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A B S T R A C T

Bone fracture repair represents an important clinical challenge with nearly 1 million non-union fractures oc-
curring annually in the U.S. Gene expression differs between non-union and healthy repair, suggesting there is a
pattern of gene expression that is indicative of optimal repair. Despite this, the gene expression profile of fracture
repair remains incompletely understood. In this work, we used RNA-seq of two well-established murine fracture
models to describe gene expression of intramembranous and endochondral bone formation. We used top dif-
ferentially expressed genes, enriched gene ontology terms and pathways, callus cellular phenotyping, and his-
tology to describe and contrast these bone formation processes across time. Intramembranous repair, as modeled
by ulnar stress fracture, and endochondral repair, as modeled by femur full fracture, exhibited vastly different
transcriptional profiles throughout repair. Stress fracture healing had enriched differentially expressed genes
associated with bone repair and osteoblasts, highlighting the strong osteogenic repair process of this model.
Interestingly, the PI3K-Akt signaling pathway was one of only a few pathways uniquely enriched in stress
fracture repair. Full fracture repair involved a higher level of inflammatory and immune cell related genes than
did stress fracture repair. Full fracture repair also differed from stress fracture in a robust downregulation of ion
channel genes following injury, the role of which in fracture repair is unclear. This study offers a broad de-
scription of gene expression in intramembranous and endochondral ossification across several time points
throughout repair and suggests several potentially intriguing genes, pathways, and cells whose role in fracture
repair requires further study.

1. Introduction

Skeletal fractures are an important clinical problem. About 16
million fractures occur annually in the U.S. – roughly one every two
seconds [1]. Over the next decade, the national economic burden of
fractures is estimated at $25 billion. Bones have a strong capacity for
self-repair and, with proper intervention, most fractures will heal
without major complications. Importantly though, about 5 to 10% of
fracture patients will not heal adequately – suffering from either de-
layed- or non-union healing [2]. Delayed and non-union fractures are
painful, costly, and require additional surgical interventions. Although

many comorbidities are associated with nonunions, their molecular
pathogenesis is unclear, thus representing an important target for re-
search [3].

Bones fracture in several ways, depending on the mechanical cause
of injury. Two broad categories, stress fractures and full fractures, are
the focus of this work. Stress fractures are defined by a crack which is
partially propagated, non-displaced, and unicortical [4,5]. Stress frac-
tures are caused by repetitive overuse that leads to bone fatigue damage
[6,7]. Alternatively, full fractures occur by complete propagation of one
or more cracks across the bone cortices, resulting in a displaced fracture
[8]. Full fractures are typically caused by a sudden overload of the
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bone, as experienced in trauma. These different injuries trigger distinct
repair cascades.

Stress fractures heal by intramembranous ossification, the direct
formation of a bone callus without a cartilaginous intermediary [9].
Full fracture heals primarily through endochondral ossification, which
features an intermediary cartilaginous callus [10] that is then replaced
by bone, with some intramembranous ossification occurring at the
stable margins of the fracture callus. The stability of the injury site and
the displacement caused by the injury determine which bone formation
mechanism occurs [11]. Intramembranous ossification is favored by
stable injuries with little displacement and endochondral ossification is
preferential when injuries are unstable and displaced. The distinct
processes for intramembranous and endochondral bone formation are
well documented – and transcriptomic analysis of each has individually
been reported. Several studies have used microarray technology to
assay gene expression in models of endochondral ossification in mouse
[12–14], rats [15], and humans [16], and additional work has been
performed using RNA-seq in mouse [17]. These works describe the
complex transcriptional response following full fracture, which in-
volves, inflammatory, angiogenic, chondrogenic, and osteogenic pro-
cesses. There are few reports of gene expression in intramembranous
ossification, with one report using microarray to study stress fracture
healing in rat [18], which described strong expression of inflammatory,
angiogenic, and osteogenic genes.

While these studies were illuminating, a more direct comparison of
the gene expression profiles of intramembranous and endochondral
ossification might provide additional insight. For example, while both
processes involve inflammation, the relative scale of the inflammatory
response is likely to be less after stress fracture than full fracture.
Furthermore, sampling from several time points following injury will
provide information on how gene transcription changes throughout
repair. A comparison of intramembranous and endochondral ossifica-
tion spanning several time points across the repair window, using
contemporary RNA-seq analysis, would address these knowledge gaps
and shed light on similarities and differences between these two pro-
cesses. Studies have shown that transcriptional differences exist be-
tween successful and non-union bone fracture repair [16] as well as

young mice and slowly healing geriatric mice [12]. However, gene
expression of poor healing is difficult to utilize if normal healing is
incompletely understood. Therefore, a more comprehensive under-
standing of the transcription of endochondral and intramembranous
ossification could better inform the treatment of delayed- and non-
union fractures.

The goal of this work is to provide a detailed description of the
temporal transcriptional response occurring in the fracture repair pro-
cesses of intramembranous and endochondral ossification. We used two
well-established murine fracture models and RNA sequencing to assay
gene expression at five time points following stress fracture and full
fracture. We hypothesized that endochondral repair would feature a
greater number of differentially expressed genes than intramembranous
repair, and that many of the genes unique to full fracture would be
related to inflammation and chondrogenesis. Furthermore, we hy-
pothesized that this analysis would reveal novel transcriptional differ-
ences between these two healing modalities.

2. Materials and methods

2.1. Mice

Within an IACUC approved protocol, a total of 97 female C57BL/6J
wild-type mice (Jackson Labs) were obtained at 9 weeks old and were
aged to 12weeks old for experimental use. We chose a single sex to
limit the scope of the study, and selected females because women have
higher rates of fracture [19,20]. Mice were kept on a 12:12 light/dark
cycle and were fed chow ad libitum. A group of 47 mice were subjected
to unilateral ulnar stress fracture and were randomly assigned to post-
fracture time points of 4 h, 1, 3, 5, or 7 days for either RNA extraction
(N=25) or histological processing (N=22) (Fig. 1A). Additionally, a
set of 50 mice were subjected to unilateral full femur fracture and were
randomly assigned to post-fracture time points of 4 h, 1, 3, 7, or 14 days
for either RNA extraction (N=35) or histology processing (N=15)
(Fig. 1A). We selected time points based on historical data to survey the
various important phases of the early fracture repair response (i.e. in-
flammation, angiogenesis, chondrogenesis, and early osteogenesis).

