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Although the essential role of cyclooxygenase (COX)-2
in fracture healing is known, the targeted genes and
molecular pathways remain unclear. Using prostaglan-
din E2 receptor (EP)2 and EP4 agonists, we examined
the effects of EP receptor activation in compensation for
the lack of COX-2 during fracture healing. In a fracture-
healing model, COX-2~/~ mice showed delayed initia-
tion and impaired endochondral bone repair, accom-
panied by a severe angiogenesis deficiency. The EP4
agonist markedly improved the impaired healing in
COX-27/~ mice, as evidenced by restoration of bony
callus formation on day 14, a near complete reversal of
bone formation, and an approximately 70% improve-
ment of angiogenesis in the COX-2™/~ callus. In com-
parison, the EP2 agonist only marginally enhanced
bone formation in COX-2~/~ mice. To determine the
differential roles of EP2 and EP4 receptors on COX-2-
mediated fracture repair, the effects of selective EP ago-
nists on chondrogenesis were examined in E11.5 long-
term limb bud micromass cultures. Only the EP4 agonist
significantly increased cartilage nodule formation sim-
ilar to that observed during prostaglandin E2 treat-
ment. The prostaglandin E2/EP4 agonist also stimu-
lated MMP-9 expression in bone marrow stromal cell
cultures. The EP4 agonist further restored the reduction
of MMP-9 expression in the COX-2~"~ fracture callus.
Taken together, our studies demonstrate that EP2 and
EP4 have differential functions during endochondral
bone repair. Activation of EP4, but not EP2 rescued
impaired bone fracture healing in COX-2™/~ mice. (4m
J Patbol 2009, 175:772-785; DOI: 10.2353/ajpath.2009.081099)
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Fracture healing is a complex process orchestrated by
precise presentation of growth factors and cytokines that
control activation, proliferation, and differentiation of the
local mesenchymal stem/progenitor cells. Fracture heal-
ing begins with hematoma formation and an inflammatory
response. The activated stem/progenitor cells proliferate
and further differentiate into osteoblasts and chondro-
cytes. Endochondral bone formation takes place toward
the most central avascular region of the callus. Chondro-
genesis initiates directly adjacent to the surface of the
cortical bone and is surrounded by less-differentiated
mesenchymal progenitor cells. The subsequent expan-
sion of the callus involves the conversion of the lingering
mesenchymal progenitor cells into chondrocytes and fur-
ther proliferation and differentiation of chondrocytes into
a calcified cartilage template that permits vascular inva-
sion and bone formation. Areas of intramembranous
bone formation flank the area of endochondral ossifica-
tion, particularly along the bone surface furthest from the
central fracture site where the blood supply is typically
better preserved. The coordinated endochondral and in-
tramembranous bone formation pathways eventually re-
sult in a bridging mineralized callus that re-establishes
the integrity of the skeletal element.’>

COX-2 is the inducible isoform of cyclooxygenase, the
key rate-limiting enzyme in the prostaglandin biosyn-
thesis pathway.*® Cyclooxygenase catalyzes the bis-
oxygenation of arachidonic acid to form prostaglandin
(PG)G2 and subsequent reduction of PGG2 to form
PGH2. PGH2 is further metabolized by specific isomer-
ases to produce various derivatives, eg, PGE2, PGD2,
PGA2, thromboxanes, and prostacyclins, collectively
called prostanoids. Prostanoids are labile molecules that
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act locally as important microenvironmental hormones
mediating autocrine and/or paracrine functions. Among
them, PGE2 has been shown to have both anabolic and
catabolic effects on bone metabolism,®” acting via four
distinct EP receptors (EP1, EP2, EP3, and EP4) that be-
long to G-protein-coupled receptors.® EP1 signaling is
coupled to phospholipase C/inositol trisphosphate and
leads to mobilization of intracellular calcium, whereas
EP2 and EP4 receptor signaling generates increased
intracellular cAMP via coupling to G, proteins. EP3
has generally been thought to couple to a G, protein,
leading to reduction in intracellular cAMP levels.® EP2
and EP4 receptors are the major mediators for cata-
bolic and anabolic effects of PGE2 in bone.'®"" Both
EP2 and EP4 mediate induction of RANKL through
cAMP in osteoclastogenesis.'®'® EP2 and EP4 also
mediate PGE2-induced bone formation via osteoblas-
togenesis in animal models. 1417

We and others have previously shown that genetic
ablation of COX-2 results in delayed and impaired frac-
ture healing in mouse models.'®"® COX-27/~ fracture
healing is characterized by marked reduction of bone
formation, persistence of cartilaginous tissue, and high
incidence of nonunions. Consistent with COX-2~/~ phe-
notypes, inhibitors of COX-2 are found to delay or impair
healing in animal models.2 In one such study, COX-2
inhibitor was shown to impair fracture repair when used
during the early inflammatory phase of healing.?® A re-
cent study using retrovirus overexpressing COX-2 shows
that overexpression of COX-2 locally accelerates fracture
healing and bone union.?® Together, these studies pro-
vide overwhelming evidence to demonstrate that COX-2
is critical for bone fracture repair.

The goal of this study was to further understand the
molecular mechanisms and downstream targets of
COX-2 during fracture repair. To this end, we used the
COX-27/~ mouse model and selective EP agonists that
have been shown to enhance bone formation in animal
models.’* %26 By performing detailed analyses using
micro computed tomography (CT) and histology we
show that COX-2 is induced early in the bone-healing
milieu. Deficiency in COX-2 impairs initiation and com-
pletion of endochondral bone repair. Local injection of
an EP2 agonist, CP-463755 marginally improved frac-
ture healing in COX-27/~ mice whereas delivery of an
EP4 agonist, CP734432, reversed the defective bone
fracture healing in COX-27/~ mice. Further in vitro anal-
yses demonstrated a differential role of EP receptor in
chondrogenesis and induction of MMP-9, a matrix met-
alloproteinase (MMP) essential for angiogenesis dur-
ing endochondral ossification. Together, the results
pinpoint a key role of the COX-2/PGE2/EP4 pathway in
fracture repair.

