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Acute Phosphate Restriction Leads to Impaired Fracture
Healing and Resistance to BMP-2
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ABSTRACT

Hypophosphatemia leads to rickets and osteomalacia, the latter of which results in decreased biomechanical integrity of bones,
accompanied by poor fracture healing. Impaired phosphate-dependent apoptosis of hypertrophic chondrocytes is the molecular basis
for rickets. However, the underlying pathophysiology of impaired fracture healing has not been characterized previously. To address the
role of phosphate in fracture repair, mice were placed on a phosphate-restricted diet 2 days prior to or 3 days after induction of a mid-
diaphyseal femoral fracture to assess the effects of phosphate deficiency on the initial recruitment of mesenchymal stem cells and their
subsequent differentiation. Histologic and micro-computed tomographic (..CT) analyses demonstrated that both phosphate restriction
models dramatically impaired fracture healing primarily owing to a defect in differentiation along the chondrogenic lineage. Based on
Sox9 and Sox5 mRNA levels, neither the initial recruitment of cells to the callus nor their lineage commitment was effected by
hypophosphatemia. However, differentiation of these cells was impaired in association with impaired bone morphogenetic protein
(BMP) signaling. In vivo ectopic bone-formation assays and in vitro investigations in ST2 stromal cells confirmed that phosphate
restriction leads to BMP-2 resistance. Marrow ablation studies demonstrate that hypophosphatemia has different effects on injury-
induced intramembranous bone formation compared with endochondral bone formation. Thus phosphate plays an important role in
the skeleton that extends beyond mineralized matrix formation and growth plate maturation and is critical for endochondral bone repair.
© 2010 American Society for Bone and Mineral Research.
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Introduction A number of factors have been shown to influence fracture

repair, and analyses of the molecular basis for these abnorm-

(2-7)

he skeleton is an organ that is subject to constant remodeling

and repair. Fracture initiates a series of molecular and
cellular events that recapitulate embryonic endochondral bone
formation. Upon fracture of long bones, a hematoma is formed,
followed by an inflammatory phase characterized by expression of
numerous cytokines. In addition to a periosteal reaction adjacent
to the fracture site, there is recruitment of mesenchymal cells into
the area of the fracture. These cells then differentiate into cartilage
under the influence of bone morphogenetic proteins (BMPs). The
maturing cartilaginous callus is invaded by vasculature and
replaced by bone. Remodeling of the callus leads to restoration of
the anatomic and biomechanical properties of the original skeletal
element.V

alities has led to a greater understanding of this process.
Diabetes mellitus leads to impaired fracture healing owing to
premature resorption of the cartilaginous callus.® Prostaglan-
dins also have been shown to play an important role in fracture
repair,” a seminal finding that has led to the avoidance of
nonsteroidal anti-inflammatory medications, which inhibit the
rate-limiting step in prostaglandin production, in patients with
fractures. At 14 days, the calluses of Cox2 null mice exhibit a
decrease in the osseous content, accompanied by a persistence
of mesenchymal cells,®) impaired expression of BMP-2 and
BMP-7,%%) and decreased angiogenesis.'®

Hypophosphatemia is a feature of several congenital rachitic
disorders."™'® Investigations in murine models of X-linked
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hypophosphatemia and hereditary vitamin D-resistant rickets
demonstrate that rachitic expansion of the hypertrophic
chondrocyte layer in the growth plate is a consequence of
impaired apoptosis of these cells."® Molecular analyses reveal
that increases in extracellular phosphate activate the mitochon-
drial apoptotic pathway in hypertrophic chondrocytes, a process
that is required for normal endochondral bone formation. Thus,
while phosphate is required for mineralized matrix formation, it
also plays a regulatory role in terminal differentiation of
hypertrophic chondrocytes.

In addition to rickets, congenital and acquired hypopho-
sphatemic states are associated with impaired fracture heal-
ing."""1319) However, it is unclear what specific role phosphate
plays in this process. These disorders are associated with
osteomalacia owing to impaired matrix mineralization, which
may itself have an important effect on fracture healing.
Furthermore, the hypophosphatemia associated with oncogenic
osteomalacia and X-linked hypophosphatemia is accompanied
by a decrease in 1,25-dihydroxyvitamin D and an increase in
fibroblast growth factor 23 (FGF-23) levels,"® which may
contribute to impaired fracture healing. Similarly, impaired
vitamin D action may play a role in the abnormal fracture healing
observed with vitamin D deficiency. Because neither the cellular
nor the molecular basis for impaired fracture repair in these
conditions has been examined, we undertook investigations to
determine if acute phosphate restriction alters fracture healing
and to identify the mechanism by which hypophosphatemia
leads to impaired skeletal repair.