Fig. 1. Experimental overview of fracture models, time points, and RNA-seq pipeline. (A) 97 female C57BL/6J mice were injured with stress or full fracture,
sacrificed at 4 h, 1, 3, 5, 7, or 14 days post-injury, and processed for RNA-seq or histology. (B) RNA-seq analysis began with RNA extraction from pulverized bone
tissue. RNA was sequenced and reads were mapped to mm10 genome. Differential expression analysis was performed to create lists of differentially expressed genes
(DEGs) for each time point. Comparison to previously generated qPCR data of stress and full fracture callus was used to validate RNA-seq data. Callus component
analysis using transcriptional profiling of callus cells was performed at each time point. Pathway analysis and GO annotation were performed on the DEG lists of each
time point.
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Differences in the later time points reflect the relatively longer time to
peak osteogenesis in full versus stress fracture repair. All animals were
healthy at time of injury and body weight was consistent between
groups (mean body weight= 20.8 ± 1.3 g). Mice were euthanized by
CO2 asphyxia at the assigned post-injury time point.

2.2. Stress fracture

We used ulnar stress fractures to study intramembranous ossifica-
tion. The murine forelimb fatigue model used to create stress fractures
was described in detail in previous reports [21,22]. Briefly, mice were
anesthetized with 1–3% isoflurane and the right forelimb was posi-
tioned between two fixtures on a material testing machine (Instron
Dynamite). Calibration mice were loaded with a monotonic displace-
ment ramp to determine ultimate force of the forelimb and with cyclic
compression to determine fracture displacement. Experimental mice
were loaded using force-controlled cyclic compression to a peak of
3.0 N (75% of mean ultimate force, 2 Hz) applied to the forelimb until
an increase in total displacement of 0.5 mm (50% of mean fracture
displacement) was achieved. The average number of cycles applied was
5383 (range: 105–18,627). Time zero for the stress fracture was con-
sidered to be the time of the final loading cycle, as the crack growth
mostly occurs in the last few cycles of loading. The left ulna served as a
non-injured contralateral control. Following loading, the mouse was
administered buprenorphine (0.1 mg/kg, s.c.) for analgesia and re-
turned to the cage with unrestricted activity until time of sacrifice. Mice
returned to subjectively normal activity levels within minutes of being
returned to their cage.

2.3. Full fracture

We used femur full fractures to study endochondral ossification. The
femur fracture procedure was described in detail in previous reports
[23]. In brief, mice were anesthetized with 1–3% isoflurane, and slow
release buprenorphine (1mg/kg, s.c.) was administered for pain man-
agement. The right femur was exposed through a small incision and
notched with a scalpel to pre-dispose the mid-diaphysis to fracture. The
right hind limb was then secured in a three-point bending fixture on a
material testing machine (Instron Dynamite) and a monotonic dis-
placement ramp (30mm/s) was applied to produce a transverse frac-
ture in the mid-diaphysis of the femur. A 24G pin was inserted into the
intramedullary space to provide mechanical stability and the incision
was closed. Fracture location and pin placement were confirmed by X-
ray radiography (Faxitron UltraFocus). Mice were then returned to
unrestricted cage activity and reached relatively normal activity levels
within a few hours of the procedure. Generation of fractures had good
reproducibility with consistent tissue damage, actuator displacement,
stability of the fracture, and lack of comminution. The left femur served
as a non-fractured contralateral control. Radiographs were again taken
at time of sacrifice to reconfirm intramedullary pin placement. Mice
were excluded from analysis if fracture occurred outside the mid-dia-
physis (n=5) or if the stabilization pin had slipped from the in-
tramedullary space by time of sacrifice (n=1).

2.4. RNA extraction and sequencing

For stress fracture, a 5mm section of the ulna was removed sur-
rounding the injury site. Soft tissue was removed, the sample was flash
frozen in liquid nitrogen, and stored at −80 °C until RNA extraction.
The left ulna was similarly processed to serve as a control. For full
fracture, a 7mm section of the femur was removed surrounding the
injury site. Soft tissue was removed and bone marrow was spun out
using a centrifuge. The sample was flash frozen in liquid nitrogen and
stored at −80 °C until RNA extraction. The left femur was similarly
processed to serve as a control.

Frozen bone samples were pulverized (Braun Mikrodismembrator),

dissolved into TRIzol (Invitrogen), and stored at −80 °C. Later, the
TRIzol-sample solution was thawed and processed using an RNA clean-
up and concentration kit (Norgen Biotek) (Fig. 1B). RNA concentration
was measured (Thermo Scientific Nanodrop ONE) and quality was
evaluated (Agilent Technologies Bioanalyzer 2100). Only samples with
RINs>6.5, representing acceptable quality, were used in sequencing;
samples not meeting this criterion were excluded (n=4).