Materials and Methods

Experimental Animals

COX-27/~ mice were originally obtained from the breed-
ing colony maintained at the University of North Carolina.
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They were bred to a 129/ola genetic background and
intercrossed for about 30 generations. In all experiments,
wild-type littermates were used as controls for COX-27/~
mice. All animal surgery procedures were approved by
the University of Rochester Institutional Committee of An-
imal Resources.

Experimental Materials

The nonprostanoid EP4 receptor agonist CP-734432"727
and EP2 receptor agonist CP-463755 were obtained from
Pfizer Global Research and Development (Groton, Con-
necticut). CP-463755 binds selectively to rat EP2 recep-
tor with a binding IC5, of 14 nmol/L for EP2 receptor
subtype and >3200 nmol/L for EP1, EP3, and EP4 recep-
tor subtypes.?” EP1 agonist (Misoprostol) and PGE2 were
purchased from Cayman Chemicals (Ann Arbor, Ml). For
in vitro studies, all agonists were used at a final concen-
tration of 107 M/L. Agonists for EP2 or EP4 receptor
were dissolved in 5% ethanol and administered for 14
days at a dose of 20 mg/kg/day via periosteal injection at
the fracture site. Drug therapy was initiated on the day of
surgery and all animals were sacrificed on day 14 follow-
ing fracture.

Mouse Femur Fracture Healing Model

To create a closed stabilized mid-diaphyseal femur frac-
ture, mice received anesthesia using a mix of ketamine
and xylazine. The skin and the underlying soft tissues
over the left knee were incised lateral to the patellar
tendon. The tendon was displaced medially, and a small
hole was drilled into the distal femur using a 26-gauge
needle. A stylus pin from a 25G Quincke Type spinal
needle (BD Medical Systems, Franklin Lakes, NJ) was
inserted into the intramedullary canal and clipped. The
wound was sutured closed. Fractures were created using
a three-point bending Einhorn device as previously de-
scribed.?® A Faxitron system (Faxitron X-ray, Wheeling,
IL) was used to take X-ray images at the time of surgery
and every week following surgery until sacrifice.

Histology and Analyses

Fractured femurs were harvested and processed for his-
tological analyses as previously described.'® Mice were
sacrificed at 3, 5, 7, 10, and 14 days after fracture. A
normal mid-diaphysis femoral bone segment was used
as a nonfractured, day O control. Femurs were disarticu-
lated from the hip and trimmed to remove excess muscle
and skin. Specimens were stored in 10% neutral buffered
formalin for 2 days. The tissues were infiltrated and em-
bedded in paraffin. Alcian blue and OrangeG staining
was done as previously described.'® Histomorphometric
analyses were performed using Osteometrics software to
determine the area of bone, cartilage, and mesenchyme
(a subtraction of total callus from bone and cartilage
tissue) formation by manual tracing. Pre-existing cortical
bone was excluded from the histomorphometric analysis.
The total area for each sample was then used to quantify
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the percent areas of bone, cartilage, and mesenchyme.
At least three nonconsecutive sections were used for
histomorphometric analyses. The mean value repre-
sented one sample. A minimum of eight samples was
included in each group. The mean of the eight samples
was used in statistical analyses to determine the compo-
sition of the fracture callus. Cortical bone was excluded
from the histomorphometric analysis.

Real-Time PCR Analyses

For RNA analyses, mice were placed in groups of four
(n = 4) and sacrificed on days 0, 3, 5, 7, 10, 14, and 21
following surgery. The fracture calluses were carefully
dissected free of muscles and soft tissue and immedi-
ately snap frozen in a liquid nitrogen bath. Frozen tissue
samples were homogenized using a liquid nitrogen-
cooled mortar and pestle apparatus, and mRNA was
purified via phase separation (TRIzol, Invitrogen, Carls-
bad, CA). Exactly 0.5 ng of mRNA per callus was pooled
and used in reverse transcription to make single-strand
cDNA. Single-strand cDNA was synthesized using a
commercial first strand cDNA synthesis kit (Invitrogen).
gPCR reaction was performed using SyberGreen (AB-
gene, Rochester, NY) in a RotorGene real time PCR ma-
chine (Corbett Research, Carlsbad, CA). All genes were
compared with a standard B-actin control. Data were
assessed quantitatively using analysis of variance compar-
ing relative levels of transcript expression as a function of
time. The following primers were used for the assessment:
Actin:  5’-CCCCACTGAAGCCTACAAAA-3, 5'-GGGAG-
GCTCCTCCATTC-3'; OC: 5" TGCTTGTGACGAGCTATCA-
G-3', 5'-GAGGACAGGGAGGATCAAGT-3'; col-2: 5'-CCA-
CACCAAATTCCTGTTCA-3', 5'-ACTGGTAAGTGGGGCA-
AGAC-3'; col-X: 5'-CTTTGTGTGCCTTTC AATCG-3', 5'-
GTGAGGTACAGCCTACCAGTTTT-3"; MMP9 - 5-TGAAT-
CAGCTGGCTTTTGTG-3, 5-ACCTTCCAGTAGGGGCAA-
CT-3; and COX-2: 5'-CACAGCCTACCAAAACAGCCA-3’,
5'-GCTCAGTTGAACGCCTTTTGA-3'.

