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Abstract

Osteoclast-mediated bone resorption precedes osteoblast-mediated bone formation through early
adulthood, but formation fails to keep pace with resorption during aging. We previously identified
several factors produced by osteoclasts that promote bone formation. In this study, we determined
if osteoclast-produced factors contribute to the impaired bone formation with aging. We
previously found that mice between the ages of 18 and 22 months develop age-related bone loss.
Bone marrow-derived pre-osteoclasts were isolated from 6-week, 12-month, and 18- to 24-month-
old mice and differentiated into osteoclasts in vitro. Conditioned media were collected and
compared for osteoblast mineralization support. Conditioned medium from osteoclasts from all
ages was able to support mineralization of bone marrow stromal cells. Concentrating the
conditioned medium from 6-week-old and 12-month-old mouse marrow cells-derived osteoclasts
enhanced mineralization support whereas concentrated conditioned medium from 18- to 24-
month-old mouse marrow-derived osteoclasts repressed mineralization compared to base medium.
This observation suggests that an inhibitor of mineralization was secreted by aged murine
osteoclasts. Gene and protein analysis revealed that the Wnt antagonist sclerostin was significantly
elevated in the conditioned media from 24-month-old mouse cells compared to 6-week-old mouse
cells. Antibodies directed to sclerostin neutralized the influences of the aged mouse cell
concentrated conditioned media on mineralization. Sclerostin is primarily produced by osteocytes
in young animals. This study demonstrates that osteoclasts from aged mice also produce sclerostin
in quantities that may contribute to the age-related impairment in bone formation.
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When individuals reach adulthood, bone resorption and bone formation are approximately
equal, substantiating the hypothesis that bone resorption and bone formation are tightly
coupled during optimal periods of bone health [Martin et al., 2009]. It is now well
established that osteoblasts control osteoclast differentiation from precursor cells through
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the production of macrophage colony stimulating factor (M-CSF) and receptor activator of
NFxB (RANKL) [Khosla, 2001]. Recent interest has focused on whether the communication
is bidirectional and if osteoclasts and/or the process of bone resorption could be involved in
regulating bone formation. Cell-cell contact through the Eph/ephrin system and release of
matrix bound transforming growth factor beta 1 (TGF-f1) and insulin like growth factor 1
(IGF-I) during bone resorption are implicated in this process [Weisman et al., 1990; Tang et
al., 2009; Xian et al., 2012]. Our studies showed that osteoclasts produce bone morphogenic
protein 6 (BMP6), sphingosin 1 phosphate (S1P), and Wnt10b, which are candidate secreted
factors that may couple bone resorption to subsequent bone formation [Pederson et al.,
2008].

Age-related bone loss is associated with a defect in bone formation [Lips et al., 1978], but
the underlying mechanisms for this defect remain to be clearly defined. We have
documented that 18- to 22-month-old mice exhibit age-related bone loss that is only partially
prevented by estrogen stabilization [Syed et al., 2010]. Here we examined the influences of
aging on osteoclast support of osteoblast mineralization using this mouse model.
Conditioned media produced by osteoclasts from aged mice stimulated osteoblast
mineralization; however, concentrating the conditioned media suppressed mineralization
below the level of base media mineralization support. This suggested the presence of a
mineralization inhibitor(s) in the conditioned media from the aged mouse cells. Additional
studies identified that the Wnt signaling inhibitor sclerostin as a potent inhibitor of
mineralization in aged mice.

MATERIALS AND METHODS

Unless otherwise indicated, all chemicals were from Sigma Chemical Co. (St. Louis, MO).

OSTEOCLAST CULTURE

All protocols were approved by the Mayo Clinic IACUC prior to the start of the studies. Six-
week-old, 12-month-old, and 18- to 24-month-old Balb ¢ or C57BI/6 mice (National
Institutes of Health, National Institute on Aging) were sacrificed and bone marrow harvested
as we previously reported [Pederson et al., 2008]. Red blood cells were lysed and the
remaining bone marrow cells were cultured in a-minimal essential medium (a-MEM)
supplemented with 10% (v/v) fetal bovine serum (FBS) and 25 ng/ml M-CSF and incubated
at 37°C, in 5% CO, [Pederson et al., 2008]. One day after isolation, adherent mesenchymal
cells were discarded and the non-adherent cells were cultured in the presence of 100 ng/ml
RANKL and 25 ng/ml M-CSF (differentiation medium) for 4 days with a re-feeding on Day
3.

