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Abstract
Genetic studies have identified a high bone mass of phenotype in both human and mouse when
canonical Wnt signaling is increased. Secreted frizzled related protein1 (sFRP1) is one of several
Wnt antagonists and among the loss-of-function mouse models in which 32-week old mice exhibit
a high bone mass phenotype. Here we show that impact fracture healing is enhanced in this mouse
model of increased Wnt signaling at a physiologic level in young (8 week) sFRP1−/− mice which
do not yet exhibit significant increase in BMD. The loss of sFRP1 function in vivo improves
fracture repair by promoting early bone union without adverse effects on the quality of bone tissue
reflected by increased mechanical strength. We observe a dramatic reduction of the cartilage
callous, increased intramembranous bone formation with bone bridging by 14 days, and early bone
remodeling during the 28 day fracture repair process in the sFRP1−/− mice. Our molecular
analyses of gene markers indicate that the effect of sFRP1 loss-of-function during fracture repair is
to accelerate bone healing after formation of the initial hematoma by directing mesenchymal stem
cells into the osteoblast lineage via the canonical pathway. Further evidence to support this
conclusion is the observation of maximal sFRP1 levels in the cartilaginous callus of a WT mouse,
hence in sFRP1−/− mouse progenitor cells are shifted directly into osteoblast lineage. Thus,
developing an antagonist to specifically inhibit sFRP1 represents a safe target for stimulating
fracture repair and bone formation in metabolic bone disorders, osteoporosis and aging.
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INTRODUCTION
The stages of fracture repair from the initial formation of a thrombus callus to the induction
of endochondral bone formation and the longer process of bone remodeling until the final
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healing of the fracture site into lamellar bone have been well described (Gerstenfeld and
Einhorn, 2006; Rozen et al, 2007). The basic signaling pathways which govern skeletal
regeneration on a cellular level have come under increasing scrutiny in an effort to
understand osseous tissue response to injury (Flick et al, 2003; Tsiridis et al, 2007; Lehmann
et al, 2005). While the vast majority of fractures heal uneventfully, the deleterious effects
associated with non-union are well recognized (Starr, 2008). Further, fractures result in
significant morbidity on both an individual and a collective basis, particularly in light of the
increasing frequency of fractures associated with osteoporosis (Dawson-Hughes et al, 2008;
Tosteson et al, 2008). Indeed, older individuals, more at risk for falls, have reduced bone
formation rates and patients requiring medications that interfere with the normal rate of bone
repair, would greatly benefit from interventions that would accelerate and enhance the bone
formation stages.

Fracture repair has been demonstrated to recapitulate growth plate biology in important
ways, with many of the signaling pathways present in the growth plate, also being
demonstrated in fracture repair (Vortkamp et al, 1998). Among these signaling cascades,
PTH/PTHrP, BMP, and WNT signaling have been studied for their multiple effects on
embryonic development and their roles in fracture repair (Day and Yang, 2008; Kakar et al,
2007; Tsuji et al, 2006; Baron and Rawadi, 2007b; Macsai et al, 2008). Elucidating these
pathways has lead to an understanding of the principle signals and opportunities to develop
pharmacologic components for interventions aimed at enhancing fracture repair. For
example, the osteogenic BMP2 is currently used clinically to locally augment fracture repair
(Tsuji et al, 2006; Khosla et al, 2008). Parathyroid hormone (PTH) has been shown to
promote fracture healing in mice (Tsiridis et al, 2007; Kakar et al, 2007), but currently PTH
is approved only for treating severe osteoporosis (Whitfield et al, 2002). The canonical Wnt
signaling pathway is well established as promoting bone formation in the adult skeleton in
humans and animal models (Bodine and Komm, 2006). Mechanisms for enhancing fracture
repair in rodents that used intermittent parathyroid hormone treatment have implicated Wnt
signaling to explain the effect of these treatments in enhancing the biochemical and
mechanical effects in experimental models of fracture repair (Kakar et al, 2007). Wnt
signaling is also related to the bone enhancing effects of BMP2 (Chen et al, 2007;
Nakashima et al, 2005; Fischer et al, 2002). Thus multiple osteogenic signals converge for
normal bone development and fracture repair (Lian et al, 2006).