MicroCT Imaging Analyses

Femurs were harvested at indicated times and scanned
using a Viva microCT system (Scanco Medical, Bassers-
dorf, Switzerland) at a voxel size of 10.5 um to image
bone or vasculature. New bone formation and vascular
volume were measured as previously described.?°2°
Briefly, mice were sacrificed and given serial intracardiac
injections of heparinized saline, 10% neutral buffered
formalin, and a lead chromate microfil perfusion reagent
(Flow Tech, Carver, MA). The whole mice were soaked in
10% neutral buffered formalin overnight at room temper-
ature. The fractured limbs were disarticulated at the hip,
and excess soft tissue was removed. Calluses were fur-
ther fixed in neutral buffered formalin for 2 additional
days, and decalcified in 10% EDTA for 21 days. The
samples were scanned in a VivaCT Scanner (Scanco
Medical AG, Bassersdorf, Switzerland) at high resolution
with a 12.5-um voxel size. An integration time of 300 ms,
a current of 145 mA, and an energy setting of 55 kV were

used. The threshold was chosen using two-dimensional
evaluation of several slices in the transverse anatomical
plane so that mineralized callus and vascular contrast
reagent were identified while surrounding soft tissue was
excluded. An average threshold of 250 was optimal and
used uniformly for all samples. Next, each sample was
contoured around the external callus and along the edge
of the cortical bone. All mineralized tissues above thresh-
old between these two boundaries were included. Thus,
external soft tissues and cortical bone including the mar-
row cavity were excluded. Contouring of images was
done every 20 axial slices proximally to distally until the
callus was not visible. Histomorphometric analysis based
on direct distance transform methods®'3? was subse-
quently performed on the three-dimensional images to
quantify parameters of vascular network morphology, in-
cluding vasculature volume, vessel thickness, vessel
density (defined as an average number of vessels inter-
sected by test lines passing through the three-dimen-
sional image normalized by test line length), vessel spac-
ing, and connectivity.?*33 We used four animals for each
group. Data sets were examined using statistical assess-
ments including analysis of variance.

In Situ Hybridization

85S-UTP-labeled sense and antisense riboprobes against
murine COX-2 were synthesized from a plasmid (kindly
provided by Dr. Joseph Bonventre) as previously de-
scribed.®* The specific activities of the probes were de-
termined by radioactivity. The sections were incubated in
hybridization buffer (50% formamide, 0.3 M/L NaCl, 20
mmol/L Tris-HCI, 5 mmol/L EDTA, 10% dextran sulfate,
0.02% Ficoll, 0.02% bovine serum albumen, 0.02% poly-
vinyl pyrrolidone, and 0.5 mg/ml yeast RNA) containing
riboprobe at 10,000 cpm/ul. Hybridization was per-
formed at 55°C overnight. Emulsion-dipped slides were
exposed for about 7 to 14 days depending on the inten-
sity of the signals. Anti-sense probes of COX-2 and
Col2a1 were further used as controls for the experiments.

Immunohistochemical Staining for Proliferating
Cell Nuclear Antigen

Immunohistochemical staining for nuclear antigen pro-
liferating cell nuclear antigen (PCNA) protein was per-
formed using a staining kit purchased from Zymed
(S. San Francisco, CA). The staining procedures were
followed as instructed by the manufacturer. To determine
the number of PCNA™ cells, three sections of each frac-
ture samples were used to count the positive cells at the
fracture junctions. The mean of the three sections repre-
sented each sample. A group of three fractured samples
was included for each time point. The mean from three
samples, divided by the average of the area of the peri-
osteal callus was used in statistical analyses.



Long-Term Limb Bud Micromass Culture

Limb bud mesenchymal cells were isolated from em-
bryos of 11.5 day time-pregnant female CD1 mice
(Charles River, Wilmington, MA) as described.®® The dis-
tal 1/4 subridge (distal tips) of the limbs were pooled and
digested with Dispase (1 U/ml) for 1 hour at 37°C. A total
of 1 X 10° cells in 10 ul of media were placed in micro-
mass in the center of a 24-well plate and cultured in
medium containing 10% fetal bovine serum, 40% Dulbec-
co’s Modified Eagle Medium and 60% F12. PGE2 or EP
agonists (Cayman Chemical) were added every other
day at a concentration of 1 umol/L for the time indicated.
No ascorbic acid or B-glycerolphosphate was added into
the culture. Cartilage nodules on day 20 were stained by
0.1% Alcian blue solution at 37°C for 12 hours. Areas of
cartilage were measured by tracing under the micro-
scope using Osteometrics (OsteoMetrics, Inc., Decatur,
GA). The experiments were repeated three times and
representative results are presented.

Bone Marrow Stromal Cell Culture

Bone marrow cells were isolated from 2- to 3-month-old
COX-2*/~ mice. Femora and tibiae were removed and
bone marrow cells were flushed from the marrow cavity.
About 5 X 10° bone marrow cells per 10 cm? were plated
on 60-mm culture dishes cultured in a-Minimum Essential
Medium containing 15% fetal bovine serum for 5 days,
followed by low serum (1% fetal bovine serum) treatment for
24 hours. PGE2 or an agonist of EP1, EP2, or EP4 at 1 umol/L
was added to the culture and proteins were harvested at the
indicated time points for Western blot analyses.

Mouse Sternal Chondrocyte Isolation and
Culture

Three-day-old neonatal wild-type mice were sacrificed by
euthanasia. The anterior rib cage and sternum were har-
vested, and then digested with a 3 mg/ml solution of
collagenase D (Roche Applied Science, Basel, Switzer-
land) for 90 minutes at 37°C. The soft tissue debris was
thoroughly removed. The remaining sterna and costoster-
nal junctions were further digested in fresh collagenase D
solution in Petri dishes for 5 hours. At the end of the
digestion, the cells were resuspended in DMEM with 10%
fetal bovine serum. PGE2 (Cayman Chemicals) or EP
agonists were added at a concentration of 1 wmol/L for
the indicated times following serum starvation of the cul-
ture for 24 hours.