CONDITIONED MEDIA PREPARATION

For mineralization and ELISA analyses, mature osteoclast conditioned medium was
harvested and either held for testing or concentrated 10-fold (v/v) using Amicon Centricon
Plus-70 centrifugation concentrators. These concentrators retain and concentrate factors that
are 10 kDa or greater in size. For western blot analysis of secreted proteins, osteoclasts were
rinsed three times with PBS and incubated for 24 h in serum free a-MEM. Serum free
conditioned media were harvested and concentrated 50-fold (v/v) as above.

OSTEOBLAST CULTURE, MINERALIZATION, AND QUANTITATION

Calvarial osteoblastic cells from neonates were obtained and cultured as previously
described [Subramaniam et al., 2005]. Cultures were maintained and replated for
experiments in a-MEM supplemented with 10% FBS (base medium). For mineralization,
70% confluent cells were treated with base or conditioned media supplemented with
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ascorbic acid (1 uM) and p-glycerol phosphate (4 1M). Mineralization was assessed by
quantifying calcium in the extracellular matrix or staining fixed cells with Alizarin Red
[Pederson et al., 2008]. Calcium content of the matrix was assessed by rinsing the cultures
with Dulbecco’s Ca2* free phosphate buffered saline (Gibco Life Technologies), extracting
Ca2* with 0.6 N HCI and using a Teco Diagnostics Calcium Reagent Set that quantifies
Ca?* concentrations against a standard curve. Alizarin red was eluted with 10%
cetylpyridinium chloride and levels were determined using a standard curve.

QUANTITATIVE REAL-TIME-POLYMERASE CHAIN REACTION

Cells were rinsed with PBS and RNA harvested from mature osteoclasts using Qiagen’s
microRNA purification kit according to the product literature. Following quantitation,
cDNA was synthesized and real time PCR analysis carried out as we have reported [Karst et
al., 2004]. Primers were:

Gene Forward Reverse
Sclerostin 5-TACTGGGAGAG 5-GTTTCCTCACC
CTGGCTGTGT-3 CTCCTCCTCA-3
BMP6 5-GGTTCTTCAGAC 5-GAAGGAACAC
TACAACGG-3’ TCTCCATCAC-3
SPHK1 5-GACTTTGTCCTG 5-CCGCACGTACG
GTGCTGGT-3’ TAGAACAGA-3
Wnt10b 5-CCACTGGTGCT  5-CAGTGCTTCTC

GTTATGTGC-¥

CTCCTCGTC-3/

Tubulin ALA  5-GAGTGCATCTC  5-TAGAGCTCCCA
CATCCACGTT-3 GCAGGCATT-3

Fluorescence was quantified as the C; value. The differences between the mean C; values of
the genes were denoted (AC;) and the difference between the AC; value of the Tubulin A1A

was calculated as AAC;. The logy(AACy) resulted in the relative quantification value of gene

expression. Expression is calculated for each gene relative to expression of that gene in cells
from 6-week-old mice.

SCLEROSTIN QUANTITATION

Osteoclast conditioned media were concentrated 10-fold as above and assayed using the
mouse Sclerostin ELISA from Alpco Immunoassays. The protocol for conditioned media
analysis was modified from the provider’s instructions in that the samples were assayed
without the directed 10-fold dilution and the incubation of the samples was at 4°C for 18 h
with rocking instead of 4.5 h at room temperature.

WESTERN BLOT ANALYSIS

Proteins were separated using 10% SDS-PAGE followed by electroblotting to Immobilon-P
membranes (Millipore, Bedford, MA). To verify comparable lane loading, the blots were
stained for total protein with 0.1% (w/v) Ponceau S in 5% (v/v) acetic acid for 5 min, rinsed
with deionized water, and scanned with a CanoScan LiDE 100 scanner. Membranes were
probed as described with antibodies to mouse Sclerostin (1:1,000 dilution; R&D) with
secondary antibodies to goat (1:5,000 dilution; Abcam) [Pederson et al., 2008]. Signals were
visualized using the ECL Plus detection system (Amersham Biosciences, Buckinghamshire,
England) according to the manufacturer’s instructions.
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NEUTRALIZING ANTIBODY TREATMENT

STATISTICS

RESULTS

Osteoclast conditioned media from 6-week-old to 24-month-old mice were concentrated 10-
fold as above and was pre-treated with 10 pl/ml isotope matched control or anti-sclerostin
antibodies (Acris Antibodies) prior to addition to calvarial cells. Other controls were base
medium and untreated concentrated aged mouse osteoclast conditioned media. The
mineralization assay was carried out as outlined above with analysis for Ca* incorporation
into the matrix analyzed 7-10 days after initiation.

