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A B S T R A C T

Background: Nonunions remain a challenging post-traumatic complication that often leads to a financial and
health burden that affects the patient's quality of life. Despite a wealth of knowledge about fracture repair,
especially gene and more recently miRNA expression, much remains unknown about the molecular differences
between normal physiological repair (callus tissue) and a nonunion. To probe this lack of knowledge, we
embarked on a study that sought to identify and compare the human miRNAome of normal bone to that present in
a normal fracture callus and those from two different classic nonunion types, hypertrophic and oligotrophic.
Methods: Normal bone and callus tissue samples were harvested during revision surgery from patients with
physiological fracture repair and nonunions (hypertrophic and oligotrophic) and analyzed using histology. Also,
miRNAs were isolated and screened using microarrays followed by bioinformatic analyses, including, differential
expression, pathways and biological processes, as well as elucidation of target genes.
Results: Out of 30,424 mature miRNAs (from 203 organisms) screened via microarrays, 635 (~2.1%) miRNAs
were found to be upregulated and 855 (~2.8%) downregulated in the fracture callus and nonunion tissues as
compared to intact bone. As our tissue samples were derived from humans, we focused on the human miRNAs and
out of the 4223 human miRNAs, 86 miRNAs (~2.0%) were upregulated and 51 (~1.2%) were downregulated.
Although there were similarities between the three experimental samples, we also found specific miRNAs that
were unique to individual samples. We further identified the predicted target genes from these differentially
expressed miRNAs as well as the relevant biological processes, including specific signaling pathways that are
activated in all three experimental samples.
Conclusion: Collectively, this is the first comprehensive study reporting on the miRNAome of intact bone as
compared to fracture callus and nonunion tissues. Further, we identify specific miRNAs involved in normal
physiological fracture repair as well as those of nonunions.
The translational potential of this article: The data generated from this study further increase our molecular un-
derstanding of the roles of miRNAs during normal and aberrant fracture repair and this knowledge can be used in
the future in the development of miRNA-based therapeutics for skeletal regeneration.
1. Introduction

Fracture repair is a complex biological process that ultimately results
in bone regeneration and restoration of biomechanical, biochemical,
physiological and functional properties [1]. In the United States alone, 16
million people each year fracture a bone and while most heal within 6–12
weeks with (near) full recovery of function, unfortunately, for some pa-
tients, the fracture does not heal, and it becomes either a delayed or
nonunion [1]. Although delayed unions can still heal without surgical
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intervention, a nonunion does not, and often causes prolonged pain and
disability with negative effects on mental and physical health and general
quality of life.

Most often, nonunions affect the tibia, scaphoid and humerus. Related
factors can either be patient-derived, such as smoking, opioid use, dia-
betes mellitus, nutrition, age, general health and use of medication (e.g.,
steroids, NSAIDS, bisphosphonates). More important causes for a
nonunion are fracture-associated factors such as a high-energy injury,
open fracture, segmental or comminuted fracture pattern. Lastly, there
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Fig. 1. Representative radiographs of callus, NU-HT and NU-OT (A) Anterior-
Posterior (AP) radiograph of a right femoral shaft fracture treated with a plate
in a 52-yo previously healthy male. Initial treatment consisted of external fix-
ation for 3 days, which was then converted to a minimally invasive plate fixa-
tion. Three months later the patient underwent revision fixation (based on loose
plate) and a substantial amount of callus present showing by the arrow. A small
portion of callus tissue was obtained as indicated by arrow. (B) AP radiograph of
a left tibia and fibula nonunion in 62-year healthy old male. Initial fracture treatment
was done 2 years prior. The nonunion was classified as a hypertrophic nonunion (NU-
HT, according Weber and Cech) because of the elephant foot appearance. Tissue was
obtained from the center of the nonunion as indicated by the arrow (C) AP radiograph
of left tibia shaft and fibula nonunion in a 47-year old healthy female. The nonunion
was classified as an oligotrophic nonunion (NU-OT, according to Weber and Cech). A
small portion of nonunion tissue was obtained from the central part as indicated
by arrow.
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are doctor-derived factors, including poorly performed surgery (stripping
of soft tissues and periosteum), poor reduction and/or poorly applied or
incorrect implants. Further, nonunions are classically divided in three
types according to Weber and Cech (1976) [2]: atrophic, oligotrophic
and hypertrophic. This classification is based on their radiographic
appearance. A hypertrophic nonunion has the appearance of an ele-
phant's foot or a horse hoof, the oligotrophic and atrophic nonunion have
a lack of callus. Further, diagnosis is also based on plain radiographs
and/or CT (computed tomography) evaluation showing absence of bony
bridging. In addition, a patient with a nonunion often complains of pain
or instability and inability to weight-bear. Loosening or failure of hard-
ware seen radiologically, suggests instability and failure of fixation. Once
the diagnosis of a nonunion is made, there is no sense in delaying surgical
intervention. The clinician treating a nonunion should strive for opti-
mization of the mechanical environment. Once the mechanical envi-
ronment is optimized surgically, the “normal” biology will often recover.
The fixation should neither be too stiff or too flexible. The ideal strain
rate (a measure of deformity calculated by delta length/length) is
thought to be between 2 and 10% [3].