Gelatin Zymography

Fracture calluses derived from wild-type mice were har-
vested and cultured in serum-free medium overnight.
Supernatant was collected and loaded into zymogram
gel containing 1 mg/ml gelatin. After electrophoresis, the
gel was soaked in 0.25% Triton X-100 for 1 hour and
washed in collagenase buffer for 18 hours followed by
Coomassie blue staining and de-staining. Culture media
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bone marrow stromal cells were also collected and
used for zymography to determine MMP-9 activity as
described.®®

Western Blot Analyses

Cells were lysed in Golden lysis buffer supplemented
with protease inhibitor (Roche Applied Science). The pro-
tein extracts (10 ng) were separated using NUPAGE Bis-
Tris gels (Invitrogen). Gels were transferred to a polyvi-
nylidene difluoride membrane (PerkinEImer Life Sciences
Waltham, MA) and probed with anti-phospho-extracellu-
lar signal regulated kinase (ERK)1/2, anti-ERK1/2, anti-
phospho-AKT, anti-AKT (Cell Signaling Technology Inc.
Danvers, MA) and anti—g-actin monoclonal antibody
(Sigma, St. Louis, MO).

Statistical Analysis

Data are expressed as the mean = SEM. Statistical sig-
nificance between experimental groups was determined
using one-way analysis of variance and a Tukey's
posthoc test (GraphPad Prism, San Diego, CA). A P value
<0.05 was considered statistically significant. For all non-
quantitative data, we have repeated at least once and the
representative results were presented.

Results

Delayed Initiation and Progression of Periosteal
Endochondral Bone Formation in COX-2~/~
Mice

Fracture callus from both wild-type and COX-2~/~ mice
was examined histologically at post-fracture days 3, 5, 7,
and 10 (Figure 1, A-P). At day 3, wild-type samples
showed rapid induction of cellular infiltration in the sur-
rounding periosteal envelope (Figure 1A, arrow). The
periosteum adjacent to the fracture site became thick-
ened, with the majority of cells staining positive for PCNA
(Figure 11). In contrast, COX-2~/~ mice demonstrated a
near absence of cellular filtration and a 90% to 100%
reduction of PCNA™ periosteal progenitor cells (Figure 1,
E and M). At day 5, chondrogenesis in COX-2~/~ mice
was markedly reduced compared with wild-type as indi-
cated by Alcian Blue staining (Figure 1, B versus F).
PCNA" progenitors were significantly reduced along
periosteum in COX-2~/~ mice (Figure 1, J versus N). At
day 7, the cartilage in wild-type mice was further ex-
panded (Figure 1C). In contrast, cartilage expansion
was reduced in COX-27/~ mice, with remnants of un-
resolved hematoma (Figure 1G, indicated by *) and
large amount of undifferentiated mesenchymal cells at
cortical junctions (Figure 1G, indicated by #). By day
10, most chondrocytes in wild-type mice ceased to
proliferate and undergo terminal hypertrophy, as indi-
cated by PCNA staining (Figure 1L). On the contrary, in
COX-27/~ mice, we found poorly differentiated carti-
laginous callus with a large amount of mesenchymal
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Figure 1. Delayed initiation and progression of periosteal endochondral bone formation in femur fractures of COX-27/" mice. Representative H&E/Alcian
blue stained sections of wild-type (A-D) and COX-2"/~ (E-H) fracture callus on post-fracture days 3, 5, 7, and 10 are shown at X4 magnification. Of note
is the absence of cellular infiltration in COX-2""" mice (E), which is clearly evident in wild-type mice on day 3 post-fracture (arrow in A). Persistent
residual hematoma (asterisk) and undifferentiated mesenchymal cells at cortical junctions (#) were observed in COX-2"/" mice on day 7 (G). Parallel
sections were stained for PCNA, and the tissue corresponding to the boxed region in A-H were photographed at X20 magnification (J=P). The numbers
represent the mean of PCNA™ cells/mm? = SEM in each group (1 = 3). *P < 0.05. Representative microCT images of wild-type and COX-2"/~ femurs at
post-fracture day 14 are shown before (Q, R) and after decalcification (S,T) with total bone volume and vascular volume indicated below. Of note is the
marked reduction of neovascularization in COX-27"" callus.
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pertrophy in the COX-27/~ callus. fracture in wild-type and COX-2~/~ mice. Representative



microCT images demonstrated a marked reduction of
mineralized tissue formation and a severe lack of func-
tional vascular networks in COX-2~/~ mice (Figure 1,
Q-T). Quantitative morphometric analyses of microCT
images demonstrated a 2.5-fold reduction of new bone
and 3.75-fold reduction of total vessel volume in the
COX-27/~ mice compared with wild-type controls. Ac-
cordingly, vessel separation was increased by 1.5-fold,
the average vessel thickness was decreased by 25% and
the vessel connectivity was reduced to 10% of the wild-
type control.

Early Induction of COX-2 Is Required for
Initiation and Completion of Endochondral Bone
Repair

Real-time PCR analyses were performed to determine the
expression of genes associated with endochondral bone
repair (Figure 2, A-D). In wild-type mice, chondrocyte
markers Col2a1 and ColX appeared on day 5 and peaked
on day 10. By day 14, expressions of both genes were
markedly reduced, indicating completion of endochon-
dral bone formation. In COX-2~/~ mice, expressions of
Col2at and ColX were delayed and diminished on days 5
and 7. The ColX and Col2aT ratio was reduced on day 10,
indicating delayed chondrocyte differentiation. At day
14, Col2a1 and ColX expression persisted in COX-2 7/~
mice accompanied by a decreased level of osteocal-
cin expression.

The temporal expression of COX-2 mRNA during frac-
ture healing was also examined. COX-2 was increased as
early as day 3, peaked at day 7, and reduced to basal
level by day 21 (Figure 2, C, M-P). In situ hybridization
confirmed that initial COX-2 expression was largely local-
ized within the early cellular milieu with more intense
staining around hematoma at the cortical bone junctions
before chondrogenesis (Figure 2, E, I, and M, arrows). By
day 5, COX-2 was found in almost all Col2a7 expressing
chondroprogenitors and in the early cellular infiltration in
bone marrow and mesenchymal cells along the perios-
teal surface (Figure 2, F, J, N). A similar pattern of ex-
pression was found at day 7 in chondroprogenitors and
proliferating chondrocytes, significantly overlapping with
Col2a1 expression (Figure 2, G, K, and O). The COX-2
expression correlated with early induction of chondro-
genesis and early expansion of cartilaginous callus such
that by day 10, COX-2 expression was markedly reduced
in hypertrophic chondrocyte (Figure 2, H, L, and P).