Materials and Methods

Animal maintenance

Animal studies were approved by an institutional animal care
committee. Male C57BI/6J (B6) mice were purchased from
Jackson Laboratories (Bar Harbor, ME, USA) and fed standard
chow (Teklad 2018, Madison, WI, USA; 0.65% phosphorus) or a
phosphate-restricted diet (PRD; 0.06% P;). Under anesthesia, a
closed mid-diaphyseal fracture of the left femur was generated
by controlled blunt trauma using a scaled-down modification of
the apparatus described by Bonnarens and Einhorn."” Ectopic
bone-formation assays were performed under anesthesia by
implanting a Helistat sponge containing 5wg recombinant
human (rh) BMP-2 (a gift from Wyeth, Andover, MA, USA) or
saline, following which the mice were fed the control or
phosphate-restricted diet. Marrow ablation studies® were
performed after 2 days of phosphate restriction in 6-week-old
C57BI/6J mice. All animals were euthanized by CO, asphyxiation
prior to harvesting tissue.

Histology

Specimens were fixed, decalcified, and processed for 5pm
paraffin sections and stained with hematoxylin and eosin or
saffranin O and fast green. Histomorphometry was performed
using a Nikon E800 microscope and Osteomeasure software
(Osteometrics, Inc., Atlanta, GA, USA). Proliferation was evaluated
using a Zymed PCNA staining kit (Invitrogen, Carlsbad, CA, USA).
The percent of proliferating cell nuclear antigen (PCNA)-positive

stromal cells 7 days after fracture was determined by evaluating
500 stromal cells on three sections obtained from three fractures
for each condition. Evaluation of nuclear phospho-Smad was
performed using the TSA-biotin kit and anti-phospho-Smad
(Upstate Biotechnology, Lake Placid, NY, USA). In situ hybridiza-
tion was performed using **S-UTP-labeled antisense riboprobes
as reported previously.'%1?

Quantitative micro-computed tomography (wCT)

Scans were performed using a Scanco wCT 40 system (Scanco
Medical, Basserdorf, Switzerland) at 12 wm voxel resolution with
200 ms integration time under conditions of 55E (KVp) and 145/
(nA). Reference lines were adjusted manually on individual
bones to include the entire callus area. Transverse images were
reconstructed digitally to generate a 3D image of the callus.
Analyses were carried out using Scanco Medical software. A
global threshold algorithm was used to apply a fixed constant
threshold to all specimens. A constrained 3D Gaussian filter
(o =0.8, filter support =1 voxel) was used to partially suppress
image noise.

mMRNA analyses

The callus was isolated from adjacent tissue, and total RNA was
extracted using Trizol (Invitrogen) and purified on RNeasy
minicolumns (Qiagen, Valencia, CA, USA). Quantitative real-time
polymerase chain reaction (RT-PCR) was performed using
Tagman MGB expression assays (Applied Biosystems, Foster
City, CA, USA) on an ABI 7700 Sequence Detector (Applied
Biosystems). All samples were run in triplicate and normalized to
the average threshold value of triplicate determinations of
B-actin in the same sample. The fold change in mRNA was
normalized to the samples from unfractured control bone
(C57BI/6J day 0).

Biochemical analyses

Serum phosphate and calcium levels were measured using the
Phosphorus Liqui-UV Kit and Calcium CPC LiquiColor Test Kit
(Stanbio Laboratory, Boerne, TX, USA).

Cell culture and immunocytochemistry

ST2 stromal cells were cultured in Roswell Park Memorial
Institute Media (RPMI) (5.6 mM phosphate), 10% fetal bovine
serum (FBS), and 1% penicillin/streptomycin. To evaluate the
effect of hypophosphatemia on BMP-2-induced nuclear phos-
pho-Smad, cells were plated in DMEM (1 mM phosphate) 10%
FBS, and 1% penicillin/streptomycin 5 days prior to BMP-2
treatment or kept in basal medium. Twenty-four hours prior to
BMP-2 treatment, 1% heat-inactivated FBS was substituted for
the 10% FBS. Cells were treated with 200 ng/mL of BMP-2 for 90
minutes. Immunocytochemistry was performed using anti-
pSmad (Upstate Biotechnology) and detected with a streptavi-
din-Texas red—conjugated goat anti-rabbit antibody (Perkin
Elmer, Waltham, MA, USA). Slides were cover-slipped with 4’,6-
diamidino-phenylindole (DAPI)-containing mounting medium to
permit identification of cell nuclei.
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Western blot analysis

Membranes were blocked in 5% milk/Tris-buffered saline/
Tween-20 (TBST) (Upstate Biotechnology) and incubated with
anti-pSmad, and immunodetection was performed with an anti-
rabbit horseradish peroxidase (HRP)-conjugated secondary
antibody. Blots were reprobed for actin as a loading control.
Protein expression was visualized using a Western Lightening
Plus-ECL detection kit (Perkin Elmer).

Statistical analysis

For wCT analyses, a two-factor ANOVA using the effects of time,
treatment, and the interaction between time and treatment was
used. A Tukey post hoc least significant difference (LSD) test was
used to identify significant difference between the means. For
RT-PCR analyses, the difference between the mean values of the
MRNA expression and control at each time point was analyzed
by Student’s t test; p < .05 was considered significant.