A total of 70 samples were subjected to RNA-seq (Fig. 1B). For each
fracture type, there were 25 fracture samples (n=5/time point) and 10
control samples (n=2/time point). Total RNA was depleted of rRNA
(Illumina, Ribo-Zero rRNA Removal Kit) and RNA-seq (Illumina HiSeq
3000) was performed at 1× 50 bp on 1 μg of RNA by the Washington
University Genome Technology Access Center. The RNA-seq reads were
aligned to the mm10 mouse genome (STAR version 2.4.2a). Gene
counts were derived from the number of uniquely aligned unambiguous
reads (Subread:featureCount, version 1.4.6) and annotated (GENCODE
v9). Only non-redundant uniquely aligned reads were used to estimate
the expression level of genes. All gene-level transcript counts were then
normalized for library size (R/Bioconductor DEseq2). Lowly expressed
genes (CPM < 1) in all the samples at any time points were filtered
out, and resulted in 17,240 genes for down-stream analysis. To check
for outlier samples a correlation analysis was performed (cutoff of
r > 0.85). In stress fracture, three samples (one each from control, day
1, and day 7) were flagged as outliers and removed from further ana-
lysis. In full fracture, all samples passed this inspection. Differential
expression analysis was performed separately for each injury mode and
each time point as a comparison of injured samples vs. pooled control
samples, with a threshold for differentially expressed genes (DEGs) set
as fold-change (FC, Injured/Control) > 2 and Benjamini-Hochberg
adjusted p-value<0.05. Additional characterization was performed by
a principle component analysis on stress fracture and full fracture
samples separately. For each sample, the reads per kilobase of transcript
per million mapped reads (RPKM) values for all 17,240 genes in the
data set were used as inputs.

2.5. Validation of RNA-seq data

In order to validate RNA-seq gene expression, we made comparisons
to qPCR data previously generated in our lab using similar fracture
models on control mice of similar age, size, and background. Fold
change (FC) values for full fracture at days 7 and 14 post-injury, and
stress fracture at days 1, 3, and 7 post-injury were correlated to FC
values previously reported for 49 transcripts resulting in 94 compar-
isons as some transcripts were in multiple time points (Supplementary
Table 1) [21–23]. Additionally, we performed qPCR for select genes on
remaining RNA from full fracture samples. Collagen Type 1a1 (Col1a1),
Aggrecan (Acan), and Potassium Voltage-Gated Channel Subfamily J
Member 5 (Kcnj5) were chosen in order to sample genes from various
processes with differing expression profiles. cDNA was produced
(Biorad iScript) from 500 ng of RNA for all full fracture samples from
days 1, 3, 7 and 14 and corresponding contralateral femurs. qRT-PCR
was performed (Applied Biosystems StepOnePlus) using primers (IDT
PrimeTime) for Col1a1 (Mm.PT.58.7562513), Acan
(Mm.PT.58.23585796), and Kcnj5 (Mm.PT.58.6016350) and reference
genes TATA Binding Protein (Tbp, Mm.PT.58.42394711) and Importin
8 (Ipo8, Mm.PT.39a.22214844). Expression was normalized to re-
ference genes and fold changes were determined by ΔΔCT method
comparing to contralateral limb.

2.6. Gene ontology and pathway analyses

For gene ontology analysis, each of the ten DEG lists (2 injury
types× 5 time points) was input into the Database for Annotation,
Visualization and Integrated Discovery (DAVID) system as a gene list
[24,25]. Annotations were limited to Mus musculus. Biological process
gene ontology (GO) terms and enriched pathways from the Kyoto
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Encyclopedia of Genes and Genomes (KEGG) database were obtained
for each list and filtered to remove non-significant terms (Bonferroni
p < 0.05).

2.7. Callus component phenotyping

To identify various populations of cells in the callus following stress
or full fracture, we followed an approach described by Angelova et al.
in the immunophenotyping of tumor biopsies [26]. Briefly, they used
RNA-seq of bulk tumor biopsies and compared the gene expression
against curated lists comprised of genes specific to certain immune cell
types. By comparing the gene expression of curated lists, a census of
immune cells residing in the tumor can be inferred. In a similar manner,
we used RNA-seq of fracture callus tissue, in combination with curated
gene lists, to infer the cellular populations present at various stages of
stress and full fracture repair. Gene lists were compiled from literature
reviews for neutrophils, macrophages, monocytes, T cells, and B cells
[26]; as well as osteoblasts [27,28], osteoclasts [29–33], endothelial
cells [34,35], and chondrocytes [36–39] (Supplementary Table 2). We
then examined the fold change of these genes across time following
stress and full fracture as an estimate of the abundance of each cell type
within the callus.

2.8. Histology

Following sacrifice, injured limbs from stress fracture (n=22) and
full fracture (n=15) were harvested and placed in 10% neutral buf-
fered formalin for 24 h. Tissue was decalcified for 14 days using 14%
EDTA, embedded in paraffin, and longitudinal cuts were made for
histological observation and immunohistochemistry (IHC) processing.
Histological sections of each time point were stained with hematoxylin
and eosin (H&E) to show the progression of healing in each fracture
type at each time point in the study (Fig. 2).

Antibodies for Gr-1 (Bio-Rad MCA2387T, 1:500 dilution), F4/80
(Bio-Rad, MCA497RT 1:500 dilution), and CD45 (BD Pharmingen
550539, 1:500 dilution) were used with an ImmPRESS Reagent Anti-
Rat IgG (VectaShield MP-7404) kit to stain for infiltration of neu-
trophils, macrophages, and leukocytes, respectively. An antibody for p-
Akt T308 (Cell Signaling #2965) was used with a goat anti-rabbit/HRP
secondary antibody (Dako P0448) in order to stain for activation of the
PI3K-Akt signaling pathway. Sections were counterstained with hema-
toxylin (Modified Mayer's, Electron Microscopy Services). Following
staining, slides were imaged using a Nanozoomer slide scanner
(Hamamatsu) at 20× magnification.

3. Results

3.1. RNA-seq data correlates to previous fracture gene expression data

Plots of principle components 1, 2, and 3 for all samples in stress
fracture (Fig. 3A) and full fracture (Fig. 3B) were compiled. Samples
clustered by time point and adjacent time points were closest together
on the plots. Additionally, gene expression values from RNA-seq and
previously published qPCR data were strongly correlated (r=0.75) and
clustered around the identity line (Fig. 3C). Fold changes from qPCR
performed on remaining RNA from full fracture samples also closely
corresponded to those from the RNA-seq analysis (Fig. 3C). These data
supported the accuracy of RNA-seq to describe post-fracture transcrip-
tional changes, affirmed the integrity of these samples, and confirmed
the validity of pooling controls and samples within time points.

