc treated oim/oim
mice is due to the presence of fractures/calluses prior to the beginning of treatment (2
months) or to the absence of an impact of sActRIIB-mFc on fracture occurrence
(Supplemental Table S7). However, the effect of SActRIIB-mFc treatment on trabecular bone
microarchitecture was dramatic regardless of genotypes (Figure 1). Notably, sActRIIB-mFc
treatment restored the femoral phenotype of +/G610C mice to normal levels, exhibiting
greater trabecular bone volume and equivalent cortical bone geometric parameters and
strength as vehicle treated WT mice. SActRIIB-mFc treated o/m/ofim femurs also acquired
comparable trabecular bone volumes as vehicle treated WT femurs. Our findings suggest
that oim/oim mice were still able to induce anabolic bone formation with sActRIIB-mFc
treatment, but their ability to accumulate cortical bone appears reduced relative to WT and
+/G610C mice. Similarly, in a clinical study, teriparatide (anabolic agent) treatment was
more effective in mild type 1 Ol patients with increases in vertebral BMD and bone
formation biochemical markers, whereas there was no significant benefit in more severe type
[I/1V Ol patients®3).

Increased bone formation in the periosteal regions was seen without major changes in the
endocortical surface of sActRIIB-mFc treated WT and +/G610C mouse femurs. This
suggests that the mechanism responsible for increased cortical bone quantity is likely an
anabolic response of periosteal osteoblasts, which may reflect direct and/or indirect effects
of myostatin inhibition. Bone marrow derived mesenchymal stem cells from myostatin
knockout mice were shown to have increased bone mineralization capacity in osteogenic
medium as compared to WT mice(®4). In addition, direct regulation of osteocytes by
myostatin to alter osteoblast function recently has been demonstrated by Qin et al.;
specifically exosomes secreted by myostatin treated osteocyte cells can be engulfed by
osteoblasts to decrease osteoblast differentiation via down-regulation of the Wnt signaling
pathway, and these exosomes did not appear to have an impact on osteoclastogenesis>),

Static histomorphometric analyses of trabecular bone further suggests that sActRIIB-mFc
treatment suppresses bone resorption as indicated by reduced N.Oc/BPm and Oc.S/BPm in
addition to increased total osteoblast numbers. Two recent studies demonstrated a potential
direct role for myostatin in osteoclastogenesis, as they demonstrated stimulation of
osteoclast differentiation from bone marrow derived macrophages with myostatin treatment
in the presence of RANKL and/or M-CSF(36:37), These studies and our data suggest
myostatin inhibition via SActRIIB-mFc treatment may have positive and negative regulatory
effects on osteoblasts and osteoclasts, respectively. In addition to a potential direct effect on
osteoblasts and osteoclasts by myostatin inhibition, significant increases in muscle mass
occurred in our mice around 9-10 weeks of age(9), suggesting indirect regulation of
osteoblasts and osteoclasts may occur as well. The positive effect of mechanical loading on
bone formation is well established and increased muscle mass by myostatin inhibition
increases load on bone, promoting bone formation. Negative correlations between Quad
weight and osteoclast (N.Oc/BPm and Oc.S/BPm) were evident for all genotypes, however,
positive correlations between biomechanical strength or osteoblast number and Quad weight
were only present in WT and +/G610C, but not in oim/oim mice (Supplemental Table S8
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and S9). The absence of a positive correlation in oim/ofm mouse may reflect the
compromised osteoblast function and/or the inherent muscle weakness associated with the
oim gene defect(38:39),

Differences in the skeletal response of +/G610C and oim/oim may also be attributed to their
specific collagen mutation; +/G610C mice are heterozygous for a glycine to cysteine
substitution and oim/oim mice produce homotrimeric type | collagen [a1(1)3]. Different
mechanisms promoting gains in trabecular bone mass have also been suggested with anti-
sclerostin antibody treatment in dominant (+/G610C) and recessive (crtap™~) Ol mouse
models; anti-sclerostin antibody treatment resulted in increased osteoblast surface and
decreased osteoclast surface per bone surface in +/G610C and crtap™" mice,
respectively(4041), Recently, anti-TGF-p antibody treatment has gained attention as another
potential therapeutic option in Ol, treatment with anti-TGF- antibody inhibits the same
downstream Smad2/3 signaling pathway as our study and demonstrated significant increases
in vertebral trabecular bone volume in both +/G610C and crtap™~ mice. However, the
mechanism of increasing bone volume in crtap™~ differed from our study by decreasing
both osteoblast and osteoclast numbers per bone surface(#2). sActRIIB-mFc treatment
additionally targets myostatin to increase muscle mass, which may have prevented decreases
in osteoblast number per bone surface via mechanotransduction in our study.

