HSSJ (2008) 4: 149-160
DOI 10.1007/511420-008-9087-2

ORIGINAL ARTICLE

Identification of Novel Gene Expression in Healing Fracture Callus

Tissue by DNA Microarray

Safdar N. Khan, MD - Jorge Solaris, BS - Keri E. Ramsey, BS - Xu Yang, MD - Mathias P. G. Bostrom, MD -

Dietrich Stephan, PhD - Aaron Daluiski, MD

Received: 23 June 2008/Accepted: 23 June 2008/ Published online: 28 August 2008

© Hospital for Special Surgery 2008

Abstract Fracture healing requires controlled expression
of thousands of genes. Only a small fraction of these genes
have been isolated and fewer yet have been shown to play a
direct role in fracture healing. The purpose of this study was
threefold: (1) to develop a reproducible open femur model
of fracture healing that produces consistent fracture calluses
for subsequent RNA extraction, (2) to use this model to
determine temporal expression patterns of known and
unknown genes using DNA microarray expression profil-
ing, and (3) to identify and validate novel gene expression
in fracture healing. In the initial arm of the study, a total of
56 wild-type C57BL/6 mice were used. An open, stabilized
diaphyseal femur fracture was created. Animals were killed
at 1, 5, 7, 10, 14, 21, and 35 days after surgery and the
femurs were harvested for analysis. At each time point,
fractures were radiographed and sectioned for histologic
analyses. Tissue from fracture callus at all stages following
fracture yielded reproducibly large amounts of mRNA.
Expression profiling revealed that genes cluster by function
in a manner similar to the histologic stages of fracture
healing. Based on the expression profiling of fracture tissue,
temporal expression patterns of several genes known to be
involved in fracture healing were verified. Novel expression
of multiple genes in fracture callous tissue was also
revealed including leptin and leptin receptor. In order to
test whether leptin signaling is required for fracture repair,
mice deficient in leptin or its receptor were fractured using
the same model. Fracture calluses of mice deficient in both
leptin or leptin receptor are larger than wild-type mice
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fractures, likely due to a delay in mineralization, revealing a
previously unrecognized role of leptin signaling in fracture
healing. This novel model of murine fracture repair is useful
in examining both global changes in gene expression as
well as individual signaling pathways, which can be used to
identify specific molecular mechanisms of fracture healing.
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Introduction

Nearly six million fractures occur in the United States every
year. It has been estimated that nearly 10% of these
fractures have delayed or disrupted healing resulting in
significant morbidity and loss of productivity. Enhancing
the quality and/or speed of fracture healing can translate
into significant therapeutic benefit both in terms of patient
outcomes and cost to society [1-3].

Many biological and biophysical interventions have
been used in an attempt to accelerate fracture healing times
including the use of bone graft substitutes [4, 5], application
of exogenous local recombinant growth factors [6, 7], gene
therapy [8], or tissue engineering approaches with biode-
gradable scaffolds [9, 10]. Several modalities have gone on
to be clinically useful such as recombinant growth factors,
but high costs continue to preclude routine clinical use.
Clearly, a better understanding of the molecular events of
fracture healing is necessary to develop novel therapeutics
to accelerate fracture healing [11, 12].

Fracture healing occurs through a tightly regulated cascade
of molecular events which are associated with histologically
recognizable temporal changes at the site of the fracture.
Fracture healing is typically divided into three phases:
inflammatory (initial hematoma with subsequent infiltration
of inflammatory cells), reparative (invasion of fibroblasts, new
capillary formation, chondrogenesis, and early osteogenesis),
and remodeling (continued bone formation with remodeling to
osteonal bone). The relationship between these specific
morphological changes and underlying gene expression at
each phase is still being studied. In fact, only a fraction of the
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genes necessary to complete this complex process have been
identified and characterized [13—15].

Multiple studies have used a “gene-by-gene” approach to
examine the temporal expression of the gene or genes of
interest [16-21]. This process reveals the spatial distribution
of expression, but is not useful in isolating novel genes
involved in fracture healing. The development of modern
expression profiling using microarray technology has
allowed the study of the thousands of coordinately expressed
genes during the complex biological processes of fracture
healing and, recently, distraction osteogenesis [22—24].