Periosteal Injection of EP4 Agonists Markedly
Improved the Impaired Periosteal Endochondral
Bone Repair in COX-2~"~ Mice

Both EP2 and EP4 agonists were shown to enhance bone
formation and bone repair in animal models. To deter-
mine whether EP agonists can compensate for the lack of
COX-2 during fracture healing, EP2 or EP4 agonist was
injected to the fracture site of wild-type and COX-27/~
mice at a dose of 20 mg/day/kg for 14 days (Figure 3b-g).
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Remarkably, we found that EP4 agonist CP-734432
nearly reversed the impaired fracture healing phenotype
in COX-27/~ mice (Figure 3, B-E). X-ray showed appar-
ent hard callus formation on day 14 in COX-2~/~ mice,
which was completely absent in COX-2~/~ controls (Fig-
ure 3A). Histology further showed that EP4 agonist-
treated callus had marked induction of periosteal bone
formation, improved vascular invasion, and complete
elimination of undifferentiated mesenchymal tissue in
COX-27/~ mice (Figure 3, C versus E). This remarkable
improvement was observed not only at the outer perios-
teal surface but also in the intramedullary area that dis-
played diminished bone formation in untreated COX-2~/~
mice. Histomorphometry by measuring the percent area
of bone, cartilage, and mesenchyme in wild-type and
COX-27/~ callus showed that EP4 agonist eliminated the
undifferentiated mesenchyme at the fracture site and
further led to the restoration of 91% bone formation in EP4
treated COX-27/~ mice (n = 8, P < 0.05). When com-
pared with wild-types, we found that the average per-
centage area of cartilage in COX-27/~ mice treated with
EP4 agonists was still higher (P < 0.05), indicating the
presence of some remaining residual-cartilage presence
in COX-2~/~ mice (Figure 3H).

Consistent with histological findings, microCT three-
dimensional volumetric quantification for bone formation
showed that EP4 agonist reversed the impaired bone
formation in COX-2~/~ mice at day 14 post-fracture (Fig-
ure 4, A-H). Consistently, microCT analysis demon-
strated a 2.4-fold increase of bone volume in COX-27/~
mice treated with EP4 agonist. Along with increased bone
formation, vascularity of the fracture callus was markedly
improved in the COX-2~/~ mice treated with EP4 agonist.
Quantitative measurements demonstrated about a 2.3-
fold increase in total vessel volume in the knockout frac-
ture callus following EP4 agonist treatment (Figure 4J,
P < 0.05, n = 4), achieving 70% of the total vessel
volume of the wild-type mice. The incomplete rescue of
vascularity in COX-2~/~ mice by EP4 agonist could be
related to the residual cartilage presence in the knock-
out mice as evidenced by histological analyses (Figure
3H, P < 0.05).

EP4 agonist CP-734432 also exhibited a positive effect
on the wild-type mice as determined by microCT analy-
ses. Histologically, EP4 agonist did not accelerate the
fracture repair as evidenced by normal percent ratio of
bone and cartilage in EP4-treated or nontreated samples
(Figure 3H). However, we found that EP4 treated samples
had more trabecular bone and a larger callus. MicroCT
analyses demonstrated a 23% increase in bone formation
in wild-type samples treated with EP4 agonist (Figure 4l,
n =4, PP < 0.05).

Compared with EP4 agonist, the EP2 agonist CP-
463755 demonstrated a modest improvement in bone
formation in the knockout mice. However, histologically,
this treatment group exhibited variable amounts of poorly
differentiated cartilage and fibrotic tissues at the cortical
junctions (Figure 3, F,G, arrow). Quantification by histo-
morphometry and microCT demonstrated an average of
50% improvement in bone formation following treatment
with EP2 agonist (Figure 4, C,G, P < 0.05, n = 4).



778

Xie et al

AJP August 2009, Vol. 175, No. 2

>

COWT B COWT
Col2al i ox2s. 40 ColX mCOX-2--
z z
£ 4 . 5
<3 <
2 2 a
(o] % % 9
T 1 * =I ., =
0 s—— - |
0d 3d 5d 7d 10d 14d 21d 0d 3d 5d 7d 10d 14d 21d
C D
) COX-2 COWT Osteocalcin B WT
L 10 = COX-2--
Z 60 Z 3
G o
< 45| I 6 %
3 30 8 4 ¥
o o 2 %
0 =i = 0 (m Ei
0d 3d 5d 7d 10d 14d 21d od 3d 5d 7d 10d 14d 21d

Col2a1

Figure 2. Up-regulation of COX-2 expression correlated with impaired initiation and completion of endochondral bone repair in COX-27/~ mice. Real-time PCR
analyses were performed using RNA collected from wild-type or COX-2"/" callus on days 3, 5, 7, 10, 14, and 21 post-fracture. Col2al, ColX, COX-2, and
osteocalcin gene expression is shown (A-D). Each time point included at least eight fractured samples. *P < 0.05 (12 = 8). Representative H&E/Alcian blue sections
of wild-type (WT) fracture callus illustrate the progression of early endochondral bone healing (E-H). Arrows in E indicate Hematoma formed at the cortical
junction. In situ hybridizations demonstrate the expression of Col2al (I-L) and COX-2 (M—P) on post-fracture days 3, 5, 7, and 10 in adjacent tissue sections. Of
note is that the induction of COX-2 mRNA is observed before chondrogenesis in cellular infiltration as early as day 3 (arrow in M). The expression peaked at
day 7 in chondroprogenitors, chondrocytes in the fracture callus.
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Figure 3. Rescue of impaired fracture healing in