Results

To determine whether phosphate plays a role in mesenchymal
cell and chondrocyte differentiation during fracture repair, the
effect of a phosphate-restricted diet (PRD) was assessed in a
murine model of fracture healing. In this model, the process of
fracture healing consists of four temporally defined phases of
repair™: an early phase characterized by an inflammatory
response with recruitment of mesenchymal cells (days 1 to 4), an
early intermediate phase in which the phenotype associated
with differentiation of these cells into chondrocytes predomi-
nates (days 4 to 10), a late intermediate stage marked by
endochondral resorption and primary bone formation (days 10
to 16), and the final stage in which secondary bone formation
occurs (days 16 to 21).

Mice were placed on the PRD 2 days before induction of a
femoral fracture (PRD-2d) to evaluate whether hypophospha-
temia impairs the recruitment of mesenchymal cells to the
fracture site. A second group of mice was placed on the PRD
3 days after fracture (PRD+3d) to determine whether hypopho-
sphatemia affects the differentiation of cells recruited to the
callus site. The latter model was used to circumvent the effects of
hypophosphatemia on the initial inflammatory and mesench-
ymal cell recruitment stages of fracture healing. Biochemical
determinations were performed to evaluate the onset and
degree of hypophosphatemia in this model. As shown in Fig. 1,
the serum phosphate level was significantly decreased at the
time of fracture in the mice subjected to the PRD 2 days prior to
fracture (PRD-2d, day 0).

Initial analysis of callus formation was performed using .CT at
14 and 21 days after fracture, a time when evaluation of callus
size and mineralization is amenable to this technique. 3D pu.CT
reconstruction revealed that hypophosphatemia decreased the
overall callus size and mineralization in both PRD groups 14 and
21 days after fracture (Fig. 2A). Regardless of dietary regimen,
peak total callus volume was achieved by day 14. Both
phosphate-restriction protocols led to a reduction in total callus
volume and cross-sectional area (see Fig. 2B, C). Mineralized
tissue volume and callus mineral content (see Fig. 2D, E) also
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Fig. 1. Serum mineral ion levels. Calcium and phosphate levels of mice
fed normal chow (control, white bars), mice placed on the PRD 2 days
prior to fracture (PRD-2d, black bars), and mice placed on the PRD 3 days
after fracture (PRD+3d, gray bars) were measured the day of fracture (d0)
and 1 week after fracture (d7). Data represent the mean and SEM of
samples obtained from 7 to 10 mice for each condition. ("p < .05 versus
controls.).

were significantly reduced, whereas a modest decrease in callus
mineral density was observed (see Fig. 2F) in the mice on the
PRD. A reduction in the ratio of mineralized tissue volume to total
callus volume was observed in the mice on the PRD (see Fig. 2G).

To examine the effect of phosphate restriction on the
recruitment and differentiation of cells in the callus, histologic
analyses were performed 1 and 2 weeks after fracture. One week
after fracture, the callus of the mice subjected to the PRD either
2 days before or 3 days after fracture was composed largely of
stromal cells, with very little bone or cartilage (Fig. 3). In contrast,
the calluses of mice on the control diet were composed of
stromal cells and cartilage, as well as having a minor osseous
component. At 2 weeks after fracture, all three groups
demonstrated differentiation of cells toward a more mature
phenotype, but the stromal cell compartment remained
strikingly more prominent in the mice on the PRD, accompanied
by a significantly smaller osseous compartment (see Fig. 3).
Quantitative histomorphometric analyses of callus tissue
composition confirmed the predominance of stromal cells in
the callus of both groups of mice on the PRD at 7 days after
fracture (see Fig. 3G). This was accompanied by a marked
reduction in cartilage and bone relative to the callus of mice on
the control diet. By day 14, the control callus exhibited a
significant predominance of bone with a very minor stromal
component. However, at this time point, the bone content of the
calluses of the PRD groups was not significantly different from
that of either their cartilage or stromal components. This
difference in cellular composition largely was responsible for the
decrease in callus volume of the mice on the PRD. Owing to the
presence of a significant amount of matrix in the cartilaginous
compartment, the cellular density of this compartment was one-
third that of the stromal compartment. A smaller contribution to
reduced callus volume was attributable to a modest decrease in
stromal cell proliferation of (4.0 +0.5% and 3.7 +0.7% PCNA-
positive stromal cells in the PRD-2d and PRD+-3d groups versus
54 40.1% in the control calluses, p =.04).
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Fig. 2. nCT analyses of callus formation. A. 3D .CT reconstructed images of fracture calluses of mice on the control and PRD diets at 14 days (upper panel)
and 21 days (lower panel) after fracture. Data are representative of images obtained from 5 mice for each experimental condition. Quantitative uCT
analyses of fracture healing 14 and 21 days after: (B) Total callus volume (TV). (C) Average callus cross-sectional area (CsAr). (D) Mineralized tissue volume
(MTV). (E) Callus mineral content (CMC). ( F) Callus mineral density (CMD). (G) Relative mineralized tissue volume (MTV/TV). White bars: Mice fed normal
chow. Black bars: Mice placed on the PRD 2 days prior to fracture (PRD-2d). Gray bars: Mice placed on the PRD 3 days after fracture (PRD+3d). Data
represent the mean and SD of values obtained from eight representative images of eight independent calluses that were used per treatment group and
per time-point. “p < .005 versus controls.
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Fig. 3. Callus histology and histomorphometry. Representative sections of callus formation 7 (upper panels) and 14 (lower panels) days after fracture in
mice fed the control diet (A, D) or the phosphate-restricted diet 2 days before (B, E) or 3 days after (C, F) fracture. Cartilage stains red with saffranin O and
stromal cells stain pink, whereas bone stains green with fast green. (G) Histomorphometry. Percentages of the callus area occupied by stromal cells,
cartilage, and bone are indicated. Data represent the mean value obtained from analyses of five representative sections from each of four calluses per time
point. Significant differences (p <.05) are present between the experiental and control groups, with the exception of cartilage content at day 14.