The purpose of this study was to employ a mouse open
femur fracture model to collect and study the total fracture
callous RNA at multiple time points. We show that an open
stabilized femur fracture allows for tissue retrieval as early
as 1 day following fracture. Ample tissue retrieval allows
for relatively large amounts of RNA to be isolated for
subsequent analyses. Pooled RNA was used for expression-
profiling studies using Affymetrix microarrays (Affymetrix,
Santa Clara, CA, USA) verifying the expression of several
genes known to be involved with fracture healing and
revealing several with novel expression including the leptin
and leptin receptor. This model can be used to uncover
other novel mechanisms of fracture healing.

Materials and methods
Animals

Female C57bL/6 mice (Harlan Sprague Dawley, Indian-
apolis, IN, USA) weighing 31.0+5.5 g (meantstandard
deviation) were used for this experiment. All animals were
between 6 and 8 weeks old at the initiation of this study. All
experimental procedures were approved by the Institutional
Animal Use and Care Committee.

Surgical procedure

After appropriate anesthesia with intramuscular injection of
ketamine hydrochloride (100 mg/kg) and acetylpromazine
(5 mg/kg), the right leg was scrubbed with 10% povidone—
iodine solution. A 1-cm right medial parapatellar incision
was made. The longitudinal fibers of the quadriceps
mechanism were divided anteromedially at the knee, and
the patella was dislocated laterally to expose the femoral
condyles. A sterile 25-gauge needle was introduced into the
intramedullary canal and advanced in a retrograde fashion
up the shaft of the femur to the level of the greater
trochanter. Distally, the pin was cut flush with the joint so as
not to interfere with the motion of the knee. Using careful
blunt dissection, the diaphysis was carefully exposed taking
care to maintain the periosteum and soft tissue envelop. A
small right-angled wire snipper was then used to fracture
the middiaphysis of the femur. The soft tissue envelop was
carefully closed and the extensor mechanism was repaired
with interrupted 5-0 chromic sutures in a standard fashion
followed by closure of the skin with 4-0 nylon sutures
(Ethicon, Somerville, NJ, USA). This closure provided a
sleeve of soft tissue surrounding the fracture site.
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The left femur was left unfractured. Animals were allowed
free, unrestricted weight bearing after recovery from anesthe-
sia. At the time points recorded, animals were euthanized with
halothane gas (Sigma Chemical, St. Louis, MO, USA). Final
radiographs of all animals were made at euthanasia.

Histologic and histomorphometric analyses

Animals used for histologic analysis underwent decalcifi-
cation at 1, 5, 7, 10, 14, 21, and 35 days. The fractured and
control contralateral limbs were cleanly harvested, cleaned
of soft tissue, and fixed in 10% buffered formalin. The
femurs were decalcified in 5% nitric acid for 24-48 h. The
femurs were then dehydrated through successive grades of
ethanol and were paraffin-embedded. The embedded femurs
were cut sagittally into 8 um sections and stained with
hematoxylin and eosin and Goldner’s trichrome. Sections
were studied under a light microscope and images were
recorded for analysis of percentage area of fibrous tissue,
cartilage, and bony tissue estimation using the Metamorph
Image Analysis and Processing System (Version 4.0; Universal
Imaging, Downington, PA, USA) computer program.

Leptin knockout and leptin receptor-deficient mice
underwent analysis at 14 days. Callous height and total
callus area for the wild-type, leptin-deficient, and leptin
receptor-deficient groups were calculated as follows: at the
histologic level of the widest diameter of fracture callus
(WDFC) determined by two independent observers, a
vertical measurement axis (VMA) was drawn with the
Metamorph Imaging program and the height calculated in
microns. The vertical measurement axis calculations were
then repeated at 8-u intervals for three contiguous sections
medial and lateral to the WDFC. Similarly, at the WDFC, a
freehand lasso tool in Metamorph Imaging was used to
delineate the boundaries of the fracture callus as demarcated
craniocaudally by four intact cortices. These data were also
then repeated at 8-u intervals for three contiguous sections
both medial and lateral to the WDFC. A total of three
callouses (n=3 animals for wild-type, leptin-deficient, and
leptin receptor-deficient) for each group were used and the
values averaged.