Current studies are focused on pharmacologic approaches to promote enhanced Wnt
signaling for increasing skeletal mass (Bodine, 2008; Baron and Rawadi, 2007a; Gregory et
al, 2006; Katoh and Katoh, 2007). Wnt signaling is highly complex, and a large number of
intra-and extra- cellular proteins and receptors in various combinations have been
demonstrated to cause an equally wide range of responses. Both canonical, and non-
canonical pathways influence the skeleton (Tu et al, 2007; Bodine and Komm, 2006) and
can be elucidated in the face of a spectrum of Wnt signaling combinations, suggesting that
regulation of Wnt signaling is both dynamic and contextual related to the cell type, the
specific Wnt ligand and the interactions of Wnt nuclear transducers with other coregulators
on target genes (Katoh and Katoh, 2007). The canonical β-catenin pathway operates through
the LRP5/Frizzled receptor complex to block the kinase activity of GSK3β, which stabilizes
β-catenin in the cytosol for translocation to the nucleus (Logan and Nusse, 2004; Forde and
Dale, 2007). Intracellular beta catenin signaling has been demonstrated to have important
regulatory effects on embryonic skeletal growth with high β-catenin promoting osteogenesis
and low β-catenin cellular levels favoring chondrogenesis (Hill et al, 2005; Day et al, 2005).
Wnt proteins have been shown to express in a distinct pattern in the developing growth
plate, suggesting a specific role for each different Wnt molecule in endochondral bone
formation, and also during fracture repair, where endochondral bone formation is
recapitulated (Zhong et al, 2006; Macsai et al, 2008; Hadjiargyrou et al, 2002).
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Wnt signaling occurs extracellularly and lends itself to the development of small molecule
therapies aimed at enhancing fracture repair through manipulation of beta-catenin signaling.
Recently, enhanced fracture healing was demonstrated in a transgenic murine model which
constitutively expressed high levels of activated beta-catenin in an osteoblastic tissue
specific manner (Chen et al, 2007). This enhancement highlighted the potential of
stimulating fracture repair by increasing intracellular stabilized beta catenin. However, the
Wnt pathway is tightly regulated by a number of inhibitory molecules including Wnt-
inhibitory factor, Chibby, SOST/sclerostin, Dickopfs (DKK), and various secreted frizzled-
related proteins (sFRPs), that antagonize WNT signaling to regulate activity of the pathway
in a physiologic manner. Decreasing levels of these inhibitors is a viable way to enhance
bone mass and promote bone healing (Baron and Rawadi, 2007a). It remains to be
elucidated which of these molecules might be useful as a target for pharmacologic
intervention and under what context would modifying their cellular levels lead to enhanced
fracture repair.

We hypothesized that inhibiting the activity of sFRP1, which sequesters Wnt ligands, would
stimulate fracture repair based on studies of the sFRP1−/− mouse phenotype (Bodine et al,
2004). These mice exhibit increased bone mineral density and reduced apoptosis, indicating
effects on the skeleton in the absence of sFRP1. Of further significance, our previous work
indicated a role for sFRP1 in chondrocyte and osteoblast differentiation (Gaur et al, 2006;
Bodine et al, 2007), which are both critical stages of the fracture repair process. sFRP1 is
known to modulate Wnt signaling by competing with extracellular Wnt for binding to the
Frizzled receptor and further antagonizing Wnt signaling by binding directly to Wnt proteins
(Hausler et al, 2004; Bodine et al, 2004). Because sFRP1−/− mouse exhibited a high bone
mass phenotype compared to WT in adult mice without compromising normal growth and
development, the extracellular nature of these interactions makes sFRP1 an attractive target
for pharmacologic intervention to stimulate Wnt in the specific context of fracture repair. To
examine this potential role of sFRP1, we used a mouse model deficient in sFRP1 to
determine the influence of physiological enhancement of Wnt signaling in the absence of
this Wnt antagonist during repair of a closed, traumatic tibial mid-shaft fracture. Our studies
show an increased rate of bone formation with reduced chondrogenesis at the early stages of
repair, thereby accelerating bony fusion.

MATERIAL AND METHODS
Animals

The sFRP1−/− mouse was generated by Lexicon Genetics, Inc. as previously described. The
LacZ gene was inserted into exon 1 of the sFRP1 gene. WT and homozygous knockout mice
lines were maintained at the University of Massachusetts under IACUC approved protocols.
Standard genotyping was carried out as described previously.