In situ hybridization analyses performed 7 days after fracture
demonstrated prominent areas of cells expressing Sox9 and Colll
in both phosphate-restricted groups. In addition, there was a
decrease in the domain of cells expressing Runx2 and ColX; these
domains colocalized in the callus, implicating the hypertrophic
chondrocytes as the source of Runx2 (Fig. 4A). By day 14 after
fracture, the callus of the mice fed the control diet largely was
composed of Coll-expressing cells. There was a smaller domain of
ColX- and Colll-expressing chondrocytes relative to the extensive
Prd-2d

Control Prd+3d

Fig. 4. In situ hybridization analyses. Sections from the calluses of control
mice and mice on the PRD were subjected to in situ hybridization
analyses for the mRNAs indicated on the right. Data in A were obtained
7 days after fracture, whereas those in B was obtained 14 days after
fracture. The upper part of each image represents half of the callus, with
the original cortical bone on the lower aspect. Data represent those
obtained from two sections from each of three mice for each time point
and dietary condition.

Coll domain in the control callus. The domain of Runx2
expression overlapped the Coll- and ColX-expressing domains
(see Fig. 4B).

When compared with the control callus at 14 days, the calluses
of the mice on the PRD demonstrated a dramatic decrease in
Runx2 expression. This was associated with a decrease in ColX-
and Coll-expressing cells, suggesting that phosphate restriction
impairs differentiation (see Fig. 4B).

Quantitative RT-PCR analyses of early markers of differentia-
tion demonstrated that the expression of Sox9 was unaffected by
phosphate restriction 5 days after fracture and was mildly
decreased 10 days aftert fracture. Notably, the expression of Sox5
and Colll, markers of early commitment to the chondrogenic
lineage, also was increased in the phosphate-restricted mice
5 days after fracture. Peak expression levels of aggrecan and
MMP13 were lower in both phosphate-restricted groups
compared with mice fed the control diet (Fig. 5A). In addition,
the phosphate-restricted mice failed to show the increase in
osteocalcin mRNA expression observed in the control mice at
14 days after fracture. To define the molecular basis for impaired
differentiation of cells committed to the chondrocyte lineage,
the expression of transcription factors that play a key role in
endochondral bone formation was examined. As demonstrated
in Fig. 5A, the expression of Runx3, Runx2, and osterix was
unaffected by the dietary regimen 5 days after fracture. However,
by 10 days after fracture, there was a dramatic increase in the
expression of Runx3 in the control callus, whereas expression of
this transcription factor in the calluses of the mice on the PRD
was not significantly increased. At 14 days after fracture, the PRD
calluses failed to show the marked enhancement in the
expression of Runx2 and osterix mRNA observed in the control
callus (see Fig. 5A).

Since these three transcription factors are induced by
BMPs,?°722 investigations were undertaken to determine if
BMP signaling was impaired in the calluses of the mice on the
PRD. The expression of BMP2 and BMP4 was not significantly
altered by phosphate restriction at 5 and 10 days after fracture
(see Fig. 5B). Expression of BMPRIA, BMPRIB, and BMPRII was
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Fig. 5. Quantitative RT-PCR analysis (A) Expression of mRNAs encoding markers and transcriptional regulators of chondrogenic and osteogenic
differentiation was compared with that obtained from the adjacent unfractured bone. (B) Expression of mRNAs encoding BMP-2 and -4 and their
receptors was compared with that obtained from the adjacent unfractured bone. mRNA levels from three calluses were compared with those from
unfractured bones of mice fed the same diets. All data are normalized to B-actin levels in the same sample and presented as the fold change in expression
relative to unfractured bone (d0). Data represents the mean + S.D.