3.2. Dramatic transcription changes during fracture repair

Overall, there were approximately 17,240 genes with high enough
expression to be included in DEG analysis. Of these, 7383 were differ-
entially expressed genes (DEGs) in at least one time point and fracture

type. Stress fracture repair had few early responding genes with only 87
DEGs at 4 h and 124 DEGs at day 1 following injury (Fig. 4A). This
number increased to 1099 DEGs by day 3 and peaked with 1434 DEGs
at 5 days post-injury. From 5 to 7 days post injury, the number of DEGs
declined. On the other hand, full fracture resulted in many early
changes in gene expression, with over 2000 DEGs at 4 h post-injury
(Fig. 4B). The number of DEGs remained high across all time points and
peaked at 4474 DEGs at 7 days post-injury. After full fracture, more
genes were downregulated than upregulated across all time points. In
contrast, more genes were upregulated at all stress fracture repair time
points.

Gene expression varied greatly across time, with few genes differ-
entially expressed across all time points. The largest DEG subsets were
those unique to only one time point or those shared by consecutive time
points – especially the later ones (Fig. 4C & D). For example, in stress
fracture the largest DEG subset is the one shared between days 3, 5, and
7 post-fracture (571 DEGs). The numbers of DEGs shared between any
two time points further highlights that the greatest number of shared
DEGs occurs between adjacent time points (Supplementary Fig. 1).

Across all time points, 1469 DEGs were shared between stress
fracture and full fracture, while 5497 DEGs were unique to full fracture,
and 210 were unique to stress fracture repair (Supplementary Fig. 2A).
A similar trend was observed for each time point comparison, with the
largest number of DEGs unique to full fracture, a smaller subset shared
between the two injuries, and the fewest DEGs unique to stress fracture.
Each subgroup was analyzed for enriched GO terms and pathways
(Supplementary Fig. 2B).

3.3. Stronger expression changes in full fracture repair

The top ten up- and downregulated DEGs at every time point were
compiled (Table 1). In stress fracture, genes involved in inflammation
and matrix degradation were upregulated at early time points. Among
these were Prostaglandin-Endoperoxide Synthase 2 (Ptgs2), Suppressor
of Cytokine Signaling 3 (Socs3), and metalloproteinases Mmp3,
Adamts4, and Timp1. Ras Related Glycolysis Inhibitor and Calcium
Channel Regulator (Rrad) was among the top upregulated genes at H4
and D1 post-stress fracture. Rrad is involved in bone homeostasis and
knockout of Rrad leads to osteopenia [40]. Pannexin 3 (Panx3) and C1q
and TNF Related 3 (C1qtnf3) are the top most upregulated DEGs at days
3, 5, and 7 post-stress fracture. Both Panx3 and C1qtnf3 are expressed in
osteoblasts [41]. Panx3 is a putative Runx2 target [42] and is important
in osteoblast differentiation and regulation of the Wnt/β-catenin
pathway [43]. In the context of bone, C1qtnf3 is less understood, but
may also influence osteoblast differentiation [44,45]. The greatest FC
values occurred at D5, which is also the time point with the largest
number of DEGs. Interestingly, genes associated with chondrogenesis
(Col9a1/2/3, Col2a1, Acan) are highly upregulated despite the rela-
tively small amount of cartilage tissue in the stress fracture callus [46].
However, these may not necessarily be due to chondrocytes, as osteo-
blasts also express these transcripts [41]. Appearing among the early
downregulated genes are Dickkopf WNT Signaling Pathway Inhibitor 1
(Dkk1) and Sclerostin (Sost) – both known inhibitors of bone formation
[47,48].

In full fracture, inflammatory genes exhibited the largest fold
changes at the early time points. Among these were the C-X-C Motif
Chemokine Ligands 1, 2, 3 and 5 (Cxcl1, Cxcl2, Cxcl3, and Cxcl5), which
are attractants of immune cells and endothelial cells [49–51], as well as
IL-6, IL-11, and Ptgs2, all important chemokines in bone repair [52–56].
Arginase 1 (Arg1), an essential metabolite in collagen synthesis and
wound repair, was also highly upregulated at several time points [57].
Like stress fracture, the largest FC values occurred at the penultimate
time point (day 7), when there was a large upregulation of chondrocyte
related genes (Col9a1/2/3, Col10a1,Matn1/2); the peak fold changes in
chondrocyte related genes were an order of magnitude greater in full
fracture than stress fracture (e.g., Col9a1: FC=440, D7 full fracture vs.
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FC=35, D5 stress fracture). Among the most downregulated genes in
full fracture repair are those related to myosin (Myl2, Myl3, Myh7, and
Mylk4) and genes from the immunoglobin superfamily (Ly6g6f, G6b,
and Gp6).

3.4. GO term analysis

115 GO terms were significantly enriched in at least one time point
and fracture type (Fig. 5A). Of these, 17 GO terms were shared between
both injuries, while 16 terms were unique to stress fracture and 82 were
unique to full fracture (Fig. 5B). Enriched GO terms were compared
across time points and injury type (Fig. 5C). Early time points showed
no GO terms that were unique to stress fracture. In contrast, at day 3
through day 7 several terms related to osteogenesis were unique to
stress fracture repair, such as “collagen fibril organization”, “osteoblast
differentiation”, “bone development”, “bone mineralization”, and “negative
regulation of Wnt signaling”.

GO terms shared between stress and full fracture were few at early
time points and included “response to cytokine” and “positive regulation of

transcription from Polr promoter” at 4 h, and “positive regulation of cell
migration” at day 1 post injury. Later time points had shared terms such
as “angiogenesis”, “extracellular matrix organization”, “ossification”, and
“cartilage development”.