Fracture Technique
Fractures were generated in the mid-shaft of the tibia in 8-weeks-old male WT and
homozygous knockout animals. Institutional approval was obtained and all procedures were
undertaken in accordance with approved IACUC methods. Animals were administered
general anesthesia using IP injections of ketamine and xylazine. A midline skin incision
over the knee joint was utilized to gain access to the proximal tibial metaphysis, and a pilot
hole was made using a 25 gauge needle at a position just medial to the patella tendon. A 30
gauge wire was introduced into the tibial canal and cut at the level of the bone proximally.
Wounds were closed, and the tibia was held in a fixed position while a drop weight from a
standard height was used to deliver a fixed traumatic injury to the mid portion of the tibia,
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generating a fracture via three point bending, and ensuring that fractures were generated
using a traumatic method with reproducible energy of injury.

Radiography
All animals were examined pre and post fracture using live fluoroscopy with an inverted
Xiscan 1000 fluoroscope. Pre-fracture imaging was used to confirm correct positioning of
the stabilizing wire, and post fracture imaging was used to confirm correct fracture location
and configuration. Additionally, standard radiographs were obtained in all animals post
fracture with a high resolution MX-20 (Faxitron Xray, IL) on mammography film.
Additionally, animals were radiographed to document fracture repair at 7, 14, 21, and 28
days post-fracture.

Histology
The fractured legs were collected at the time of sacrifice and fixed in 4% paraformaldehyde.
The samples were demineralized in 18% EDTA and processed for paraffin embedding. The
sections were prepared at 10μm thickness and stained with Toluidine Blue to visualize the
cartilage tissue on the section. For detection of osteoclasts and bone remodeling, Tartrate-
resistant Acid Phosphatase (TRAP) staining was performed.

Quantitative Real Time PCR
The mice were sacrificed on day 14 post fracture to scrape the tissue from the fracture site in
TRIzol reagent, avoiding any old bone tissue. For comparison to non-fractured bone, we
dissected the trabecular bone of tibia from 10-week old WT and sFRP1−/− mice to be more
analogous to the new bone deposited in the fracture site. The tissue was ground using a
Polytron homogenizer and total RNA was isolated as per the manufacturer’s instructions
(Invitrogen, CA). Any potential DNA contamination was removed by RNase-free DNase
treatment. The reverse transcription reaction was performed on 1 μg of total RNA using the
First Strand Synthesis Kit and random hexamer primers (Invitrogen, CA). Relative transcript
levels were measured by real time PCR in 25 μl reaction volume on 96-well plate using ABI
PRISM 7000 sequence detection system (Applied Biosystems, CA), following the
recommended protocol for SYBR-Green (Applied Biosystems). Transcript levels were
normalized with 18S ribosomal RNA levels using primers from Applied Biosystems and
SYBR-Green master mix (Applied Biosystems, CA). The primers used for amplification are
described in Table 1.

Mechanical Testing
The healing tibiae were harvested from WT and sFRP1−/− at day 14 and 28 post fracture and
subjected to torsion test to failure using 55MT MicroTorsion testers (Instron, MA). Both
proximal and distal ends of tibiae were potted in 1cm2 aluminum casing using
polymethylmethacrylate (PMMA). An angular displacement was applied at the rate of 1°/sec
until failure, keeping the direction of twist same as internal rotation of the distal tibia. The
torsional stiffness was calculated as the slope of the torque-angular displacement.

Statistical Methods
Student’s T-test was performed to analyze the significance of the data for gene expression
and mechanical strength testing.
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RESULTS
Early Union of Bone Fracture in absence of sFRP1