Radiography

After killing the mice, the femurs were gently freed of all
soft tissues. They were then placed on a 1/4-in. Plexiglas
plate, and high-resolution scanning radiographs were taken
using a Faxitron machine (Hewlett Packard, Palo Alto, CA,
USA). Each film included the aluminum density standard.
Anteroposterior and lateral images were recorded on Kodak
Kodolith graphic arts film (Eastman Kodak, Rochester, NY,
USA). For image acquisition, digital images of limb
radiographs were obtained using a Kodak DCS 200 high-
resolution digital camera. While photographing the images,
the F-stop was adjusted in a way that the lower three
aluminum density standards were distinctly different in their
density measurements. Images were downloaded from the
camera using the Adobe PhotoShop software (version
5.0.2,). Digitized images were stored in “*.tif” format for
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Days post-fracture

5

Fig. 1 Mouse open femur fracture model produces consistent diaphyseal fracture that follow the normal radiographic (a) and histologic (b)
stages of fracture healing. Calcification of the cartilage is noted by 10 days following fracture (a) though a large percentage of the callous

remains soft (noncalcified) (b)

analysis on a PC. They were converted to gray scale in
Adobe Photoshop.

RNA isolation and microarray analysis

Fractures were carefully opened through the same muscular
interval. With careful dissection, the same interval can be
identified and entered and early hematoma and soft callous
can be retained. The central one third of the femur including
all of the callous or hematoma was removed and flash
frozen in liquid nitrogen. Total RNA was isolated from each
sample using TRIzol (Invitrogen Life Technologies, Carls-
bad, CA, USA) according to the manufacturer’s protocol
using a Brinkman Polytron homogenizer. RNA samples
were purified on Rneasy columns by Qiagen (Valencia, CA,
USA). The total RNA isolated was pooled from three
animals for each separate array time point.

Five micrograms of total RNA was converted to cDNA
using the SuperScript Choice System (Invitrogen Life
Technologies) and the T7-Oligo(dT) promoter primer kit
(Affymetrix, Santa Clara, CA, USA). The cDNA was
cleaned using the GeneChip® Sample Cleanup Module
(Affymetrix, Santa Clara, CA, USA). Clean cDNA was
used for the in vitro synthesis of biotin-labeled cRNA using
the BioArray RNA transcript labeling kit (Enzo Diagnos-
tics). cRNA was cleaned using the GeneChip® Sample
Cleanup Module and fragmented into 35-200 base pair
fragments using a magnesium acetate buffer. Ten micro-
grams of labeled cRNA were hybridized to Affymetrix
GeneChip® Mouse Expression Set 430A and 430B arrays
for 16 h at 45°C. The GeneChips® were washed and stained
according to the manufacturer’s recommendations using the
GeneChips® Fluidics Station 400 (Affymetrix, Santa Clara,
CA, USA). This procedure includes washing the chips with
phycoerythrin—streptavidin, signal amplification by a sec-

ond staining with biotinalyted antistreptavadin, and a third
staining with phycoerythrin—streptavidin Each chip was
scanned using the GeneChips® Scanner 2500 (Affymetrix,
Santa Clara, CA, USA).