Terms unique to full fracture repair included those related to in-
flammation (“inflammatory response”, “chemokine-mediated signaling
pathway”, “cellular response to IL-1”, and “innate immune response”),
metabolism (“oxidation-reduction process”, “glucose metabolic pro-
cess”, and “response to hypoxia”), and ion transport (“potassium ion
transmembrane transport”, “cellular calcium ion homeostasis”, and
“ion transport”).

3.5. Pathway analysis

60 pathways were significantly enriched in at least one time point
and fracture type (Fig. 6A). Of these pathways, 12 were enriched in
both stress and full fracture, while 3 were uniquely enriched in stress
fracture, and 45 were uniquely enriched in full fracture (Fig. 6B). Of the
three pathways unique to stress fracture, only the “PI3K-Akt signaling

Fig. 2. Progression of healing of stress fracture and full fracture over time. H&E staining of paraffin sections of stress fracture or full fracture callus. Scale bars
represent 250 μm for stress fracture images and 1mm for full fracture images. Ct=Cortical Bone, Ma=Marrow, Mu=Muscle, ▲=stress fracture or full fracture
line, dotted line= callus.
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pathway” was enriched at multiple time points (Fig. 6C). Pathways that
were shared between stress and full fracture repair include those related
to the immune system and diseases (“TNF signaling”, “cytokine-cytokine
receptor signaling”, “systemic lupus erythematosus”, and “malaria”) as well
as pathways like “ECM-receptor interactions”, “focal adhesions”, and
“arginine and proline metabolism”. Pathways uniquely enriched in full
fracture repair include those related to immune processes (“Rheumatoid
arthritis”, “NFκB signaling”, “toll-like receptor signaling”), metabolism
(“glycolysis/gluconeogenesis”, “insulin resistance”, “galactose metabolism”)
and cardiac muscle (“hypertrophic cardiomyopathy”, “cardiac muscle
contraction”, “calcium signaling”).

3.6. Callus component phenotyping

To estimate the abundance of cell types within fracture callus
throughout repair, the fold change of genes on curated lists
(Supplementary Table 2) were compiled for each time point and frac-
ture type (Fig. 7). Neutrophil related genes were strongly upregulated
at early time points (hour 4, day 1) following full fracture (Fig. 7A), and
slightly increased after stress fracture (hour 4). At later time points,
most neutrophil-related genes were downregulated (days 5, 7, and 14).
Macrophage related genes displayed a mix of up- and downregulation
within time points and thus no clear pattern was evident (Fig. 7B).
Monocyte related genes were upregulated at multiple time points in

both stress and full fracture, most strongly at early time points (hour 4
and day 1) after full fracture (Fig. 7C). T cell associated genes were
upregulated early post stress fracture (hour 4) and full fracture (hour 4
and day 1), but suppressed at later time points (days 5, 7, and 14)
(Fig. 7D). B cell related genes were mostly suppressed after stress
fracture (days 1–7) and full fracture (days 3–14) (Fig. 7E). Osteoblast
related genes were strongly expressed after stress fracture (days 3, 5,
and 7) and to a slightly lesser extent following full fracture (days 3, 7,
and 14) (Fig. 7F); these genes were down early (hour 4) post-full
fracture. Osteoclast related genes did not show strong signal either up
or down except for slight upregulation at the final time point of each
injury (Fig. 7G). Endothelial cell related genes showed modest increases
by later time points in both models (Fig. 7H). Chondrocyte related
genes showed upregulation in both models at later time points (days 5,
7, and 14) (Fig. 7I).

3.7. IHC of fracture callus

Antibodies for Gr-1, F4/80, and CD45 were used to stain fracture
callus to assess the presence of immune cells. Gr-1, a marker of neu-
trophils, was abundantly expressed in marrow in the contralateral
control, but not in cortical bone, endosteum, or periosteum. At early
post-injury time points (hour 4 - day 3) Gr-1 expressing cells were ad-
jacent to the injury site in both stress and full fracture (Fig. 8). This

Fig. 3. Validation of RNA-seq data. Principle component analysis (PCA) of all samples in stress fracture (A) and full fracture (B). Samples within time points cluster
together and time point clusters were grouped closely with adjacent time points. (C) Correlation of RNA-seq data with analogous qPCR data from previous published
reports of stress fracture (blue triangle) and full fracture (grey circle) and concurrent qPCR of full fracture samples (red circle). Log2 fold change (injured vs. control)
from RNA-seq was plotted versus log2FC from qPCR (± standard deviation). Data is plotted from multiple time points for each injury. A linear regression confirmed
strong correlation between RNA-seq and qPCR data. Genes from published reports are detailed in Supplementary Table 1. Select genes from concurrent qPCR are
labeled with arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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signal was diminished at later time points (days 5, 7 and 14) - consistent
with the callus component phenotyping analysis and suggesting a re-
duced role for neutrophils after the early injury response. Staining for
F4/80, a marker for macrophages, showed strong signal in the bone
marrow of control ulna and femur, but not in cortical bone, endosteum,
or periosteum. Stress fracture repair did not lead to robust F4/80
staining at any time point, with only modest local staining at hour 4
post-injury; this is consistent with the lack of a strong macrophage
signal from callus component phenotyping analysis. By contrast, in full
fracture, F4/80 staining was present in callus at all time points with the
most robust staining at D3 post-injury. CD45, a general marker of
leukocytes, was most abundant at 1 and 3 days post stress fracture. In
full fracture, CD45 showed robust staining at early time points (hour 4 –
day 3) and was reduced by day 7 and 14. In summary, neutrophils
abound in early callus of both stress and full fracture while macro-
phages appear to be more abundant in full fracture callus than stress
fracture.

To confirm that PI3K-Akt signaling was active in stress fracture
repair, we performed IHC staining for p-Akt T308. Little staining for p-
Akt was present in contralateral bone or at day 1 after injury
(Supplementary Fig. 3). By days 3, 5, and 7 after injury, staining was

observed in stress fracture callus, especially in areas within newly
formed bone near the crack.