We have selected the sFRP1−/− mouse to test the hypothesis that Wnt signaling enhanced at
physiologic levels are sufficient for promoting anabolic effects on bone fracture repair in 8-
weeks old mice which do not yet exhibit a high bone mass phenotype (Bodine et al, 2004).
However, in the sFRP1−/− mouse bone tissue as early as 4-weeks of age show increased
expression of TCF1 and Runx2 (Gaur et al, 2005). Since Wnt signaling has been shown to
be active during fracture healing (Chen et al, 2007; Zhong et al, 2006), we first determined
the expression of the sFRP1, a secreted antagonist of Wnt signaling during fracture healing
in the WT mouse. sFRP1 was expressed at peak levels in the early post-fracture stages at
cartilaginous callus formation (day 7 and day 10; Fig. 1A). This level was ~20-folds higher
than at the bone formation stages (day 14 an day 21; Fig 1A), suggesting an early function
of sFRP1 for inhibition of Wnt signaling at the onset of callus formation. Fractures were
generated in sFRP1−/−mice with same force as used for the WT mice. We determined the
extent of fracture healing in tibial bone by radiography (Fig. 1B). The mid-tibia impact
fracture at day 0 (upper panel) is equivalent for wild type and sFRP1−/−. By post-operative
day 14, the sFRP1−/− mice demonstrated a higher radio-opacity at the fracture site compared
to wild type (Fig. 1B, lower panel). These findings suggested an early bone union in
sFRP1−/− mouse.

Absence of sFRP1 leads to Increased Wnt Signaling during Fracture Repair
Modifications in Wnt signaling have been correlated with regulation of Wnt ligands as well
as their target genes. To determine the effect of loss of sFRP1 on Wnt signaling during
fracture repair, we harvested callus tissue at post-fracture day 14 (when bony union occurs
in the sFRP1−/− mouse, but not in WT) for analysis of Wnt signaling components and their
known target genes (Fig. 2). Wnt1 and Wnt7a, which function through canonical Wnt
pathway, along with LEF1, a classical target of canonical Wnt signaling, were upregulated
during fracture repair in the sFRP1−/− mice (Fig. 2A, upper panels). However, the
established non-canonical Wnt5a/5b ligands exhibited decreased expression in the sFRP1−/−

mice. These significant differences were consistent with downregulation in TNFα, a target
of non-canonical Wnt signaling in sFRP1−/− mice (Fig. 2B, upper panels). These findings
indicate that in the absence of sFRP1, canonical Wnt signaling is generally upregulated,
while non-canonical Wnt signaling is downregulated.

To ascertain that induced canonical Wnt signaling observed in the sFRP1−/− mouse at day
14 of fracture repair is unique to regenerating fracture tissues, we analyzed metaphyseal
bone from long bones of 10 week-old WT and sFRP1−/− mice, to be more similar to the
dynamic bone tissue present at the fracture site. The metaphysis tissues in wild type and
sFRP1−/− mouse do not show any statistically significant difference in the expression levels
of canonical (Wnt1 and Wnt7a) and non-canonical Wnt proteins (Wnt5a and Wnt 5b) as
well as their respective target genes, LEF1 and TNFα. (Fig. 2A and B, lower panels).
Furthermore, our observations suggest that sFRP1 contributes to antagonizing the beneficial
effects of Wnt signaling during the fracture repair process.

Decreased Chondroid and Increased Osseous Activity Results in Accelerated Fracture
Healing in the Absence of sFRP1

Endochondral bone formation begins with cartilage formation in the callus and the periosteal
reaction on either side of the fracture site. To further analyze the positive effect of sFRP1
inhibition on fracture repair, the tissue composition and organization of the fracture site
during the regeneration process from 1 to 4 weeks was examined comparing WT to the
sFRP1−/− mouse. At post-fracture day 7, the relative cartilage area in sFRP1−/− and wild
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type animals shows no significant difference (Fig. 3A, day 7), indicating that induction of
EBF occurred in a similar manner. However, early intramembranous bone formation could
be seen in sFRP1−/− mice by visualization of newly formed woven bone with relatively
mature osteocytes compared to WT (Figure 3B, i–iv). The TRAP activity reflecting bone
remodeling by osteoclasts was also observed in sFRP1−/− whereas WT remained negative
for TRAP activity (Fig. 3B, v–viii), suggesting an early start of bone remodeling in the
absence of sFRP1.

Changes in the callus size could be identified by day 11 post-fracture. The relative cartilage
area at the fracture site in knockout mice was significantly less compared with wild type,
and this difference continued to increase as fracture repair progressed (Fig. 3A, day 11). The
chondroid tissue and callus size continued to increase in size from day 11 to 14 in the WT
mouse, with small areas of new bone formation was observed in multiple mouse fracture
samples. However, in the sFRP1−/− mouse, the callus size did not increase further after day
11, but rather the amount of chondroid tissue was replaced by osseous tissue. This resulted
in far greater bone volume in the sFRP1−/− mouse compared to WT (Fig. 3A, day 11 and
day 14). This combination of less chondroid formation and greater osseous replacement
allowed for the faster bone bridging observed in the day 14 sFRP1−/− animals.