COX-2"/" mice by EP agonists. Representative
X-rays (A) and H&E/Alcian blue sections (B-G) of
wild-type (WT) and COX-2"/" fracture callus on
post-fracture day 14 are shown. Compared with
WT littermates (B), COX-2"/~ mice demonstrated
reduced endochondral bone formation and persis-
tent undifferentiated mesenchyme at the fracture
site (C). Arrow in C indicates undifferentiated H

mesenchymal cells. Treatment with EP4 agonist in 100
wild-type increased the size of the callus as well as
bone density in fracture callus (D). Treatment with
EP4 agonist in COX-2"/~ mice restored endo-
chondral bone formation in fracture callus (E).
Treatment of EP2 agonist showed limited effects in
WT mice (F) but resulted in a modest increase in
bone formation in COX-2""" mice (G). Fibrotic tis-
sue remained in EP2 treated group (arrow in G).
Quantitative histomorphometric analyses for the per-
cent area of bone, cartilage, and mesenchyme in WT
and COX-2"/" fracture callus on day 14 are pre-
sented as mean = SEM (H). *P < 0.05, n = 8. 0

PGE2 and EP4 Agonist Increased Cartilage
Volume in Long-Term Limb Bud Micromass
Culture

The marked differences in response to EP2 or EP4 ago-
nist during COX-27/~ fracture healing suggest a differ-
ential role of EP receptor in mediating COX-2 dependent
endochondral repair. Since EP4 agonist was able to elim-
inate the undifferentiated mesenchyme in COX-27/~
mice, whereas EP2 agonist could not, we test the ability
of EP agonists in stimulating cartilage nodule formation in
E11.5 mouse limb bud micromass cultures. The addition
of PGE2 every other day for 16 to 20 days in this culture
resulted in a modest but significant increase in size of the
Alcian blue-positive cartilage nodules (Figure 5, A and
C). Interestingly, data show that the early treatment was
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critical for the anabolic effects of PGE2. The treatment
during first 10 days of culture enhanced cartilage nodule
formation on day 20 whereas the treatment after day 10
resulted in minimal increase in size of the nodules.
Among all of the selective agonists, we found that only
the EP4-specific agonist CP734432 had a significant pos-
itive effect on the volume of cartilage nodule formation
(Figure 5, B and D).

Since COX-2 was found highly expressed in chondro-
cytes in early fracture callus, we examined the effects of
PGE2 and EP agonist in primary chondrocyte cultures.
Western blot analyses were performed in primary chon-
drocytes isolated from the rib cage of neonatal wild-type
mice. Treatment of PGE2 and EP4 agonist markedly en-
hanced phosphorylation of ERK1/2, strongly indicating
that PGE2 and EP4 activation is mitogenic in the primary
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Figure 4. Rescue of impaired fracture healing in COX-2"/" mice by EP
agonists. Representative microCT image of periosteal new bone formation
(A-D) and neovascularization (E-H) in wild-type (WT), COX-2"'", and
COX-27/" treated with EP2 or EP4 agonist are shown. Quantitative analyses
for new bone volume (D) and total vessel volume (J) are presented as mean =
SEM. *P < 0.05, n = 4.

chondrocyte culture. Compared with EP4 agonist, EP2
activation elicited a smaller effect on ERK1/2 activation
(Figure 5E). In contrast to ERK phosphorylation, AKT
phosphorylation, which is known to activate apoptotic
pathway, remained unaffected by PGE2 or EP agonists.

PGE2 and EP4 Agonist Stimulated MMP-9
Expression, Compensating the Persistent
Reduction of MMP-9 in COX-2~/~ Fracture
Callus

The marked reduction of angiogenesis suggests a poten-
tial involvement of COX2 in modulating angiogenesis dur-
ing fracture healing. To determine the potential down-
stream target genes that implicate the COX-2 pathway in
repair, we performed real time reverse transcription-PCR
analyses to examine the expression of a panel of angio-
genic genes that are essential for endochondral bone
formation in wild-type and COX-2~/~ callus. To our sur-
prise, we found normal expression of both vascular en-
dothelial growth factor (VEGF) and HIF1a in COX-27/~
fracture callus. Instead, we identified a persistent reduc-
tion of matrix metalloproteinase MMP-9 mRNA levels in
COX-27/~ callus (Figure 6A). The reduced MMP-9 ex-
pression in COX-27/~ was further confirmed by gelatin
zymography using supernatant collected from the
overnight culture of the wild-type and COX-2~/~ frac-
ture callus. COX-27/~ callus exhibited marked reduc-
tion of MMP-9 activity at post-fracture day 6 and day 10
(Figure 6B). To determine whether EP4 agonist treat-
ment can compensate for the reduced level of MMP-9
in COX-27/~ fracture callus, expression of MMP-9 was
examined in EP4 agonist-treated fracture callus at day
10 post-fracture. Remarkably, we found that while
MMP-9 expression is reduced in COX-27/~ fracture
callus, EP4 agonist stimulated a fourfold increase in
expression of MMP-9 in COX-27/~ fracture callus (Fig-
ure 6C, n = 4, P < 0.05).

To determine the potential regulatory mechanisms of
MMP-9 expression by PGE2, we examined MMP-9 ex-
pression in bone marrow stromal cell cultures following
treatment of PGE2 and EP agonists. Real time reverse
transcription-PCR analysis showed about two-fold induc-
tion of MMP-9 on day 1 following PGE2 treatment. The
induction peaked at day 3 and diminished by day 7.
Consistent with mRNA expression, gelatin zymography
showed a similar time course of accumulation of MMP-9
following the treatment of PGE2 (Figure 7A). Selective EP
receptor agonists were used to determine which subtype
of EP receptors mediates the induction of MMP-9 by
PGE2. Among the three agonists used, only EP4 agonist
showed robust induction of MMP-9 (Figure 7B). The in-
duction was efficiently blocked by both PKA inhibitor
HA89 and ERK1/2 inhibitor U0126 (Figure 7C), indicating
the involvement of PKA and ERK1/2 downstream of EP4
receptor signaling.