4. Discussion

Our work describes and compares gene transcription in in-
tramembranous and endochondral ossification using RNA-seq during
stress fracture and full fracture repair, respectively. Several reports
have examined gene expression of endochondral [12–16] or in-
tramembranous repair [18]. However, our study is unique in making
direct comparisons between the gene expression in these two different
repair processes. Furthermore, we took a wider breadth than previous
work by tracking gene expression over several time points for each
model. Through analysis of top DEGs, and enriched GO terms and
pathways for each fracture modality, we described how these expres-
sion patterns differed and progressed through time. We also employed
callus cellular phenotyping techniques to estimate cell types within
callus throughout repair. Finally, we used IHC to confirm the presence
of some immune cell types in callus and surrounding tissues.

Although some DEGs were shared between stress fracture and full
fracture repair, each of these models shows a high level of distinct

Fig. 4. DEG trends across time. Total number of DEGs at each time point are shown for stress fracture (A) and full fracture (B). Following stress fracture (S.Fx), few
DEGs occurred early, but DEGs reached robust levels at later time points and peaked at day 5. Following full fracture (Fx), DEGs were immediately expressed at high
levels that persisted through our experimental window, and peaked at day 7. Comparisons of the overlap of DEGs at each time point for stress fracture (C) and full
fracture (D) are shown in 5-way Venn diagrams. Total number of DEGs at each time point are shown in parentheses. The largest lists were those unique to one time
point or shared between adjacent time points.
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DEGs. This suggests that some fundamental processes are necessary for
bone repair regardless of injury type – but that endochondral and in-
tramembranous bone formation also have many distinct processes not
shared between these models. We observed gradual gene expression
changes following stress fracture, with few DEGs at early time points
(Fig. 4A). However, by day 3 a robust number of DEGs were present at
levels that persisted through our final time point (day 7). Contrastingly,
we observed immediate and drastic changes in gene expression fol-
lowing full fracture, with thousands of DEGs at early time points, which
was sustained at high levels throughout observed time points (Fig. 4B).
This higher differential expression following full fracture is likely due to
the more extensive injury of full fracture, as well as the greater variety
of cells involved in endochondral ossification as compared to in-
tramembranous ossification.

A key difference in gene expression between stress and full fracture
arises from the larger inflammatory reaction in full fracture injury. This
is highlighted by GO terms and pathways uniquely enriched during full

fracture repair such as “inflammatory response”, “immune response”,
“cellular response to interleukin-1”, “NFκB signaling” and “Toll-like receptor
signaling”. These results are indicative of a highly inflamed bone mi-
croenvironment following fracture, matching literature reports of the
components and importance of the inflammatory phase of fracture re-
pair [10,58]. Specifically, IL-1 [59,60] and NFκB [58] have already
been studied in endochondral fracture repair and thus validate our
highly enriched pathway analysis for these terms. However, our
pathway analysis showed enriched genes associated with toll-like re-
ceptors, which haven't previously been studied during endochondral
fracture. These receptors, based on other reports, could be involved in
monocyte recruitment, osteoblast differentiation, and tissue repair –
however, the specific role they play in fracture repair needs to be fur-
ther explored [61,62].

Stress fracture repair also features inflammation, with GO terms and
pathways such as “response to cytokine”, “TNF signaling pathway”, and
“Cytokine-cytokine receptor interaction” shared between both injuries.

Table 1
Top ten up- and down-regulated genes and fold change at each time point in stress and full fracture.

Stress fracture

Hour 4 Day 1 Day 3 Day 5 Day 7

Gene FC Gene FC Gene FC Gene FC Gene FC

Up-regulated Rrad 4.8 Timp1 6.7 C1qtnf3 24.8 Panx3 88.2 Panx3 24.2
Ptgs2 4.7 Rrad 6.7 Panx3 20.7 C1qtnf3 75.0 C1qtnf3 20.9
Socs3 4.7 Mmp3 5.2 Ptgs2 17.3 Col9a3 65.3 Car12 19.3
Wnt1 4.2 Has2 5.1 Hapln4 13.3 Col9a2 62.8 Col10a1 14.0
Ngf 4.1 Scn5a 4.9 Cthrc1 12.8 Col9a1 35.2 Col9a2 13.1
Tnfrsf12a 3.6 Socs3 4.5 Tubb3 11.9 Hapln1 35.0 Col2a1 9.5
Adamts4 3.6 Pdpn 4.4 Timp1 11.5 Ptgs2 34.7 Cthrc1 9.5
Gm42679 3.5 Card14 4.4 Car12 11.4 Col2a1 34.3 Col9a3 9.4
Has1 3.4 Myog 4.3 Acan 9.7 Car12 27.3 Myh8 8.9
Serpine1 3.1 Adamts4 4.1 Fkbp11 8.7 Acan 24.0 Bcan 8.5

Down-regulated Gng8 −2.5 Nell2 −2.4 Redrum −3.8 Cd8b1 −5.2 Ighv9–3 −3.6
Krt75 −2.4 A930018M24Rik −2.3 Hist3h2ba −3.7 Phyhip −3.6 Phyhip −3.3
Dkk1 −2.4 Prss55 −2.3 F930017D23Rik −3.7 Acmsd −3.4 Hbb-bs −3.2
Dlx6os1 −2.4 Klhl33 −2.3 Inmt −3.6 Gm42870 −3.4 Ms4a1 −3.2
A530020G20Rik −2.3 Ces1d −2.2 A730036I17Rik −3.6 Terc −3.4 Fcmr −3.1
Gprasp2 −2.3 Sost −2.2 Rhag −3.6 Odf3l2 −3.4 Hbb-bt −3.1
Hrk −2.3 Mylk4 −2.2 Klhl14 −3.6 Redrum −3.3 RP23-171B16.2 −3.0
Megf6 −2.3 Klf15 −2.1 Sowaha −3.6 Rhag −3.3 Alas2 −3.0
Wscd2 −2.2 Asb15 −2.0 Hbb-bs −3.5 2810030D12Rik −3.3 Iglc2 −3.0
Kcnk3 −2.2 Abca6 −2.0 Hbq1b −3.5 Hemgn −3.3 Cacna1i −3.0