significantly increased in the calluses of the phosphate-restricted the phosphate-restricted mice relative to that of the control
mice 5 days after fracture. This was accompanied by a marked mice, suggesting impaired BMP action (Fig. 6B, C versus 6A).
reduction in the presence of nuclear pSmad-positive cells in the To confirm that activation of Smad1 is impaired by low
stromal and cartilaginous components of the fracture callus of phosphate in stromal cells, ST2 cells were maintained in RPMI/
.'.. *-..- i .- 37 r:" “' *.._ - .",,_' Ry . 5 ; . _-. . \
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Fig. 6. Phosphate restriction attenuates nuclear localization of pSmad1. (A) Control callus. Most stromal cells are positive for nuclear pSmad1 (brown stain);
asterisk indicates a blood vessel with no nuclear pSmad in endothelial cells. (B, C) Calluses of mice placed on the PRD 2 days before or 3 days after fracture.
Arrows point to the rare cells with nuclear pSmad1. Insets in the right upper corner represent chondrocytes from the same calluses. (D-H) ST2 cells were
cultured in RPMI (5.6 mM phosphate; D, E) or DMEM (1 mM phosphate; F, G). Immunocytochemistry for pSmad was performed 90 minutes after rhBMP-2 (D,
F). DAPI staining was performed to permit identification of nuclei (£, G). (H) Phosphate restriction attenuates Smad phosphorylation. Cells were cultured as
earlier, and lysates were subjected to Western blot analyses for pSmad (arrow). Data are representative of those obtained in three independent
experiments.
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10% FBS or DMEM/10% FBS. As shown in Fig. 6D, 90 minutes after
BMP-2 treatment, nuclear pSmad signals predominated in the
cells cultured in RPMI, which contains 5.6 mM phosphate, and
were rare in the cells cultured in DMEM (see Fig. 6F), which
contains 1 mM phosphate. Western blot analyses demonstrate
impaired Smad phosphorylation in response to BMP-2 in the cells
cultured in DMEM (see Fig. 6H).

To confirm that hypophosphatemia impairs BMP action in
vivo, ectopic bone-formation assays (BFAs) were performed by
implanting BMP-2-impregnated Helistat sponges subcuta-
neously into C57BI/6J mice, which then were placed on the
PRD or control diet. Six days after BFA, there was little invasion of
cells into the sponge in either group of mice (Fig. 7A, B). However,
by 9 days after BFA, the sponges in the mice on the control

diet exhibited a high degree of cellularity, with evidence of
mesenchymal cell differentiation into chondrocytes (see Fig. 7C,
E). In contrast, in the mice fed the PRD, there was marked
hypocellularity, with cells occupying only the rim of the sponge
(see Fig. 7D, F). By 14 days, when the sponges in the control mice
were replaced by bone and a marrow cavity, the sponges from
the mice subjected to the PRD showed no further increase in
cellularity (see Fig. 7G, H).

Both the ectopic BFA and long bone fractures recapitulate
embryonic endochondral bone formation. In order to address
whether hypophosphatemia impairs intramembranous bone
formation as well, marrow ablation studies (a model of injury-
induced bone repair after surgical reaming) were performed in
mice placed on the PRD 2 days prior to the procedure. Phosphate

Fig. 7. Phosphate restriction impairs rhBMP-2-induced ectopic bone formation. BFAs were performed in mice fed chow (A, C, E, G) or the PRD (B, D, F, H)
after implantation of a rhBMP-2-impregnated Helistat sponge. Histology was evaluated 6 (A, B), 9 (C. D; high-power E&F), and 14 (G) days after implantation.
Sections are representative of those obtained in five independent experiments for each time point.
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Fig. 8. Intramembranous bone formation. Marrow ablation was performed on mice fed a control diet (A, C, E, G) or phosphate-restricted diet 2 days prior
to the procedure (B, D, F, H). Stromal cell response and differentiation were evaluated 5 (A, B, C, D) and 9 days after marrow ablation (E, F, G, H). In situ
hybridization for osteocalcin mRNA (C, D, G, H) was performed to evaluate stromal cell differentiation.

restriction did not impair the stromal cell response either at 5 or
9 days after marrow ablation (Fig. 8B, F) compared with that
observed in mice on the control diet (see Fig. 84, E). Based on in
situ hybridization for osteocalcin expression, differentiation of
these cells into osteoblasts was not adversely affected by
phosphate restriction (Fig. 8D, H versus 8C, G).

Discussion

The skeletal abnormalities seen in hypophosphatemic disorders
highlight the importance of phosphate in growth plate
maturation and skeletal mineralization."*?>2> However, little
is known about the role of phosphate in skeletal development
and repair. The current investigations identify a critical role for
phosphate in fracture repair and implicate a role for phosphate in
normal skeletal development and responsiveness to BMPs.

The BMPs belong to the transforming growth factor 8
superfamily of growth factors. When implanted subcutaneously,
BMP-2 leads to ectopic bone formation by a series of events that
recapitulate embryonic endochondral bone formation.?®
Furthermore, BMPs have been used to promote healing of
fractures, including those that exhibit nonunion, a pathologic
condition associated with failure of fracture healing.?”” > BMPs
also have been shown to have critical roles in the development
of other organ systems.®'*? as well as in limb patterning.®®
Misexpression of the BMP inhibitor noggin in chick limb buds
prevents both mesenchymal condensation and chondrogenic
differentiation of these mesenchymal cells.®**> Although BMP2,
BMP4, and BMP7 are expressed throughout limb development,
their functions are not completely redundant. In the absence of
BMP2 and BMP4, chondrogenesis proceeds normally, with the
exception of a delay in hypertrophic differentiation, but
osteogenesis is markedly impaired.®® Absence of BMP14 delays
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fracture healing,®® whereas ablation of BMP4 has no effect.®” In