By day 21, both WT and sFRP1−/− showed bridging of the fracture site with osseous tissue.
However, Toluidine blue staining of the wild type did reveal the presence of small amounts
of cartilage, while in the sFRP1−/− group the transition from chondroid to osseous tissue
was already complete. The sFRP1−/− animals demonstrated faster integration of new bone at
the fracture ends with the original bone (Figure 3A, day 21). To conclude, the absence of
sFRP1−/− results in a callus with less chondroid and continued increase in osseous tissue
over a 3 week bone repair period. Thus, an acceleration of osseous regeneration leads to
faster bridging of bone across the fracture site.

Our histological analyses revealed an equivalent callus size between WT and sFRP1−/− mice
on day 7, but in sFRP1−/− fractures, the callus composition changed from the WT which
increased in size and cartilage tissue with time. This suggested an early commitment of
proliferating mesenchymal cells to the osteoblast lineage in the initial callus of the sFRP1−/−

group. To address the mechanism of accelerated fracture repair, we performed gene
expression analysis of chondroid and bone turnover markers to determine the effect of
sFRP1 deletion in the callus tissues harvested 14 days post fracture. The proliferation
markers for chondrocytes, Collagen type II and Sox9, were significantly lower in sFRP1−/−

mice compared to WT mice (2–2.5 fold; Figure 4). No difference was observed in Collagen
type X expression between WT and sFRP1−/− mice, consistent with cartilage on day 4. We
further evaluated the transcript levels of bone remodeling markers to examine the extent of
new bone formation at the injury site. All the markers MMP9, TRAP and VEGF were
upregulated in sFRP1−/− mouse, suggesting active bone remodeling in absence of sFRP1.
We did not examine the osteogenic markers since the tissue collected from the fracture site
was enriched in cartilage tissue and contained minimal bone tissues.

Increased Strength of Healing Bones in Presence of Induced Wnt Signaling
Our observations suggest a small callus size and faster repair in sFRP1−/− mouse. However,
it is critical that the bone quality is not compromised in order to accelerate the fracture
healing. To examine the strength of fractured bones after repair, we performed torsion
testing to analyze the torsional stiffness of the healing/healed bones from WT and sFRP1−/−

mice. We demonstrate that by day 14 post fracture, even though the callus size is larger in
WT which also adds to the mechanical strength of the healing bones, there is no difference
in the torsional stiffness of WT and sFRP1−/− samples (Figure 5, left panel). However, by
28 days post fracture, we observed a 1.9 fold increase in torsional stiffness in sFRP1−/−
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samples as compared to WT, which is approaching significance with p-value less than 0.2
(Figure 5, right panel). These observations suggest that deletion of sFRP1 and subsequent
activation of Wnt signaling can provide reduced callus size and faster as well as improved
fracture repair in mice.

DISCUSSION
While other studies have recognized the potential for accelerating fracture healing by
increasing Wnt signaling through modification of β-catenin levels or by antagonizing the
inhibitory components of the Frizzled receptor complex (e.g. DKK1) (Chen et al, 2007;
Gregory et al, 2006), a key finding of our studies is that loss of function of one of the
secreted frizzled related protein antagonists (sFRP1) has a significant effect in accelerating
fracture repair in a normal physiologic manner. The major effect of loss of sFRP1 activity is
at the early stages of fracture repair enhancing osteogenesis and accelerating normal bone
formation and matrix mineralization. Furthermore, at the late stages, the fracture repair
tissue is mechanically sound. These are important considerations for developing the
appropriate target to enhance canonical Wnt signaling for therapeutic application,
particularly because increased Wnt signaling is associated with various cancers. However,
no tumors examining multiple organs ever had been identified in sFRP1−/− mouse up to 1.5
years age (Trevant et al, 2008).