Each experiment had at least three replicates and was repeated at least three times. These
data are representative of the results. Data were analyzed using a one way analysis of
variance (ANOVA) as compared to controls as indicated in each figure legend and are
presented as mean + SEM. Significance was determined at P < 0.05 using KaleidaGraph
software (Synergy Software, Reading PA).

Aging is associated with a defect in bone formation [Lips et al., 1978]. We evaluated
whether differences existed in the ability of osteoclasts from young and aged Balb ¢ and
C57BI/6 mouse marrow to promote osteoblastic cell mineralization in vitro. Marrow
harvested from the mice efficiently differentiated into osteoclasts (Fig. 1A). In previous
studies, 10-fold concentrated conditioned media from osteoclasts from 6- to 12-week-old
mice stimulated osteogenesis of mesenchymal cells [Pederson et al., 2008]. In these
experiments, unconcentrated conditioned media was compared to 10-fold concentrated
media to evaluate the contributions of candidate factors larger than 10,000 Da.
Mineralization was assessed with Alizarin red staining (Fig. 1B,C) and by quantitating Ca2*
incorporation into the extracellular matrix (Fig. 2). There was no detectable difference in
mineralization between any age of mouse cell sources when unconcentrated conditioned
media was examined. However, 10-fold concentrated conditioned media from 18- to 24-
month, but not 6-week or 12-month-old, mouse marrow inhibited mineralization in both
assays. Mineralization levels were significantly below that supported by concentrated base
medium. A similar pattern was observed with cells from either the Balb ¢ or the C57BI/6
mouse strains.

The observation that concentrated conditioned media was required to observe reduced
support of mineralization suggested that the concentration process was increasing the levels
of a mineralization inhibitor larger than 10 kDa. We documented that early osteoclast
precursors expressed and secreted the Whnt inhibitor sclerostin, which rapidly decreases as
the cells differentiate [Pederson et al., 2008]. We therefore examined osteoclasts from 6-
week and 24-month-old mice for sclerostin mRNA expression and observed significantly
higher expression in cells from aged mice (Fig. 3A). In contrast, the expression of
previously identified coupling factors, BMP6, Wnt10b, or S1P, did not change during aging
(Fig. 3B). Sclerostin protein was significantly increased in the conditioned media derived
from 24-month-old mouse marrow compared to osteoclasts obtained from 6-week-old
mouse marrow as measured by both Western blotting (Fig. 4A) and a quantitative ELISA
(Fig. 4B). Ponceau S staining indicated no overall apparent differences in protein secretion
between the young and aged mouse cells (Fig. 4A lower panel).

To evaluate whether the elevated sclerostin in the conditioned media from 24-month-old
mouse osteoclasts contributed to suppression of mineralization, concentrated conditioned
medium from 6-week and 24-month-old mouse osteoclasts was treated with control or an
anti-sclerostin antibody prior to addition to calvarial cells (Fig. 5). Sclerostin neutralizing
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antibodies restored support of calvarial cell mineralization, but the control antibodies did
not.

DISCUSSION

Bone metabolism in young adults is tightly coupled in that the bone that is removed by
osteoclasts is precisely replaced in both location and amount by new bone. With aging, bone
formation is impaired [Lips et al., 1978], leading to a net deficit in bone formation as
compared to bone resorption and subsequent bone loss. In this study, we investigated how
aging influences the ability of osteoclasts to promote osteoblast mineralization. Our results
demonstrate that, while production of coupling factors remains constant with aging,
osteoclasts from aged animals secrete substantially more sclerostin, which is a potent
suppressor of bone formation. Sclerostin, the product of the gene Sost, is primarily produced
by osteocytes [Winkler et al., 2003; van Bezooijen et al., 2004]. Mice lacking sclerostin
exhibit increased Wnt signaling, bone density, and bone strength whereas mice
overexpressing sclerostin are osteopenic [Winkler et al., 2003; Loots et al., 2005; Li et al.,
2008; Krause et al., 2010]. Mutations in Sost cause two rare bone disorders: sclerosteosis
and van Buchem disease, which involve increased osteoblast activity and bone formation
[Wergedal et al., 2003]. Sclerostin binds to the Whnt receptors Lrp5 and Lrp6, and inhibits
Lrp association with the required co-receptors, Frizzleds, and Wnts [Li et al., 2005;
Semenov et al., 2005]. Consequently, sclerostin inhibits osteoblast proliferation and
stimulates osteoblast apoptosis [Winkler et al., 2003; Sutherland et al., 2004; van Bezooijen
et al., 2004]. To our knowledge no studies to date have investigated whether osteocyte
sclerostin expression changes with aging, although serum sclerostin levels do increase
markedly with age in women and in men [Modder et al., 2011]. The observation that
osteoclasts from aged mice express sclerostin at higher levels than cells from young mice
suggest that further exploration of sclerostin expression changes with aging are warranted.