Full fracture

Hour 4 Day 1 Day 3 Day 7 Day 14

Gene FC Gene FC Gene FC Gene FC Gene FC

Up-regulated Cxcl2 328.2 Arg1 234.3 Gm7325 73.7 Col9a1 440.5 Col10a1 97.0
Cxcl1 276.9 Il11 188.9 Arg1 59.0 Ucma 437.9 Clec3a 54.0
Csf3 275.0 Cxcl3 172.2 Tmem8c 56.0 Matn3 434.3 Panx3 47.0
Il6 183.8 Cxcl2 81.4 Chrng 47.6 Lect1 415.2 3110079O15Rik 43.1
Cxcl3 167.8 Ccl7 63.1 Il11 47.3 Clec3a 392.6 R3hdml 39.8
Fosb 77.5 Ptgs2 49.1 Steap1 43.3 Col9a3 375.2 Col9a1 32.4
Krt81 68.7 Ccl2 46.9 Pkhd1 38.5 Col10a1 328.1 Matn1 27.3
Irg1 57.4 Spint1 32.1 Has2 35.9 Mfi2 320.7 Col9a2 27.0
Ptgs2 55.5 Cxcl1 29.9 Ptgs2 35.6 Matn1 316.3 Mfi2 25.7
Ccl2 51.6 Cxcl5 24.1 R3hdml 29.9 Col9a2 279.9 Lect1 24.8

Down-regulated 9430073C21Rik −13.3 Cyp2e1 −30.0 Myl3 −44.0 Gp6 −43.1 Cyp2e1 −24.9
Pck1 −10.4 Lrrc52 −19.3 Myl2 −40.8 Gm43291 −42.3 Ly6g6f −23.9
Gm28653 −9.9 Timp4 −13.5 Myh7 −31.8 Ly6g6f −39.6 Gp6 −21.5
Adrb3 −9.6 Aqp4 −13.3 Gm37527 −28.4 Ppbp −37.6 G6b −20.8
Sln −9.2 Col6a6 −12.5 Rp1 −25.4 Slamf1 −36.9 Mpl −20.2
Zic3 −8.1 Mylk4 −12.3 BC048679 −24.4 G6b −36.8 Serpina3b −19.5
Dlx6os1 −8.1 A530016L24Rik −12.2 Lrrc52 −24.2 Treml1 −35.1 Gm34302 −18.9
Gm10629 −7.9 Lgi1 −11.9 Sowaha −23.6 Tubb1 −33.0 Gp9 −18.8
A930016O22Rik −7.7 Pck1 −11.1 Perm1 −22.7 Gm42870 −33.0 Ppbp −17.7
A530016L24Rik −7.7 Ces1d −11.1 F930017D23Rik −22.3 Gp9 −32.5 Treml1 −17.0
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This pattern of inflammation differs from that in microarray results of
rat stress fracture reported by McKenzie et al., wherein IL-1, toll-like
receptors, and NFκB were more prominently featured among DEGs
[18]. Ptgs2 (aka Cox-2), a critical mediator of inflammation, was one of
the most upregulated genes at several time points following stress
fracture and full fracture (Table 1), and is a known contributor to
successful healing [63,64]. Although it is certainly involved in stress
fracture repair, the inflammatory reaction appears to be less extensive

than after full fracture, both in terms of the numbers of relevant DEGS
and their fold change.

The higher inflammation seen in the GO term and pathway analysis
is also observed in callus cellular phenotyping and IHC analysis of
fracture callus. Full fracture has a larger upregulation of immune-cell
related genes as well as greater staining for Gr-1, F4/80, and CD45 than
stress fracture (Figs. 7, 8). Recruitment of neutrophils, macrophages,
and leukocytes to the site of injury at early time points is robust in our

Fig. 5. Gene ontology analysis of DEGs. (A) Pipeline for gene ontology (GO) term analysis. (B) Comparison of the 115 GO terms uniquely enriched in stress fracture
(dark blue), enriched in both injuries (light blue), or uniquely enriched in full fracture repair (grey). (C) Graphical list of all 115 enriched GO terms across all injuries
and time points. Colors on chart match location of term from panel B. Go terms uniquely enriched in early full fracture time points were broken out into the smaller
sub-panel for figure compactness (Black arrows). Blank spaces indicate GO term was not statistically enriched at time point or injury. H4 – 4 h, D1 – day 1, D3 – day 3,
D5 – day 5, D7 – day 7, D14 – day 14. S.Fx - stress fracture, Fx - full fracture. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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dataset. This is indicative of a healthy repair process, as these cells are
important components of fracture repair [65–67]. Furthermore, IHC
evidence of immune cell recruitment corroborates that the in-
flammatory signal in the RNA-seq data is functionally present in frac-
ture repair at the cellular level. In addition, the callus phenotyping data
showed an upregulation of T cell markers at early time points (hour 4
and day 1) following full fracture and to a lesser extent stress fracture.
This is consistent with a report of T cell infiltration at early time points

after full fracture [68]. But, how T cells impact fracture repair remains
poorly understood. Reports show that elimination of the adaptive im-
mune system benefits healing, but other reports show that elimination
of certain subsets of T cells are detrimental to repair [69,70].

Our results indicate that stress fracture repair is a more direct model
of post-injury osteogenesis. GO terms such as “osteoblast development”,
“bone development”, “skeletal system development”, and “bone miner-
alization” are uniquely enriched following stress fracture (Figs. 5 & 6).