Discussion

The essential role of COX-2 in skeletal repair has been
well established given the overwhelming genetic evi-
dence.'® " Yet, the mechanism and the signaling path-
ways downstream of COX-2 remain unclear. Using a
COX-27/~ mouse model, in this study we demonstrate
that deletion of COX-2 affects multiple cellular events that
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Figure 5. PGE2 and EP4 agonists enhanced cartilage

nodule formation in long-term limb bud micromass
culture. Representative Alcian blue staining of 20-day
micromass cultures treated with PGE2 (A) or selective
EP agonists (B). The size of Alcian blue-positive nod-
ules was measured by manual tracing under micros-
copy using Osteometrics (C, D), *P < 0.05, n = 4. The
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are essential for efficient bone fracture healing. Deletion
of COX-2 impaired early cellular recruitment and periosteal
progenitor cell proliferation and differentiation. Deletion of
COX-2 markedly impaired chondrogenesis, osteogene-
sis, and angiogenesis. The phenotypes of COX-2~/~ cal-
lus were consistent with transient induction of COX-2 in
injury milieu and in progenitor cells of chondrocytes,
demonstrating that COX-2 is indispensable for a cascade
of events that lead to efficient endochondral ossification
during the healing process. The shift of COX-2 expres-
sion during fracture repair from infiltrating cells to chon-
droprogenitors and proliferating chondrocytes further
suggests that the mechanism of action of COX-2 in the
fracture repair is highly complicated and involves tempo-
ral and spatial coordination of inflammatory cells as well
as progenitors.

Both EP2 and EP4 receptor were found to be ex-
pressed in periosteum, osteoblasts, and chondro-
cytes. 1737 Using selective agonists of PGE2 recep-
tors, we further demonstrate that EP4 signaling plays a
key role in COX-2 mediated repair. Delivery of EP4
agonist reversed the impaired fracture healing in COX-
27/~ mice, as evidenced by elimination of undifferen-
tiated mesenchyme cells and marked improvement of
osteogenesis and angiogenesis. Immunohistochemis-
try and real time PCR analyses further confirmed the
expression of EP4 receptor in fracture callus (see sup-
plemental Figure S1 at http://ajp.amjpathol.org). Al-
though EP2 agonist demonstrated positive effects on
fracture healing in COX-27/~ mice, the efficacy of EP2
receptor agonist in COX-27/~ mice is weak in restoring
bone formation, eliminating fibrotic tissue, and improv-
ing neovascularization. An EP2 agonist has been
shown to enhance fracture healing in rats and
dogs.’ ' The reduced potency of the compound in
COX-27/~ mice may be associated with a species
difference in EP2 and EP4 receptors. However, based
on our in vitro study, EP2 agonist had no discernible

experiments were repeated three times and the repre-
sentative results are shown. Primary chondrocytes were
isolated from neonatal mouse rib cage and treated with
PGE2 and selective EP agonists as described in the
Materials and Methods. Western blot analyses demon-
strate marked induction of phosphorylation of ERK1/2
by PGE2 and EP4 agonist (E).
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effects on chondrogenesis and MMP-9 induction, sug-
gesting that the two receptors play differential roles
during repair.

Among metabolites of COX-2, PGE2 has been shown
to have a strong anabolic effect on bone formation in
animal models and in humans.®®~*" There are also re-
ports that show PGE2 exerts differential effects on chon-
drocyte proliferation and differentiation.*?~*° Using a
long-term mouse limb bud mesenchymal stem cell cul-
ture, which recapitulates chondrogenesis, chondro-
cyte differentiation, and mineralization,3® we previously
showed that the prolonged treatment of PGE2 in this
culture led to a modest but significant induction of total
cartilage formation.®® In our current study, we found
that the treatment of PGE2 demonstrated a stage-de-
pendent effect on differentiation such that the in-
creased cartilage nodule formation was only observed
when PGE2 was added at the early stage of mesen-
chymal differentiation. PGE2 added after 10 days ex-
hibited no effects on cartilage formation. This finding is
consistent with the transient expression of COX-2 dur-
ing repair, underscoring highly coordinated effects of
COX-2 during the repair process.

Although both EP2 and EP4 receptors mediate in-
duction of cAMP via activation of Gs,, the amino acid
identity between the two receptors is merely 31%. EP4
receptor has the longest intracellular C terminus and a
relatively long intracellular third loop. EP4 can be in-
ternalized following binding to PGE2, whereas EP2
cannot be internalized.*®7 It is also reported that EP4-
selective action may be related to the fact that EP4, but
not EP2 couples to phosphatidylinositol 3-kinase in
addition to activation of adenylate cyclase.*®*° In our
current study, we found that in primary chondrocyte
cultures PGE2/EP4 agonist markedly enhanced phos-
phorylation of ERK1/2, suggesting a strong mitogenic
effect of PGE2/EP4 pathway on chondrocytes. These
data are consistent with the in vivo data that demon-



782 Xie et al
AJP August 2009, Vol. 175, No. 2

A COWT
6 MMP-9 mCOX-2-/-
=z
S 4
2
FTh
Dﬁﬁ&

7d  10d 14d 21d

B Fracture callus Fracture callus

at 6! Day at 10t Day
Supernatants Supernatants diluted 10x
Wild Cox2-- Wild  Wild Cox2+ Cox2
Type Type Type
MMP-9
6.0 1
=
'—
O 40
<
(72}
o 20
-
2 -
= 0.0
WT COX-2" COX-2"
+ + +
vehicle vehicle EP4