contrast, mice lacking BMP2 in their limbs exhibit a decrease in
bone mineral density, develop spontaneous fractures, and
display markedly impaired fracture healing.*® The dramatic
fracture phenotype observed in these mice, despite normal
levels of BMP4 and BMP7 mRNA, suggests that BMP2 is
specifically required for the earliest stages of fracture repair.
Absence of BMP2 may impair the inflammatory response to
fracture or, alternatively, deplete the pool (or impair the function)
of precursor cells that are normally recruited to the fracture site
during the inflammatory phase. The latter explanation would be
most consistent with our investigations in the hypopho-
sphatemic fracture model: The acute nature of the phosphate
restriction in these studies is unlikely to affect the pool of
precursor cells significantly.

The most striking pathologic abnormality in the hypopho-
sphatemic calluses is the marked impairment in progression of
chondrogenic differentiation of the mesenchymal cells that are
recruited to the fracture callus, analogous to that observed with
postnatal impairment of BMP2 signaling.®® The recruitment of
mesenchymal cells, which occurs during the initial inflammatory
phase of fracture repair, is thought to depend on growth factors,
cytokines, and prostaglandins, but studies in the BMP2 null mice
demonstrate a role for this growth factor in this process. Despite
the BMP2 resistance we observed, and in contrast to mice lacking
BMP2 in their limbs, the recruitment of cells during the
inflammatory phase of fracture repair was not profoundly
impaired by hypophosphatemia. This suggests that the duration
or degree of impaired BMP2 function is an important
determinant of this phase of fracture repair. Regardless of
whether the mice are normophosphatemic (PRD+3) or
hypophosphatemic (PRD-2) at the time of fracture, the
molecular and histologic phenotype of the fracture callus is
the same. This suggests that the recruitment of mesenchymal
cells to the fracture site and commitment to the chondrogenic
lineage are not affected by hypophosphatemia because the
PRD-2d mice are hypophosphatemic during these stages,
whereas the PRD+3d mice are not. However, the subsequent
differentiation of these cells is severely impaired. This impaired
differentiation leads to a decrease in callus volume primarily
owing to the fact that there is a marked reduction in
chondrocytes and osteoblasts resulting in an increase in cell
density owing to the presence of less matrix. A minor reduction
in stromal cell proliferation also contributes to the decrease in
callus size. The reduction in callus matrix is also likely to be
responsible for the reduction in mineralized tissue volume (MTV/
TV) observed. Interestingly, despite the presence of hypopho-
sphatemia, the density of the mineral that is present in the callus
(CMD) is only mildly reduced.

Because of the effects of BMP-2 on stromal cell differentiation
and the essential requirement of this growth factor for fracture
repair, we examined the effects of low phosphate on BMP2
signaling in the callus, in cultured stromal cells, and in ectopic
BFAs. The impaired Smad phosphorylation observed in vivo and
in vitro in the stromal cells and striking paucity of mesenchymal
cell invasion observed in the ectopic BFAs performed in
hypophosphatemic mice demonstrate that BMP2 signaling in
these cells is impaired under low-phosphate conditions both in

vitro and in vivo. Similarly, there was a dramatic decrease in the
presence of pSmad-positive chondrocytes in the calluses of the
mice on the PRD. Whether this effect of phosphate restriction on
BMP2 signaling is limited to cells involved in endochondral bone
formation is currently unknown. Investigations in HaCaT (human
keratinocyte) cells and in Hela cells (from a human cervical
cancer) demonstrate rigorous Smad phosphorylation in
response to BMPs despite the fact that they are cultured in
DMEM (1 mM phosphate), providing the rationale for choice of
this culture medium in our studies.“>*" Similarly, primary bovine
articular chondrocytes cultured in DMEM/F12 (1 mM phosphate)
demonstrate nuclear pSmad in response to BMP treatment.**?
Interestingly, the observation that hypophosphatemia does not
significantly alter the differentiation of stromal cells in the
marrow ablation studies, which recapitulate intramembranous
bone formation, suggests that the actions of BMPs are not
essential in this model or that the stromal cell population that
reconstitutes bone in this model differs from that recruited in the
fracture model and ectopic bone formation assays, which
recapitulate endochondral bone formation. Notable in this
respect is the observation that periosteal injuries heal by
endochondral bone formation, whereas the endosteal injuries
heal by intramembranous bone formation.“?

The results of the ectopic BFAs and investigations in ST2 cells,
combined with those of the fracture studies, suggest that
inflammation-mediated cell recruitment is BMP-independent.
However, BMP-2 may be required to sustain the pool of precursor
cells that are recruited to the fracture site or to maintain their
functional activity. The initiation of hypophosphatemia just prior
to or after the fracture in our model would circumvent this
potential impairment of BMP2 action on progenitor cells, thus
leading to a less severe phenotype than that observed in the
mice where BMP2 is ablated from the limbs during embryonic
development. Nonetheless, our data point to a critical role for
phosphate in fracture healing and endochondral bone repair.
They also suggest that BMP resistance has a pathophysiologic
role in the etiology of the impaired fracture repair observed in
hypophosphatemic states.