Fracture repair follows an ordered sequence of events analogous to endochondral bone
formation and the molecular signaling pathways that involve cytokines and growth factors,
influencing each of these stages are being characterized (Cho et al, 2002; Flick et al, 2003;
Geiger et al, 2005; Einhorn et al, 1995; Kon et al, 2001; Tsuji et al, 2006). Our results
indicate that increased canonical Wnt signaling in absence of sFRP1 contributes to
regulation of several stages of fracture repair. The immediate biological response to a break
in bone tissue is formation of the hematoma and inflammation during the first few days
which is accompanied by secretion of numerous cytokines (IL1, IL6, TNFα from the
inflammatory cells), as well as a release of growth factors (e.g., TGFβ1, FGF) from
aggregated platelets. A vascular network is also established promoting the fibrin clots
(Einhorn et al, 1995; Kon et al, 2001; Street et al, 2002). This initial response appears to be
unaltered in the absence of Wnt signaling as the fracture callus in both the WT and sFRP1
null mouse is approximately a similar size through day 7. The increase in local growth
factors from the hematoma leads to the recruitment mesenchymal stem cells (Rozen et al,
2007). One of these is TGFβ1 which upregulates the production of an extracellular matrix
consisting of collagen, fibrin, and proteoglycans, thus contributing to the cartilage callus. It
is at this stage (day 7–10) we observe peak levels of sFRP1 during fracture repair in WT
mice. Several studies have noted that TGFβ receptors are downregulated during osteoblast
differentiation and this is also observed during the fracture repair process (Centrella et al,
1995; Cho et al, 2002).

The second stage of fracture repair, formation of granulation tissue, is characterized by
proliferating mesenchymal stem cells (MSCs) which differentiate into osteoblasts for
intramembranous bone formation arising from underlying cortical bone distal to the fracture
break. At the same time, MSCs are differentiating into cartilage tissue at the very edges of
the broken bone (Gerstenfeld et al, 2003). Wnt signaling is tightly regulated at this stage by
high levels of sFRP1 observed in wild type mouse. At this stage, day 7 in our studies, that
enhanced Wnt signaling in sFRP1−/− mouse fracture tissue has a profound effect on
formation of the intramembranous bone at the fracture site. The characteristics of the callus
itself have changed, continuing to increase in size and cartilage tissue content in the WT
mouse fractures, but not in the sFRP1−/− mouse. Between days 11 and 14 the control mice
have not only increased the amount of granulation tissue, but the representation of soft callus
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to hard callus is far greater than observed in the sFRP1−/− mouse. Thus, the enhanced Wnt
signaling appears to have diverted MSCs into the osteogenic lineage by day 11 as a result of
the absence of sFRP1 which are observed at the highest expression level in the cartilage
callus of the WT mouse. This interpretation is further supported by quantitation of the
chondrogenic areas which is significantly decreased at both time points day 11 and 14 in the
sFRP1−/− mouse. Our conclusion is consistent with the molecular marker analyses that
demonstrate increased canonical Wnt signaling. The levels of activated canonical Wnt/β-
catenin signaling are well established to influence chondrogenesis (low β-catenin) (Day et
al, 2005; Hill et al, 2005) and through a direct interaction between Sox9 and β-catenin
(Akiyama et al, 2004). Since the chondrogenic stage is important for rapid stabilization of
the fractured bone, canonical Wnt signaling must be maintained at a modest level and is
suppressed in part by high sFRP1 levels. Thus, absence of sFRP1 has a physiologic
advantage as an extracellular therapeutic target for increasing fracture repair at early stages.

A novel finding of the consequences of enhanced Wnt signaling in our studies is the
significant increase in VEGF expression at day 14 reflecting increased remodeling of the
newly formed woven bone to lamellar intramembranous bone. During the initial stages in
formation of the hematoma, establishing vascularity is a key event in subsequent healing of
bone tissue (Komatsu and Hadjiargyrou, 2004). Several studies show that increased VEGF
correlates with a better rate of fracture healing (Peng et al, 2005; Geiger et al, 2005). Early
induction of Wnt signaling indirectly may increase VEGF through Runx2, since canonical
Wnt signaling increases Runx2 expression which is an activator of VEGF (Zelzer et al,
2001; Gaur et al, 2005). The result of these accelerated processes is bone bridging of the
fracture by 14 days.