Day 5
Day 7
Day 10
Day 14
Day 21

-
>
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Fig. 2 Cluster analysis of gene expression profiles in mouse fracture
callous. Five thousand five hundred forty-six genes that are “present”
in at least one out of the six samples and have a greater than twofold
change between one of the time points was used in this analysis.
Genes differentially expressed following fracture cluster into distinct
expression patterns
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The GeneChip Mouse Expression Set 430 contains over
45,000 probe sets for over 34,000 well-characterized mouse
genes. Signal intensity and detection calls were generated
using the Affymetrix GeneChip® Operating Software. The
absolute intensity values of each chip were scaled to the
same target intensity value of 150 in order to normalize
the data for interarray comparisons.
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Quantitative PCR

One microgram of the total RNA used in the microarray
analysis was used for cDNA synthesis. After priming with
random hexamers according to the protocol, cDNA was
synthesized using the Fermentas First Strand DNA synthesis
kit (#K1612). For qPCR, 25 pl reactions were set up using
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Cluster 6 (833 genes)

Fig. 3 Five thousand five hundred forty-six genes that are “present” in at least one out of the six samples and have a greater than twofold change
between one of the time points was used in this analysis. Genes differentially expressed following fracture cluster into distinct expression patterns.
Relative expression levels are shown on the y-axis with the corresponding time points on the x-axis in days. Each cluster represents the average gene
expression pattern for genes within the cluster. The number of cluster members is indicated in parentheses next to the cluster number
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2X iQ SYBR Green Supermix (Bio-Rad 170-8882), water,
and 10 uM primers (Col10al forward tca tgc ctg atg get tca ta
3’ 3" cag cct act gct ggg taa gc; GAPDH 5 ggg tgt gaa cca cga
gaa at 3, 3’ cct tcc aca atg cca aag tt 5'; Col2al, Indian
hedgehog (Ihh), leptin, and leptin receptor sequences were
previously published [25]. The qPCR reaction using FAM
490 consisted of 1 cycle at 95°C for 3 min; 42 cycles at 95°
C for 10 s, 60°C for 45 s; 1 cycle at 95°C for 1 min; and 50
cycles at 70°C for 10 s. The quantity of the gene of interest
was determined relative to GAPDH cycle threshold (Ct).

Days post-fracture
1 57 10 14 21

Inflammatory

Cluster 3 (476 genes)
Cell cycle control

Growth and differentiation
Proteolisis

Translation regulation
Regulation of transcription

/\

Chondrogenic

Cluster 1 (2,095 genes)
Cell Signaling

Growth Factors
Carbohydrate Metabolism
Cell Adhesion

Lipid Metabolism

Remodeling

Cluster 2 (512 genes)

Cell Signaling
Chemokines

Immune response
Carbohydrates metabolism
Angiopoiesis
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Results

The mouse open femur fracture model produces typical
transverse fracture with normal progression of fracture
healing

In the initial arm of the study, 56 animals were used. Three
mice at each time point (n=21) were killed exclusively for
RNA isolation and qPCR experiments. Of the remaining 35
mice, 12 died in the perioperative period. The remaining

Cluster 6 (833 genes)
Cell cycle control
Chemokines
Aminoacid metabolism

Cluster 5 (606 genes)
Growth Factors

Regulation of metabolism
Epidermal cell differentiation
Growth and differentiation
Angiopoiesis

Days post-fracture
1 57 10 14 21

Cluster 4 (74 genes)
Regulation of metabolism
G-proteins

GPCR

Metabolism of mediators
Proteolsis

Cluster 7 (949 genes)
Carbohydrate metabolism
Regulation of metabolism
Vitamin and cofactor metabolism
Kinases

Cell cycle control

Fig. 4 Five thousand five hundred forty-six genes that are “present” in at least one out of the six samples and have a greater than twofold
change between one of the time points was used in this analysis. Genes differentially expressed following fracture cluster into distinct expression
patterns. Relative expression levels are shown on the y-axis with the corresponding time points on the x-axis in days. Each cluster represents the
average gene expression pattern for genes within the cluster. The number of cluster members is indicated in parentheses next to the cluster

number
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mice were killed at days 1 (n=4), 5 (n=4), 7 (n=3), 10
(n=3), 14 (n=3), 21 (n=3), and 35 (n=3).

The fractures produced by the open femur fracture
method were primarily transverse with occasional butterfly
fragments (Fig. 1). The callouses produced were large
enough to easily visualize on radiographs and easy to
discern when dissecting free. Histologic examination of the
healing fracture tissue revealed normal progression through
the stages of fracture healing (Fig. 1).