Gene expression levels of key bone metabolic markers were not altered in WT and +/G610C
tibiae with sActRIIB-mFc treatment, suggesting increased bone mass was due to increased
osteoblast numbers, which was consistent with our histomorphometric data. However,
sActRIIB-mFc treated male oim/oim mouse tibiae had at least a 2 fold increase in
expression of mature osteoblast and osteocyte biomarkers as well as osteoblast and
osteoclast differentiation factors, although only a few of these biomarkers reached
significance (Alpl, Dmp1, and Phex) (Figure 7). A limitation of this experiment is that we
used intact bone (with marrow) to extract RNA; sActRIIB-mFc treated mouse tibial
expression could reflect higher bone to marrow ratios which may impact relative expression
of the biomarkers. Impairment of osteoblast lineage differentiation has also been implicated
in oim/oim mice™3). We also cannot exclude the possibility that although sActRIIB-mFc
treatment in o/m/oim mice promoted bone formation, differentiation of oim/oim
preosteoblasts to mature osteoblasts or osteocytes may remain compromised, and SActRIIB-
mFc may drive constitutively higher expression of osteoblast, osteoclast, and osteocyte
differentiation factors in response.

In addition to myostatin, activin A also has high affinity for the ActRIIB and regulates
downstream signaling pathways, suggesting that gain in bone mass with sActRIIB-mFc
treatment may not be due solely to the direct and/or indirect impact of myostatin inhibition.
Activin A is known to be embedded in bone matrix(4445) and also can be synthesized by
osteoblasts and bone marrow cells to regulate osteoblast and osteoclast differentiation(46-48),
Activin A promotes osteoclast differentiation and bone resorption in the presence of
RANKL and/or M-CSF(46.47.49.50) Activin A’s effects on osteoblasts appears to be
dependent on stage of differentiation; promoting differentiation during early phases of
osteoblast maturation#”:51), while inhibiting the matrix mineralization process(®2-54),
Although there are conflicting reports concerning the influence of activin A on osteoblast
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and osteoclast cells, soluble ActRIIA and ActRIIB fusion protein-induced activin inhibition
in-vivo were associated with improved bone geometry and strength in mice and primates
(911,12,32,55-60) These studies suggest improvement in bone properties with sActRI1B-mFc
treatment is potentially due in part to activin A and/or the synergistic effect of activin A and
myostatin inhibition together. Another limitation of our study is the multiple ligand targets
(myostatin, activin A, GDF-11, and some BMPs) of sActRI1IB-mFc, which do not allow
clear discernment of the impact of each ligand on bone remodeling, thus specific inhibition
of myostatin, activin A, and GDF-11 independently is required in future studies.

In summary, we demonstrate that SActRIIB-mFc treatment improved cortical bone geometry
and biomechanical strength in +/G610C butnot in oim/oim femurs; however sActRIIB-mFc
significantly improved trabecular microarchitecture in both +/G610C and oim/oim femurs
with 2—4 fold increases in bone volume. Histomorphometric analyses demonstrated the
improved bone microarchitecture was due to both an anabolic and anti-catabolic effects,
overall, suggesting that the increased bone quantity with sActRIIB-mFc treatment could be a
potential therapeutic target in Ol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Femurs of sActRIIB-mFc treated mice exhibited improved trabecular bone microarchitecture

regardless of sex and genotype. A) Trabecular bone volume/total volume (BV/TV), B)
Trabecular thickness (Th.Th), C) Trabecular number (Th.N), D) Trabecular spacing (Th.Sp),
E) Femur Length, F) Cortical bone cross-sectional area (CSA), and G) Polar moment of area
(K) of male and female WT, +/G610C, and oim/oim vehicle (solid color) and sActRIIB-mFc
(diagonal) treated mice. (WT [blue], +/G610C [red], and oim/oim [green]). H)
Representative UCT images of female femoral trabecular bone. Values are MEAN+SD. (n) is
indicated for each genotype and treatment. *p<0.05; Tp<0.05 vs. WT+vehicle treated mice.
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Figure 2.

Femurs of SActRIIB-mFc treated male and female WT and male +/G610C mice
demonstrated increased whole bone biomechanical function. A) Torsional ultimate strength
(Tmax), B) Torsional stiffness (Ks), C) Tensile strength (Su), D) Shear modulus of elasticity
(G), and E) Energy to failure (U) of male and female WT, +/G610C, and oim/oim vehicle
(solid color) and sActRIIB-mFc (diagonal) treated mice. (WT [blue], #/G610C [red], and
oim/oim [green]). (n) is indicated for each genotype and treatment. Male +/G610C +
SACtRIIB-mFc had n=5, as 3 samples could not be used due to malfunction of the
biomechanical testing device. Values are MEAN+SD. *1<0.05; Tp<0.05 vs. WT+vehicle
treated mice.
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Figure 3.
Femurs of sActRIIB-mFc treated female WT and male and female +/G610C mice exhibited