Recently, Qing et al. [2012] found that lactating, but not virgin, mouse osteocytes express
cathepsin K, which has been regarded at highly restricted within the bone environment to
osteoclasts [Teitelbaum, 2007]. Our data support an interesting parallel in that osteoclasts
from aged mice express a protein whose expression is mostly restricted to osteocytes
[Winkler et al., 2003].

Impairment of osteoblast functions in the aging skeleton is well documented. Rubin et al.
[1992] observed that load-induced osteogenesis was reduced in aged animals compared to
young animals. In vitro studies of osteoblasts taken from aged animals have sought to
resolve the cause of this defect. Parathyroid hormone stimulation of cAMP accumulation
and stimulation of gap junction communication in osteoblasts decrease with aging [Donahue
etal., 1997; Genetos et al., 2012]. Osteoblasts from aged animals also respond poorly to
fluid flow and flow-induced intracellular calcium oscillations [Donahue et al., 2001]. In a
mouse model of accelerated aging, osteoblasts from aged animals exhibited impaired
telomere maintenance and reduced differentiation capacity that was independent of
proliferation [Wang et al., 2012]. Expression of the nuclear receptor Rorf3 in mouse bone
marrow-derived osteoblast precursors is elevated in cells from aged mice compared to
young mice and expression of Rorp suppresses osteoblast differentiation in vitro, implicating
Rorp in age related reduced bone formation [Roforth et al., 2012]. It is possible that some of
these osteoblast-autonomous aging phenotypes may, in part, be due to paracrine sclerostin
exposure in vivo prior to cell harvesting. Resolution of this will require additional studies.

While concentrated base and osteoclast conditioned media derived from 6-week and 12-
month-old mice resulted in stimulation of osteoblast mineralization when compared to
unconcentrated media, there were clear differences with concentration of conditioned media
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from 24-month-old mice. The concentrated 24-month-old mouse osteoclast conditioned
media suppressed mineralization below that observed with concentrated base medium. This
reduction below base medium support indicated the presence of one or more mineralization
inhibitors. Given the proximity of osteoblasts and osteoclasts in the closed bone remodeling
compartment (BRC), which may serve to locally concentrate secreted factors facilitating
communication between osteoblasts and osteoclasts [Khosla et al., 2008], it is plausible that
the concentrated conditioned media more accurately reflects the in vivo cross-talk occurring
between osteoclasts and osteoblasts. We recognize, however, that further validation of our
findings requires extension of these data to in vivo models involving, for example, selective
deletion of the SOST gene in osteoclasts from aged mice and the consequences of that on
the impaired bone formation with aging. This study is currently on going.

Sclerostin inhibitors are under development as an anabolic therapy to promote bone health.
Both pre-clinical and clinical studies of sclerostin neutralizing antibodies have shown
promising results in post-menopausal females [Li et al., 2009; Padhi et al., 2011; Rachner et
al., 2011]. It will be of interest to evaluate whether a component of the positive influences of
neutralizing sclerostin is due to influencing osteoclast-derived sclerostin in the aging
skeleton. Deregulation of Wnt signaling is involved in the development and progression of
several malignancies including breast cancer [Olson and Papkoff, 1994; Wong et al., 1994,
2002; Bankfalvi et al., 1999; Jonsson et al., 2000; Li et al., 2000; Karayiannakis et al., 2001,
Hatsell et al., 2003; Ayyanan et al., 2006; Benhaj et al., 2006; Zardawi et al., 2009]. Thus,
sclerostin-mediated suppression of Wnt signaling would be beneficial in targeting tumor
cells, given the importance of Wnt in promoting tumor progression. To balance the positive
and negative impacts of altering Wnt signaling, it is imperative to fully understand the
myriad effects of Wnts in health and disease. Our findings implicate suppressed Wnt
signaling in age-related bone loss, which lessens the desirability of global suppression of
Whnt to suppress tumor development over extended periods of time.