Early fracture hematoma and fracture callous tissue were
surgically dissected free and isolated from the femur
without difficulty in all subsequent procedures. The callous
tissue or hematoma was dissected free and total RNA
isolated. RNA was not degraded and was isolated in
microgram quantities even at early time points.

Expression profiling reveals clustering of genes upregulated
throughout fracture healing

Total fracture callous RNA was evaluated using expression-
profiling techniques with the Affymetrix GeneChip Mouse
Expression Set 430. Five thousand five hundred forty-six
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genes were found to be upregulated or downregulated at
least twofold during the course of fracture healing between
any given two time points, not necessarily consecutive, and
called “present” by the Affymetrix software in at least one
of the six arrays.

Self-organizing maps of the 5,546 genes were generated
using GeneSpring (Agilent Technologies, Santa Clara, CA,
USA) (Fig. 2). Genes were clustered together based on
temporal expression patterns alone with no bias given to a
gene’s function or family. In this way, novel functions may
be inferred based on the time of expression during the
phases of fracture healing (inflammatory, reparative/chon-
drogenic, or remodeling) and possibly by understanding the
functions of the genes that are temporally coexpressed.

A total of seven clusters were identified (Figs. 3 and 4).
Temporal clustering revealed that many genes are upregu-
lated and downregulated as families, though they may be
unrelated structurally and functionally.

Cluster 1 consisted of 2,095 genes whose expression
consisted of two peaks: the first major peak at 7 days and
secondary peak at 14 days. The first peak lies within the
chondrogenic phase of fracture healing. Of the 2,095 genes,
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Fig. 5 Known genes with that may be important in endochondral bone formation and bone homeostasis. Multiple probe sets are displayed for

the genes leptin and leptin receptor. Data are presented as in Fig. 4
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Fig. 6 Gene expression detected by array analysis confirmed by
gPCR. a Thh, Col2a, and ColX transcripts are detected in fracture
callous. b Leptin, leptin receptor, and fibrillin 2 expression, initially
determined by array experiment, is verified by qPCR

196 were involved in signal transduction (~9%), including
TGF-beta, SMAD1, WNT5A, VEGF-C, FGFR2, IGF-2
receptor, IBP4 and 5, and leptin receptor. This cluster also
included genes involved in cell adhesion (including osteo-
modulin [26]), intercellular communication (including con-
nexin 43 [27]), and skeletal development (including BMPs
1 and 5 [28]).

Cluster 2 consisted of 512 genes whose expression
increases until day 10 and then levels off, staying elevated
during the later stages of fracture healing. Genes in this
group have functions which include signal transduction
(TGF-beta receptors type I and III [29]), transcriptional
regulation (including SMAD9 and Sox4 [30, 31]), and cell
transport. This cluster also contains approximately 15 genes
involved in ossification and bone remodeling consistent
with the histologic phase of fracture healing These genes
include activin receptor type 2A precursor, which binds and
activates SMAD transcriptional regulators [32]; SMADs 6
and 9, which are activated by BMPs [33, 34]; BMP6, which
induces cartilage and bone formation [35]; matrix extracel-
lular phosphoglycoprotein precursor (MEPE), which seems
to play a role in mineralization [36]; IGF-1, which is a
differentiation factor [37]; type I collagen and Runt-related
transcription factor 2 (Runx2) [38], which interacts with
STATT1 in bone remodeling and osteoblast differentiation.

Cluster 3 consists of 476 genes whose expression peaks
at day 1 and decreases thereafter. The expression of these
genes is within the inflammatory phase of fracture healing.
Genes involved in inflammation expressed highly within
this cluster include IL-2, 4, and 6 signaling including p21,
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NF-kappa-B inhibitor beta, and complement C3 precursor.
Seven of the genes in cluster 3 are involved in bone
formation including BMP-2-inducible protein kinase (BIKe)
[39] that has been shown to attenuate the program of
osteoblast differentiation. This group also contains genes
involved in signal transduction, transcription, and cell cycle
regulation (including COX-2) [40].