Disclosures

All the authors state that they have no conflicts of interest.

Acknowledgments

We would like to thank L Silkman and ED Zhu for technical
assistance and C Bergwitz for helpful discussions. We are also
grateful to Wyeth for providing the rhBMP-2 for the ectopic BFAs.
These studies were funded by a grant from the National Insti-
tutes of Health (DK46974).

References

1. Gerstenfeld LC, Cullinane DM, Barnes GL, Graves DT, Einhorn TA.
Fracture healing as a post-natal developmental process: molecular,
spatial, and temporal aspects of its regulation. J Cell Biochem.
2003;88:873-884.

H 732

Journal of Bone and Mineral Research

WIGNER ET AL.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Colnot C, Thompson Z, Miclau T, Werb Z, Helms JA. Altered fracture

repair in the absence of MMP9. Development. 2003;130:4123-4133.

. Gerstenfeld LC, Cho TJ, Kon T, et al. Impaired intramembranous bone

formation during bone repair in the absence of tumor necrosis factor-
alpha signaling. Cells Tissues Organs. 2001;169:285-294.

. Shimoaka T, Kamekura S, Chikuda H, et al. Impairment of bone

healing by insulin receptor substrate-1 deficiency. J Biol Chem.
2004;279:15314-15322.

. Zhang X, Schwarz EM, Young DA, Puzas JE, Rosier RN, O’Keefe RJ.

Cyclooxygenase-2 regulates mesenchymal cell differentiation into
the osteoblast lineage and is critically involved in bone repair. J Clin
Invest. 2002;109:1405-1415.

. Kayal RA, Tsatsas D, Bauer MA, et al. Diminished bone formation

during diabetic fracture healing is related to the premature resorp-
tion of cartilage associated with increased osteoclast activity. J Bone
Miner Res. 2007;22:560-568.

. Gaston MS, Simpson AH. Inhibition of fracture healing. J Bone Joint

Surg Br. 2007;89:1553-1560.

. Arikawa T, Omura K, Morita I. Regulation of bone morphogenetic

protein-2 expression by endogenous prostaglandin E, in human
mesenchymal stem cells. J Cell Physiol. 2004;200:400-406.

. Paralkar VM, Grasser WA, Mansolf AL, et al. Regulation of BMP-7

expression by retinoic acid and prostaglandin E,. J Cell Physiol.
2002;190:207-217.

Murnaghan M, Li G, Marsh DR. Nonsteroidal anti-inflammatory drug-
induced fracture nonunion: an inhibition of angiogenesis? J Bone
Joint Surg Am. 2006;88:140-147.

Earle KE, Seneviratne T, Shaker J, Shoback D. Fanconi’s syndrome in
HIV+ adults: report of three cases and literature review. J Bone Miner
Res. 2004;19:714-721.

Linde R, Saxena A, Feldman D. Hypophosphatemic rickets presenting
as recurring pedal stress fractures in a middle-aged woman. J Foot
Ankle Surg. 2001;40:101-104.

Robinson RF, Casavant MJ, Nahata MC, Mahan JD. Metabolic bone
disease after chronic antacid administration in an infant. Ann Phar-
macother. 2004;38:265-268.

Sabbagh Y, Carpenter TO, Demay M. Hypophosphatemia leads to
rickets by impairing caspase-mediated apoptosis of hyper-
trophic chondrocytes. Proc Natl Acad Sci USA. 2005;102:9637-
9642.

Chapuy MC, Arlot ME, Duboeuf F, et al. Vitamin D3 and calcium to
prevent hip fractures in elderly women. N Engl J Med.
1992;327:1637-1642.

Jonsson KB, Zahradnik R, Larsson T, et al. Fibroblast growth factor 23
in oncogenic osteomalacia and X-linked hypophosphatemia. N Engl J
Med. 2003;348:1656-1663.

Bonnarens F, Einhorn TA. Production of a standard closed fracture in
laboratory animal bone. J Orthop Res. 1984;2:97-101.

Donohue MM, Demay MB. Rickets in VDR null mice is secondary to
decreased apoptosis of hypertrophic chondrocytes. Endocrinology.
2002;143:3691-3694.

Li YC, Pirro AE, Amling M, et al. Targeted ablation of the vitamin D
receptor: an animal model of vitamin D-dependent rickets type I
with alopecia. Proc Natl Acad Sci U S A. 1997;94:9831-9835.

Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G. Osf2/Cbfal: a
transcriptional activator of osteoblast differentiation. Cell. 1997;89:
747-754.

Nakashima K, Zhou X, Kunkel G, et al. The novel zinc finger-contain-
ing transcription factor osterix is required for osteoblast differentia-
tion and bone formation. Cell. 2002;108:17-29.