Figure 6. Reduction of MMP-9 in COX-27/" fracture callus and compensa-
tion by EP4 agonist. Real-time PCR analyses were performed using RNA
collected from wild-type or COX-2"/" callus on days 3, 5, 7, 10, 14, and 21
post-fracture. MMP-9 expression was markedly reduced in COX-27"" frac-
ture callus throughout the repair process (A). *P < 0.05, n = 8. Gelatin
zymography demonstrated reduced MMP-9 activity in COX-2"/" fracture
callus at days 6 and 10 (B). Total RNA was harvested from the fracture
callus treated with or without EP4 agonist on day 10. Real-time reverse
transcription-PCR shows that treatment of EP4 agonist restores the ex-
pression of MMP9 in day 10-fracture callus of COX-2"/" mice (C). n = 4,
*P < 0.05.

strated the reduced number of PCNA™ cells during
initiation of the repair in COX-2"/~ mice and marked
recovery of endochondral bone repair in COX-27/~
mice following EP4 agonist treatment. To further deter-
mine the potential involvement of phosphatidylinositol
3-kinase/AKT pathway in PGE2 induced chondrocyte
proliferation, we examined AKT phosphorylation in pri-
mary chondrocytes; our data showed no apparent ef-
fects of PGE2/EP agonists on AKT phosphorylation in
these cells.

The involvement of COX-2 in angiogenesis has been
demonstrated during tumor formation.5%°" COX-2 has
been shown to be involved in endothelial proliferation,
migration, and sprouting.®?7° Recent data suggest that
COX-2 also regulates molecules implicated in endothelial
trafficking with pericytes, an interaction crucial to vessel
stability.56*” PGE2 enhances the expression of endothe-
lial genes such as VEGF and CXCR4, stimulating endo-
thelial cell migration and survival.®® Using quantitative
microCT analyses, we observed a marked reduction of
angiogenesis in COX-2~/~ fracture callus. However, we
found that the expression of a number of angiogenic
factors, including VEGFs and HIFTa are normal in early
COX-27/~ callus. Instead, we found that COX-2~/~ mice
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Figure 7. Activation of EP4 receptor-induced MMP-9 expression in bone
marrow stromal cell culture. Real-time reverse transcription-PCR analyses
shows that MMP-9 expression is markedly induced by PGE2 in bone marrow
stromal cell cultures. Consistently, gelatin zymography shows MMP-9 activity
is persistently higher in samples treated with PGE2 (A). PGE2 and selective
EP agonists were used to treat bone marrow stromal cells. Only PGE2 and
EP4 agonist demonstrate markedly induction of MMP-9 expression (B). The
induction is blocked by PKA inhibitor H89 and an ERK1/2 kinase inhibitor
U0126 (C). *P < 0.05.

have persistent reduction of MMP-9 expression through-
out the fracture repair process.

MMP-9 has been linked with angiogenesis during en-
dochondral ossification.®2¢° MMP-9 deficient mice dem-
onstrate delayed endochondral ossification coupled with
deficient angiogenesis, a phenotype that can be rescued
by bone marrow transplantation and VEGF reconstitution.
Using in situ hybridization, MMP9 is primarily localized
in chondroclasts at the invasion front within cartilagi-
nous tissue (see supplemental Figure S2 at http://ajp.
amjpathol.org), strongly suggesting that MMP-9 plays a
critical role in vascular invasion coupled endochondral
bone formation. MMP-9~/~ mice exhibit deficient fracture
healing and impaired angiogenesis.®’ Local injection of
active VEGF can reverse the delayed fracture healing in
MMP-9~/~ mice, indicating a critical role of MMP-9 in
controlling the release of active angiogenic factors such
as VEGFs from cartilage matrix. In addition to angiogen-
esis, MMP-9 has been shown to modulate inflammation
and early cellular recruitment during wound healing.®2-%4
A role of MMP-9 in scar tissue formation has also been
recognized recently.®>%® Although we cannot detect



MMP-9 expression at day 3 by in situ hybridization, we
found abundant MMP-9 activity (as examined by zymog-
raphy) in the fracture callus at day 6. Furthermore, MMP-9
activity was significantly reduced at day 6 in COX-2~/~
mice, indicating that COX-2-dependent MMP-9 could be
involved in modulating early cellular recruitment, migra-
tion, and angiogenesis. Using bone marrow stromal cell
culture, we found that PGE2 markedly enhanced MMP-9
expression. The induction of MMP-9 by PGE2 was selec-
tively mediated through EP4 receptor signaling, since
only EP4 agonist was capable of stimulating MMP-9 in-
duction in bone marrow stromal cell culture. Furthermore,
the inhibition of PKA signaling and ERK1/2 phosphorylation
completely blocked MMP-9 induction by PGE2, indicating
the involvement of PKA/ERK1/2 pathway. The differential
function of EP2 and EP4 in regulating chondrogenesis and
MMP-9 expression may partly explain the difference of EP2
and EP4 agonist in their efficacy in restoring defective heal-
ing in COX-2~/~ mice.

Despite the marked improvement of EP4 receptor ag-
onist on COX-27/~ fracture repair, we found that EP4
agonist-treated fracture callus had a higher percentage
of residual cartilage in COX-2/~ callus. The presence of
residual cartilage could be due to the stimulation of chon-
drogenesis by EP4 agonist, which was supported by a
significant increase in the overall size of the callus in the
EP4-treated group (P <0.05). It could also be due to the
limited penetration of EP4 agonist into the dense cartilage
tissue, resulting in an incomplete rescue of chondrocyte
differentiation, remodeling, and vascular invasion. In ad-
dition, involvement of COX-2 metabolites other than
PGE2 could also be the cause of the delayed healing.
Further investigation is warranted.

In summary, using a COX-2-deficient mouse model,
we demonstrate that deficiency of COX-2 affects a cas-
cade of events leading to the completion of endochon-
dral bone healing. EP4 receptor signaling plays an im-
portant role downstream of COX-2 in fracture repair.
Agonist of EP4 receptor induced MMP-9 expression and
further exerted a positive effect on chondrogenesis. Lo-
cal administration of EP4 agonist to the fractured site
reversed the impaired fracture healing in COX-2~/~ mice.
Collectively, our study suggests that EP4 could be an
effective target for improved angiogenesis and endo-
chondral bone repair.
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