Cluster 4 is a small group consisting of 74 genes whose
expression has a prominent double peak. Immediate
upregulation promptly decreases at day 5, increases at
day 10, and decreases again at day 14. Genes in this group
are involved in transcription and inflammation (through the
IL-2, 4, 6, and 12 signaling pathways).

Cluster 5 consists of 606 genes whose expression starts
to increase at day 5 and reaches a peak at 10 days, followed
by a decrease in expression. This cluster occurs within the
chondrogenic phase of fracture healing. The functions of
this cluster include signal transduction (including leptin
receptor precursor), transport, and inflammatory response
including histamine H1 receptor and IFN alpha and type I,
JNK, and CREBI.

Cluster 6 shows high expression at day 1 followed by a
sharp decrease. This group consists of 833 genes, 60 of
which are involved in transcription and inflammation
(including IL-1 and IL-6).

Cluster 7 consists of 949 genes whose expression
decreases initially until day 7 and then increases. Ninety-
three of the genes are involved in signal transduction and
transport. There are a large number of genes are involved in
protein amino acid phosphorylation (~5%), including BMP
receptor 1 and MAPKI.

Identification of novel gene expression in fracture healing

Ihh and type II collagen are known to be upregulated during
fracture healing [41-43]. These genes show significant
upregulation between days 7 and 14 after fracture healing.

Fig. 7 Leptin receptor protein is detected in healing fracture callous.
Leptin receptor protein is detected in proliferative and prehypertrophic
chondrocytes (stained brown indicated by arrow) consistent with the
expression in growth plate chondrogenesis
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Recent studies have shown that leptin may be important
in endochondral bone formation and skeletal homeostasis
[44, 45]. Multiple representatives of leptin receptor showed
strong upregulation throughout days 5, 7, 10, and 14
following fracture (Figs. 5 and 6). To verify the expression
of these genes in healing fracture, RNA from each
individual animal was used for quantitative PCR verifica-
tion of the expression. Three animals from each of days 1,
5, 7, 10, 14, and 21 were used. Both leptin and leptin
receptor were upregulated during the chondrogenic phase of
healing fracture callus in wild-type animals. In order to
verify the presence of leptin receptor protein in fracture
tissue, we performed immunohistochemistry on 10-day-old
fracture callus tissue. Leptin receptor was expressed in the
prehypertrophic or hypertrophic chondrocytes of fracture
callus (Fig. 7). This is consistent with the location of leptin
and leptin receptor expression in the hypertrophic zone of
the endochondral growth plate chondrogenesis as demon-
strated by Kishida [44]. They found that the growth plates
of ob/ob mice were fragile with reduced type X collagen
expression, disturbed collagen fibril arrangement, increased
chondrocyte apoptosis, and premature matrix mineraliza-
tion. Their findings suggested that a physiological level of
leptin plays an essential role in the regulation of chondro-
cyte differentiation and cartilage matrix maturation in the
growth plate which may in turn alter the rate of longitudinal
bone growth.
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Mice deficient in leptin signaling produce larger fracture
calluses indicating a regulatory role of leptin in fracture
healing

In order to test whether the leptin signaling pathway is
involved in fracture healing, we produced femur fractures in
animals deficient in either leptin (ob/ob) or leptin receptor
(db/db) (Jax Labs, Bar Harbour, ME, USA). Fracture
calluses in both leptin- and leptin receptor-deficient animals
were significantly larger in size than wild-type animals at
14 days following fracture (Fig. 8). ob and db fracture
callouses were predominantly composed of hypertrophic
chondrocytes that persisted to the later phases of fracture
healing whereas the wild-type counterparts had completed
remodeling at those later times.