Given the complexity of Wnt influences, it is important to resolve their roles in normal and
pathological conditions in order to design more effective therapies to target cancer and
aging. The study reported here supports that the age-related impairment in bone formation
may be due, at least in part, to increased osteoclast sclerostin production. Targeting this
sclerostin source may prove to be beneficial in the aging skeleton whereas mimicking this
deregulation could be an effective therapy to target osteolytic tumor progression.
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A: Marrow from 18-month-old Balb ¢ mice was cultured to generate osteoclasts as detailed.
Cultures were fixed and stained for tartrate resistant acid phosphatase. B,C: Alizarin red
quantitation of osteoclast support of mineralization. Base medium (BASE), conditioned
media from 6-week, 12-month, and 24-month-old mouse marrow-derived osteoclasts from
Balb ¢ (B) and C57BI/6 (C) mice were collected. The media were left unconcentrated or
concentrated 10-fold. Calvarial osteoblasts were treated for 1-2 weeks with the indicated
media in the presence of ascorbic acid and p-glycerol phosphate. Cultures were fixed and
stained with alizarin red, and extracted as detailed in the Materials and Methods Section.
**P < 0.05 comparing conditioned medium to corresponding base medium; ****P < 0.05
comparing 24-month-old cell source to corresponding 6-week or 12-month-old medium; #P
< 0.05 decrease in conditioned medium response compared to corresponding base medium.
Results with 18- to 22-month-old C57BI/6 and Balb ¢ mice were similar to the 24-month-old

mouse cell conditioned medium.
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Fig. 2.

Extracellular matrix calcium content stimulated by osteoclast conditioned media. Base
medium or conditioned medium from 6-week and 24-month-old mouse marrow-derived
osteoclasts from Balb ¢ (A) or C57BI/6 (B) mice were collected. The media were left
untreated or concentrated 10-fold as described. Calvarial osteoblasts were treated for 1-week
with the indicated media in the presence of ascorbic acid and p-glycerol phosphate as
described. Cultures were extracted and calcium bound to the extracellular matrix was
quantitated as detailed in the Materials and Methods Section. **P < 0.05 comparing
conditioned medium to corresponding base medium; ****pP < 0.05 comparing 24-month-old
cell source to corresponding 6-week or 12-month-old medium; #P < 0.05 decrease in
conditioned medium response compared to corresponding base medium. Results with 18- to
22-month-old mice were similar to the 24-month-old C57BI/6 and Balb ¢ mouse cell
conditioned medium.
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Fig. 3.

Effect of aging on coupling factor gene expression. A: Marrow-derived osteoclast RNA was
assessed for sclerostin mRNA expression in cells from 6-week-old to 24-month-old Balb ¢
mice were analyzed by real-time-PCR. **P < 0.05 compared to mMRNA levels in 6-week-old
mouse cells. B: Expression of BMP6, SPHK1, and Wnt10b in osteoclasts from 6-week to
24-month-old Balb ¢ mouse marrow. Results similar to the 24-month-old mouse data were
obtained with 18- to 22-month-old C57BI/6 and Balb ¢ mouse cells.
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Fig. 4.

Sclerostin secretion by young and aged mouse osteoclasts. A: Marrow-derived osteoclasts
from three 6-week-old to three 18-month-old Balb ¢ mice were rinsed with PBS and
cultured for an additional 24 h with serum free media as detailed in the Materials and
Methods Section. Conditioned media was harvested and concentrated 50-fold for Western
blot analysis. The top panel is probing blot for sclerostin levels. The bottom panel is the
Ponceau red stained region of the blot between 30 and 60 kDa (size marker migration is
indicated on the left of the blot image; the predicted sclerostin molecular weight is 40 kDa).
Similar results were obtained with 18- to 24-month-old C57BI/6 mouse cells. B:
Conditioned media from marrow derived osteoclasts from Balb ¢ and C57BI/6 mice of the
indicated ages were collected and concentrated 10-fold prior to analysis of sclerostin protein
levels as described. **P < 0.05 compared to 6-week-old levels.
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Fig. 5.

Neutralizing sclerostin reduced aged osteoclast conditioned media suppression of
mineralization. Six-week-old and 24-month-old C57BI/6 mouse marrow-derived osteoclast
conditioned media was collected and concentrated 10-fold. Calvarial osteoblasts were
cultured as described with conditioned media with and without the indicated antibody as
detailed in the Materials and Methods Section. Mineralization was assessed by determine
calcium incorporation in to the matrix. Similar results were obtained with 18- to 22-month-
old Balb ¢ and C57BI/6 mouse cells. **P < 0.05 comparing conditioned medium to base
medium; ****P < 0.05 comparing 24-month-old cell source to corresponding 6-week-old
medium; #P < 0.05 decrease in conditioned medium response compared to base medium.
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