increased periosteal bone formation rate. A) Representative fluorochrome labeled cortical
cross-sectional images of female mice. B) periosteal mineralized surface per bone surface
(Ps.MS/BS), C) endocortical mineralized surface per bone surface (Ec.MS/BS), D)
periosteal mineral apposition rate (Ps.MAR), E) endocortical mineral apposition rate
(Ec.MAR), F) periosteal bone formation rate per bone surface (Ps.BFR/BS), and G)
endocortical bone formation rate per bone surface (Ec.BFR/BS) of male and female WT, +/
G610C, and oim/oim vehicle (solid color) and sActRIIB-mFc (diagonal) treated mice. (WT
[blue], +/G610C [red], and oim/oim [green]). (n) is indicated for each genotype and
treatment, the number of samples are lower in +/G610C and oim/oim due to section fragility
and limited number of callus free femurs. Values are MEAN=SD. *p<0.05; p<0.05 vs. WT
+vehicle treated mice.
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Figure 4.
Femurs of sActRIIB-mFc treated mice demonstrated increased osteoblast number and

decreased osteoclast number per bone surface and osteoclast surface per bone surface in the
distal trabecular bone regardless of sex and genotype, except for male WT mice. A)
Osteoblast number (N.Ob), B) Osteoclast number (N.Oc), C) Osteoblast number per bone
surface (N.Ob/BPm), D) Osteoclast number per bone surface (N.Oc/BPm), E) Osteoblast
surface per bone surface (Ob.S/BPm), and F) Osteoclast surface per bone surface (Oc.S/
BPm) of male and female WT, +/G610C, and oim/oim vehicle (solid color) and sActRIIB-
mFc (diagonal) treated mice. G) and H) Representative images of Von Kossa and TRAP
stained longitudinal trabecular sections of female mice. (WT [blue], +/G610C [red], and
oim/oim [green]). (n) is indicated for each genotype and treatment. The number of samples
are lower in +/G610C and oim/oim due to fragility of the sections and limited number of
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callus free femurs. Values are MEAN+SD. *p<0.05; Tp<0.05 vs. WT+vehicle treated mice;
a* =0.0673.
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Figureb.
Oim/oim mice demonstrated a decrease in PINP and an increase in CTX serum levels as

compared to WT counterparts. A) N-terminal propeptide of type | procollagen (PINP) and
B) C-terminal cross-linked telopeptide of type I collagen (CTX) of male and female WT, +/
G610C, and oim/oim vehicle (solid color) and sActRIIB-mFc (diagonal) treated mice. (WT
[blue], #/G610C [red], and oim/oim [green]) Values are MEAN+SD. (n) is indicated for
each genotype and treatment. *p<0.05; Tp<0.05 vs. WT+vehicle treated mice.
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Figure®6.
Male oim/oim mice exhibited upregulation of osteoblast, osteoclast, and osteocyte marker

genes as compared to WT counterparts. A) Relative fold changes of vehicle treated +/G610C
and oim/oim Runx2, Sp7 (Osterix), DIx5, Alpl (Alkaline phosphatase), Serpinhl (Hsp47),
and Bglap (osteocalcin), B) Csfl (M-CSF), Tnfsf11 (RANKL), Itgh3 (Integrinp-3), and
Ctsk (Cathepsin K), and C) Dmp1, Phex, Sost (sclerostin), and p-cat (p catenin) mRNA
levels with respect to vehicle treated WT mice. (h=10 WT+vehicle [blue], n=8 +/G610C
+vehicle [red], and n=11 oim/oim+vehicle [green]) (Alpl gene expression levels of WT and
oim/oim sample size were 7 and 8, respectively). Values are MEAN=+SD. *p<0.05; Tp<0.05
vs. WT+vehicle treated mice; “4p=0.0676.
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Figure 7.
SACtRIIB-mFc treated male oim/oim mice demonstrated upregulation of osteoblast and

osteocyte marker genes as compared to vehicle treated counterparts. A) Relative fold
changes of sActRIIB-mFc treated WT osteoblast (Runx2, Sp7, DIx5, Alpl, Serpinhl, and
Bglap), osteoclast (Csfl, Tnfsfll, Itgb3, and Ctsk), and osteocyte (Dmp1, Phex, Sost, and -
cat) mMRNA levels with respect to vehicle treated WT mice, B) Relative fold changes of
SActRIIB-mFc treated +/G610C osteoblast, osteoclast, and osteocyte mMRNA levels with
respect to vehicle treated +/G610C mice, and C) Relative fold changes of sActRIIB-mFc
treated o/m/oim osteoblast, osteoclast, and osteocyte mRNA levels with respect to vehicle
treated oim/oim mice. (n=10 WT+vehicle [blue], n=10 WT+sActRIIB-mFc [blue diagonal],
n=8 +/G610C+vehicle [red], n=8 +/G610C+sActRIIB-mFc [red diagonal], n=11 oim/oim
+vehicle [green], and n=11 o/m/oim+sActRIIB-mFc [green diagonal] [Alpl gene expression
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level of WT and oim/oim sample size were 7 and 8, respectively]). Values are MEAN=SD.
*<0.05; Tp<0.05 vs. WT+vehicle treated mice; "p=0.0545.
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