Discussion

Fracture healing is a complex physiological postnatal
process, which involves the cooperation of several different
cell types. A large number of genes involved in this process
are known, but many more remain to be discovered.
Developing a reproducible model of fracture repair allows
for the study of these fundamental and previously unknown

genes.
In this experiment, we have shown that an open femur
model of fracture healing histologically reproduces the

Total callus area at 14 days post-fracture
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Fig. 8 Radiographs of 14-day fracture calluses from wild-type (WT) and leptin receptor-deficient (LepR ") animals. The extent of the fracture
callouses is outlined. Though there is variability, larger callouses are present in the animals deficient in leptin receptor. Animals deficient in
leptin show a similar radiographic appearance (data not shown). Leptin- and leptin receptor-deficient mice produce larger fracture callouses than
wild-type controls. Both fracture area (a) and total callous height (b) are statistically greater in leptin- and leptin receptor-deficient animals than

in controls (*p<0.05; **p<0.01; n=3 fractures per group)
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stages of osteogenic repair while still allowing for the
production of a large enough fracture calluses and,
therefore, large enough amounts of soft tissue to isolate
RNA for subsequent expression-profiling studies. The
unique feature of this model compared to closed models
or open tibia models is that a soft tissue sleeve using the
thigh musculature can help hold in soft tissue and even
early fracture hematoma near the site of the callus to
examine global expression of genes in this localized tissue.
Additionally, creation of the fractures under direct visual-
ization improves consistency at the site of the fracture.

We have shown that, with this model, normal stages of
fracture healing occur, RNA can be effectively isolated and
used for expression-profiling experiments, and novel gene
expression in fracture tissue can then be identified. By
utilizing a murine model, we were able to use genetically
identical animals with reproducible results both in RNA
isolation, array analysis, and histological healing. The benefit
of using this novel murine fracture model is that the function
of previously unrecognized genes can be systematically
studied in genetically modified mouse strains.

In our initial array analysis, we looked at clusters of
genes and identified seven clusters of genes based upon
their dynamic temporal sequence of expression, which
reflects stage-specific functional needs for bone healing

10

Day 1 5 7
Clusters 3,6 (24%)

Nucleocytoplasmic transport
of CDK/Cyclins
IMP biosynthesis
Mitochondrial ketone bodies
biosynthesis and metabolism
Mitochondrial unsaturated
fatty acid beta-oxidation,
Alternative complement pathway
DNA replication in early S phase
Transition and termination of
DNA replication
Metaphase checkpoint
Triaclglycerol metabolism
Role of IAP-proteins in apoptosis

Clusters 1,5 (49%)

UMP biosynthesis
Chondroitin sulfate/dermatan
sulfate metabolism
Keratan sulfate metabolism
Phospholipid metabolism
Riboflavin metabolism

Cortisone biosynthesis and metabolism
VEGF signaling and activation
Cholesterol metabolism

Aldosterone biosynthesis and metabolism
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(Fig. 9). The primary event after fracture healing is
hematoma formation and an acute inflammatory response.
This response is heralded by the infiltration of inflammatory
cells at the fracture site leading to full-scale preparation for
bone repair. The immediate response genes were identified
in clusters 1 and 6 as upregulated genes involved in signal
transduction, transcription, immune response, cell transport,
and cell adhesion. Furthermore, discrete genes with similar
functions were identified in cluster 7; however, their
expression initially decreased at the fracture site only to
increase at day 7 after fracture. This indicates that the early
enrichment of genes with energy derivation, transporter
function, and binding activities at the fracture site prepares
the wound site for the process of energy accumulation and
intercellular and intracellular molecular cross-talk. It is
important to note that deactivation (clusters 3 and 6) after
transient activation of genes may be just as important as
continued expression or timing of activation because
continued expression could waste energy better utilized
toward the later stages of fracture repair. After the initial
inflammatory phase comes to a close, “work horse cells”
such as macrophages, fibroblasts, and endothelial cells
invade the fracture site to begin the process of callus
formation. Expression of gene clusters that continually
increased at this time point included clusters 1, 2, 4, and 5.