Saas J, Gebauer M, Jacobi C, Haag J, Takigawa M, Aigner T. The human
chondrosarcoma HCS-2/8 cell line is responsive to BMP-7, but not to
IL-18. Front Biosci. 2005;10:2027-2035.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bell NH. Vitamin D-dependent rickets type Il. Calcif Tissue Int.
1980;31:89-91.

Bergwitz C, Roslin NM, Tieder M, et al. SLC34A3 Mutations in Patients
with Hereditary Hypophosphatemic Rickets with Hypercalciuria Predict
a Key Role for the Sodium-Phosphate Cotransporter NaPi-lic in Main-
taining Phosphate Homeostasis. Am J Hum Genet. 2006;78:179-192.

Kitanaka STK, Murayama A, Sato T, et al. Inactivating mutations in the
25-hydroxyvitamin D 1a-hydroxylase gene in patients with pseudo-
vitamin D-deficiency rickets. N Engl J Med. 1998;338:653-661.

Wozney JM, Rosen V, Celeste AJ, et al. Novel regulators of bone
formation: molecular clones and activities. Science. 1988;242:1528-1534.

Baltzer AW, Lattermann C, Whalen JD, et al. Genetic enhancement of
fracture repair: healing of an experimental segmental defect by
adenoviral transfer of the BMP2 gene. Gene Ther. 2000;7:734-739.

Ferraz FH, Schellini SA, Schellini RC, Pellizon CH, Hirai FE, Padovani CR.
BMP implant associated with platelet-rich plasma in orbit fracture
repair. Curr Eye Res. 2008;33:293-301.

Kanakaris NK, Calori GM, Verdonk R, et al. Application of BMP-7 to
tibial non-unions: a 3-year multicenter experience. Injury.
2008;39:583-90.

Virk MS, Conduah A, Park SH, et al. Influence of short-term adenoviral
vector and prolonged lentiviral vector mediated bone morphoge-
netic protein-2 expression on the quality of bone repair in a rat
femoral defect model. Bone. 2008;42:921-931.

Dudley AT, Lyons KM, Robertson EJ. A requirement for bone mor-
phogenetic protein-7 during development of the mammalian kidney
and eye. Genes Dev. 1995;9:2795-2807.

Luo G, Hofmann C, Bronckers ALJJ, Sohocki M, Bradley A, Karsenty G.
BMP-7 is an inducer of nephrogenesis, and is also required for eye
development and skeletal patterning. Genes Dev. 1995;9:2808-2820.

Bandyopadhyay A, Tsuji K, Cox K, Harfe BD, Rosen V, Tabin CJ. Genetic
analysis of the roles of BMP2, BMP4, and BMP7 in limb patterning and
skeletogenesis. PLoS Genet. 2006;2:€216.

Capdevila J, Johnson RL. Endogenous and ectopic expression of noggin
suggests a conserved mechanism for regulation of BMP function
during limb and somite patterning. Dev Biol. 1998;197:205-217.

Pizette S, Niswander L. BMPs are required at two steps of limb
chondrogenesis: formation of prechondrogenic condensations and
their differentiation into chondrocytes. Dev Biol. 2000;219:237-249.

Chhabra A, Zijerdi D, Zhang J, Kline A, Balian G, Hurwitz S. BMP-14
deficiency inhibits long bone fracture healing: a biochemical, histologic,
and radiographic assessment. J Orthop Trauma. 2005;19:629-634.

Tsuji K, Cox K, Bandyopadhyay A, Harfe BD, Tabin CJ, Rosen V. BMP4 is
dispensable for skeletogenesis and fracture-healing in the limb.
J Bone Joint Surg Am. 2008;90:14-18.

Tsuji K, Bandyopadhyay A, Harfe BD, et al. BMP2 activity, although
dispensable for bone formation, is required for the initiation of
fracture healing. Nat Genet. 2006;38:1424-1429.

Bais MV, Wigner N, Young M, et al. BMP2 is essential for post natal
osteogenesis but not for recruitment of osteogenic stem cells. Bone.
2009;45:254-266.

Sapkota G, Knockaert M, Alarcon C, Montalvo E, Brivanlou AH,
Massague J. Dephosphorylation of the linker regions of Smad1
and Smad2/3 by small C-terminal domain phosphatases has distinct
outcomes for bone morphogenetic protein and transforming growth
factor-beta pathways. J Biol Chem. 2006;281:40412-40419.

Xu L, Yao X, Chen X, Lu P, Zhang B, Ip YT. Msk is required for nuclear
import of TGF-B/BMP-activated Smads. J Cell Biol. 2007;178:981-994.

Andhare RA, Takahashi N, Knudson W, Knudson CB. Hyaluronan
promotes the chondrocyte response to BMP-7. Osteoarthritis Carti-
lage. 2009;17:892-902.

Colnot C. Skeletal Cell Fate Decisions Within Periosteum and Bone
Marrow During Bone Regeneration. J Bone Miner Res. 2009;24:274-282.

PHOSPHATE RESTRICTION IMPAIRS FRACTURE HEALING

733 W

Journal of Bone and Mineral Research