Regulation of Wnt signaling by sFRP1 has been reported to inhibit osteoclast formation in
vitro (Hausler et al, 2004), while other studies showed that sFRP1 expression is
downregulated upon osteoclast differentiation (Trevant et al, 2008). Our observation of early
onset of TRAP activity as well as increased expression of TRAP mRNA in absence of
sFRP1, indicate that osteoclast activities and bone remodeling are enhanced by increased
Wnt signaling. The bone remodeling is necessary to convert the increased woven bone that
is deposited in the fracture repair tissue to lamellar bone. The increased mechanical strength
we observe by day 28 in sFRP1−/− mouse demonstrates that this sequence has occurred to a
greater extent than WT mouse.

The recruitment of mesenchymal cells directly into the osteogenic lineage is consistent with
well established mechanisms of activated canonical Wnt signaling in bone. Confirmation
that canonical Wnt signaling predominates is validated by the significant increase in LEF1
and a decrease in TNFα, a target of non-canonical Wnt signaling. We also find an increase
in Wnt factors that regulate canonical signaling (Wnt1 and Wnt7a) and a decrease in the
non-canonical Wnt5a and Wnt5b ligands which are involved in chondrogenesis. Notably,
The canonical Wnt3a can promote chondrocyte dedifferentiation (Hwang et al, 2005). Both
Wnt1 and Wnt7a have been shown to regulate chondrogenesis (Rudnicki and Brown, 1997;
Fischer et al, 2002; Jackson et al, 2005). Studies have shown Wnt signaling is inhibited in
the final stages of bone formation (Eijken et al, 2008; Matsuzaki et al, 2006; Rawadi et al,
2003; Li et al, 2005; Kahler et al, 2006). Therefore, our observations support a concept that
in the absence of sFRP1, osteogenesis is favored over chondrogenesis, yet physiologic
regulation of Wnt signaling is maintained in cells that differentiated into mature osteoblasts.

A striking advantage of directing a therapeutic target to sFRP1 is that it has partial redundant
functions. The process of bone repair continues to undergo normal bone remodeling and
mineralization of the newly formed woven bone. Although it has been reported that sFRP1
is detected in osteoclasts (Hausler et al, 2004; Trevant et al, 2008), it is non-essential for the
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normal remodeling of woven bone. This is consistent with the high bone mass phenotype
observed in the sFRP1−/− mouse and is in striking contrast to other mouse models where β-
catenin levels have been upregulated to a non-physiologic level of canonical Wnt signaling
which compromises bone quality (Glass et al, 2005; Day et al, 2005; Hill et al, 2005).
Stimulating canonical Wnt signaling within a physiologic range is an important
consideration in developing a therapeutic target for enhancing bone formation not only
during fracture repair but for metabolic bone diseases when modifying Wnt signaling. The
enhanced fracture healing we observe in 8-weel old sFRP1−/− mice which do not exhibit a
high bone mass at this age (earliest reported 32 weeks (Bodine et al, 2004)) further suggests
the concept that enhancing Wnt signaling for a short period of time can be effective in
stimulating MSC recruitment into the osteogenic lineage.

As both PTH and sFRP1 inhibition enhance fracture repair, it is of interest to note the
differences between the effects of each events of the fracture repair process. In mice with
closed femoral fractures, daily PTH treatment resulted in a larger initial callus and a 3-fold
increase in chondrogenesis relative to osteogenesis. The increased volume of tissue that
progressed through endochondral bone formation (Kakar et al, 2007) resulted in
enhancement of bone tissue during fracture healing. Notably, PTH increased canonical Wnt
signaling with a 10–20 fold peak from day 7 to 14 days post-fracture. This is the same
period of effectiveness we find early bone formation and bridging in the sFRP1−/− mice.
However, in contrast to PTH, increased Wnt signaling reduces the chondrogenic tissue
volume in favor of bone formation during the early fracture stages. Thus, depending on the
clinical circumstances of the fracture, options are available for accelerated bone bridging via
direct modification of Wnt signaling or a need to also increase bone volume via PTH effects.
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Figure 1. sFRP1 plays a critical role in early fracture repair
(A) Higher expression of sFRP1 during early stages of fracture healing in WT mouse. The
tissue was scraped from the fracture site from WT mice (n=3) and analyzed for sFRP1
expression. (B) Radiographic analysis of healing tibiae shows improved healing by reduced
callus size and union of bone ends in absence of sFRP1. The upper panel shows the tibiae on
the fracture day and the lower panel shows callus formation and healing 14 days post
fracture.
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Figure 2. Quantitative real time PCR showing upregulation of canonical Wnt signaling pathway
at fracture site in sFRP1−/− 14 days post fracture
The tissue was either scraped from the fracture site or metaphysis tissue was collected from
intact bone from WT and sFRP1−/− (n=3 mice per group), processed for RNA and analyzed
for the expression levels of components of Wnt signaling pathways in WT (□) and sFRP1−/−