14 21

Cluster 2 (9%)

M-RAS regulation pathway
R-RAS regulation pathway
TC21 regulation pathway
Mitochondrial ketone bodies
biosynthesis and metabolism
RAB5A regulation pathway

Clusters 4,7 (18%)

RhoB regulation pathway

Rac2 regulation pathway

Peroxysomal straight-chain
fatty acid beta-oxidation

Tyrosine metabolism

n-3 Polyunsaturated fatty acid biosynthesis
Glycolysis and gluconeogenesis
Saturated fatty acid biosynthesis

Heme metabolism

Phospholipid metabolism
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Fig. 9 Gene clusters of expression as related to the phenotypic phases of fracture repair
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Functional analysis of these genes suggests that the protein
products derived from these groups are engaged in repair.
These genes included those associated with the biological
events of callus formation, both the cartilaginous phase
such as collagen types VI and XI, FGFR, VEGF, PDGF as
well as the bony phase such as collagen type I, V, XII,
tenascin, and BMPs. Comparing gene clusters with the
temporal events of fracture healing allows us to suggest that
the function of the immediate response genes in our
identified clusters largely centers on binding activities,
energy expenditure, ion transport, and cell-to-cell commu-
nication while continually expressed genes or genes with
progressive increase in expression comparable to histolog-
ical time points consistent with callus formation and
maturation largely function as signaling cues for reparative
growth factors.

It is interesting that we identified two clusters that
expressed genes in a bimodal distribution (clusters 1 and 5).
This may imply that the same set of genes may be required
early and late along the temporal course of healing; hence,
identifying which specific genes play a anabolic role
depending upon the stage of fracture repair may allow us
to design interventions that can be delivered early or late
during the fracture healing cascade. This may be of
particular relevance for treating delayed unions seen with
trauma.

We verified known genes expressed during fracture
repair in our array data with RT-PCR (Ihh, collagen type II)
and examined new signaling pathways that have not been
described during fracture repair such as the leptin signaling
pathway.

Leptin is a 16-kDa hormone, primarily secreted by
adipose tissue, which controls body weight through its
effects on food intake and energy expenditure by negative
feedback at the level of the hypothalamic nuclei. Various
functions of leptin have been described including actions in
the immune system, reproduction, development, hemopoi-
esis, angiogenesis, and most recently, in bone metabolism
[46-53]. Takeda et al. [54] have demonstrated that leptin’s
anorexigenic and antiosteogenic effects are performed by
two distinct neuronal pathways and that the sympathetic
nervous system relays leptin’s downstream signals via
norepinephrine, which stimulates peripheral (32 adrenergic
receptors on osteoblasts, thus reducing bone formation.
Interestingly, Steppan et al. [55] and Yagasaki et al. [56]
have demonstrated that peripheral leptin administration
has anabolic effects on bone metabolism in leptin-
deficient ob/ob mice and the demonstration that human
osteoblasts in vitro express leptin receptor suggests that
the bone growth-promoting effects of leptin could be
direct. In addition, Cornish et al. [57] have demonstrated
that, in mice, leptin tends to reduce bone fragility and that it
also could contribute to the high bone mass and low fracture
rates in obesity.

Fracture healing was altered in leptin and leptin
receptor-deficient mice. Compared to wild-type fractures,
there was significant radiographic and histologic lag in the
progression of fracture repair. Leptin may regulate angio-
genesis in endochondral ossification. Deficiency in leptin
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signaling may, therefore, lead to delayed healing and an
arrest in the immature phase of endochondral phase of
fracture repair. Further studies are underway to elucidate the
exact nature of this defect in fracture healing.

There are several limitations with our data. The array
data needs to be verified as differences in fracture gene
expression between studies are common and it appears that
variations in experimental approaches, in addition to
biological variation in the regulation of fracture healing,
can affect interpretations of gene expression changes.
Indeed, the role of marrow as a contributor to the early
inflammatory response could have been altered by the
presence of a pin within the medullary canal of our
experimental animals. We also did not have control tissue
that would normalize normal baseline marrow gene expres-
sion to allow for more sensitive detection of early
inflammatory gene expression.

Our goal with this new open femur fracture model was
to perform experiments in genetically identical animals so
that additional experiments can be performed using mice
with the same genetic background. In addition, using a
small animal such as a mouse allows us to utilize
genetically modified animals to confirm and validate the
roles of these genes in healing fracture tissue.
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