Fig. 6. Pathway analysis of DEGs. (A) Pipeline for pathway analysis. (B) Comparison of pathways enriched in stress and full fracture repair. (C) Graphical list of all 60
enriched pathways across injuries and time points. Colors on chart match location of pathway on panel B. Blank spaces indicate no significance of pathway at that
time point/fracture condition. H4 – 4 h, D1 – day 1, D3 – day 3, D5 – day 5, D7 – day 7, D14 – day 14. S.Fx - stress fracture, Fx - full fracture. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Furthermore, in callus phenotyping, osteoblast associated genes are the
strongest signal for any cell type following stress fracture (Fig. 7F).
While full fracture is a mix of several important processes (i.e. osteo-
genesis, chondrogenesis, and inflammation), these additional processes
can complicate interpretation of experiments designed to test defects in
ossification. On the other hand, stress fracture repair involves fewer
processes and cell types and therefor elicits strong enrichment of bone
cell and osteogenic signals.

While stress fracture is a simplified model of post-injury osteogen-
esis, it elicits a distinctive and more complex transcriptional process
than non-injurious anabolic bone formation. Kelly et al. used RNA-seq
to determine expression changes in cortical bone following anabolic
loading stimulation [71]. Few of the DEGs in their analysis were DEGs
at similar time points following stress fracture (Supplementary Fig. 4).
This agrees with previous reports showing stress fracture-induced in-
tramembranous bone formation is transcriptionally distinct from

loading-induced lamellar bone formation [18].
The PI3K-Akt signaling pathway is the only pathway uniquely en-

riched at multiple time points in stress fracture repair (Fig. 6). We also
observed activation of this pathway in stress fracture callus using IHC
(Supplementary Fig. 3). Interestingly, this pathway is important for
osteoblast differentiation and function [72,73]. A few studies have
examined this pathway in fracture repair. Qu et al. noted that inhibition
of Akt signaling reduces MSC engraftment into fracture callus in a
rescue model for rat non-union [74]. They further postulate that Akt
signaling modulates post-injury osteogenesis via production of osteo-
protegrin and bone gla protein. Furthermore, Scanlon et al. reported
that PI3K can regulate thickening of the periosteum during the early
stages of fracture repair [75]. These papers, along with our data, sug-
gest PI3K-Akt signaling is an important and understudied component of
bone regeneration.

Another difference between stress and full fracture repair is the host

Fig. 7. Callus component phenotyping heat maps. Heat maps (log2 fold change) were generated for each time point and injury of curated genes lists associated with
(A) Neutrophils, (B) Macrophages, (C) Monocytes, (D) T Cells, (E) B Cells, (F) Osteoblasts, (G) Osteoclasts, (H) Endothelial Cells, and (I) Chondrocytes. Gene lists were
generated using literature sources in Supplementary Table 2.
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of ion transport-related GO terms (“ion transport”, “cellular calcium
homeostasis”, “potassium ion transmembrane transport”) and pathways
(“calcium signaling pathway”, “cardiac muscle contraction”) which are
uniquely enriched following full fracture. These terms were triggered
by downregulation of calcium, potassium, and sodium voltage-gated
channels (Fig. 9). One possibility for this downregulation includes ion
channels directly influencing bone regeneration. Studies show ion
channels involved in development and regeneration through en-
dogenous bioelectrical patterning [76]. In fact, interfering with ion
channels causes defective tail regeneration in amphibians [77]. Ion
channels also have roles in bone cells, as potassium voltage gated
channels regulate inflammation-induced bone resorption [78] and so-
dium voltage gated channels impact osteoblast function [79]. Reports
of ion channels in bone repair have contradictory results [80,81] and
would benefit from future exploration. The downregulation of ion
channels could also involve pain sensation. Sodium, potassium, and
calcium channels are components of pain sensation, and dysregulation
of these channels result in painful neuropathies and hypersensitivities
[82–84]. Furthermore, ion channels are downregulated in response to
injury, contributing to post-injury mechanical hypersensitivity [85,86].
Whether ion channels impact fracture repair through either of these

possible mechanisms or through a yet undiscussed mechanism, their
downregulation is robust in full fracture repair and an appealing target
for future study.

By using a contralateral control of intact bone, which is inherently
enriched for bone cells, callus composed of a variety of cell types will
have “differential expression” which is the result of different cellular
composition in addition to true changes in gene expression of native
cells. This should be kept in mind when considering the DEGs re-
presented in this work as this likely limits our ability to capture ex-
pression changes of native bone cells. However, utilizing this as a fea-
ture of our whole callus sequencing allowed us to use callus cellular
phenotyping to infer cell types present throughout fracture repair.
Furthermore, it is possible that the surgery performed while initiating
the full fracture could itself influence gene expression when comparing
to a no surgery contralateral control. Despite this possibility, we believe
that fracture is the primary driver of gene expression and is responsible
for the large differential expression reported herein.

5. Conclusions

In this report the gene expression of bone repair is examined using

Fig. 8. Immune cell infiltration in fracture callus. Immunohistochemistry with antibodies for Gr-1, F4/80, and CD45 was used to stain for neutrophils, macrophages,
and leukocytes, respectively. Cartoon depictions of the fracture callus show Region of interest (ROI) (Black box) in reference to (A) stress fracture (S.Fx) or (B) full
fracture (Fx) location. All images are 20× magnifications and black scale bars are 100 μm. Ct=Cortical Bone, Ma=Marrow, Ps= Periosteum.
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two models of murine fracture repair. Intramembranous repair, as
modeled by ulnar stress fracture, and endochondral repair, as modeled
by femur full fracture, exhibit vastly different transcriptional profiles
throughout repair. Full fracture repair includes a much stronger in-
flammatory response and a down regulation in ion transporter genes
not experienced in stress fracture repair. Within stress fracture repair is
a strong signal of osteoblasts and osteogenesis which reflects a simpler
repair process. These data offer a detailed description of gene tran-
scription in bone fracture repair, and highlight several pathways and
processes as potential new avenues of research that may lead to in-
novative solutions to clinical complications in fracture repair.
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