(■) mouse. (A) Expression pattern of Wnt ligands driving canonical pathway (Wnt1 and
Wnt7a), and LEF1, a target gene of canonical in WT and sFRP1−/− animals. The upper
panels show the expression in fracture bone, while lower panels show expression in intact,
unfractured bone. (B) Expression profile of Wnt ligands required for initiation of non-
canonical pathways (Wnt5a and Wnt5b) and a target gene, TNFα in WT and sFRP1−/−

samples. The upper panels represent fractured bone profile, while lower panel show intact,
unfractured bone profile. Relative transcript levels are shown with ± SEM. An asterisk mark
(*) represents the p-value <0.02.
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Figure 3. Histologic analyses showing improved fracture healing by reduced callus cartilage and
early bone formation in sFRP1−/− mouse
The samples were processed for paraffin sections and stained for visualization of cellular
structures and enzymatic activity. (A) Toluidine Blue stained sections from WT and
sFRP1−/− healing bone samples at day 7 post-fracture, day 11 post-fracture, day 14 post-
fracture and day 21 post-fracture. (B) Toluidine Blue and TRAP stained sections of day 7
post-fracture bone samples at higher magnifications, showing relatively mature osteocytes in
the newly formed woven bone in sFRP1−/− (ii, iv) as compared to WT (i, iii). The lower
panels show TRAP staining for osteoclast activity, visible in sFRP1−/− (vi, viii) but absent
in WT (v, vii).
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Figure 4. Reduced chondrogenic proliferation and increased bone remodeling in mouse with
induced Wnt signaling
The healing tissue was scraped from WT and sFRP1−/− mice, total RNA was isolated, and
analyzed for chondrogenic markers and bone remodeling markers. Relative transcript levels
are presented ± SEM as error bars, WT as open box (□) and sFRP1−/− as filled box (■). *
represents p-value < 0.01.
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Figure 5. Torsion testing of healing/healed bone samples shows improved mechanical strength in
absence of sFRP1
Torsional stiffness of the WT (☐) and sFRP1−/− (■) fractured bone samples (n=4) on day 14
post-fracture (left panel) and day 28 post fracture (right panel).
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Table 1

List of the primers used for quantitative Real-time PCR.

Gene Forward Primer Reverse Primer

Wnt1 CAGGGTTCATAGCGATCCAT CAAAGAGGGAGGGAGGTAGG

Wnt5a TCCTATGAGAGCGCACGCAT CAGCTTGCCCCGGCTGTTGA

Wnt5b GAGGAGCAGGGCCGAGC ACAGCTTGCCCTGGCCGGTTGA

Wnt7a CAAGGCCAGTACCACCGGGA TCCACGTGGACGGCCTC

LEF1 AGTGCAGCTATCAACCAGAT TTCATAGTATTTGGCCTGCT

TNFα mm00443258_m1 (Applied Biosystems)

sFRP1 GCCACAACGTGGGCTACAA ACCTCTGCCATGGTCTCGTG

Col2a1 CTGGAATGTCCTCTGCGA TGAGGCAGTCTGGGTCTTCAC

Sox9 GAGGCCACGGAACAGACTCA CAGCGCCTTGAAGATAGCATT

Col10a1 CCTGCAGCAAAGGAAAACTC TGTGGTAGTGGTGGAGGACA

MMP9 mm00600163_m1 (Applied Biosystems)

TRAP mm00441908_m1 (Applied Biosystems)

VEGF ACTGGACCCTGGCTTTACTG GGCAGTAGCTTCGCTGGTAG

J Cell Physiol. Author manuscript; available in PMC 2010 July 1.