The atrophic nonunion has long been considered avascular, whereas
the oligo and hypertrophic nonunion are considered more vascular and
thus biologically active. Interestingly, experimental evidence has shown
that biological activity persists in an atrophic nonunion [4], and that
atrophic nonunions are not necessarily avascular, suggesting the original
Weber and Cech classification may need to be revised. More recently, the
concept of bone healing and nonunion theory (BHN) suggests it might be
better to consider a nonunion as primarily mechanical or biological in
origin [3]. Mechanical instability seems to dominate in clinical practice.
It is rare that the biological potential is lost. Treatment for a nonunion
typically involves mechanical stabilization. This is often preceded by
extensile debridement with removal of failed hardware, avital tissue,
followed by alignment and rigid fixation. Augmentation of the healing
response is done by adding bone graft (autologous or homologous) for
the atrophic and most oligotrophic nonunions. For the hypertrophic
nonunion, optimizing the stability of the nonunion will generally lead to
bone healing. This is achieved by compression of the nonunion ends
together. There is no consensus on the use of homologous or autologous
bone graft. The use of mesenchymal stem cells is still in its infancy.
Biological adjuvants including growth factors such as Bone Morphoge-
netic Proteins (BMP) [5], demineralized bone matrix and systemic
medication (parathormone (PTH), sclerostin) [6,7] have not proved to be
successful as of yet. As such, if we are to truly understand the biology of
nonunions and be able to devise a biologically driven approach to
treating them, it is imperative that we examine some of the molecular
processes that underlie the nature of a nonunion.

One such process involves microRNAs (miRNAs) which are small
regulatory RNA molecules that bind to target mRNAs and either lead to
their enzymatic degradation or translational repression [8,9]. Previously,
we reported on the involvement of miRNAs during the early phases of
mammalian physiological repair [10] and we now apply the same
approach in order to understand their roles in human normal fracture
callus and nonunion tissues (both hypertrophic and oligotrophic). We
hypothesized that miRNAs would display differential expression in these
human tissues. Thus, we performed a complete profiling of all known
miRNAs in RNA samples isolated from human normal bone, physiolog-
ical fracture callus and tissues from hypertrophic and oligotrophic non-
unions. Herein, we describe that miRNAs are indeed differentially
expressed in these human samples and we also show common, as well as
unique miRNAs between the samples. Additional bioinformatics analyses
show many potential target mRNAs involving various key biological
processes. Taken together, these data provide the first complete miR-
NAome analysis during normal physiological fracture repair and non-
unions in humans and hopefully, will aid in understanding some of the
molecular mechanisms that guide normal and/or aberrant bone healing.
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2. Materials and methods

2.1. Patients and tissue samples

All patients were treated by the third author (a fellowship trained
orthopedic trauma surgeon), between June 2016 and July 2020. Consent
for removal of the tissue and its storage in the tissue bank in a coded
fashion for research purposes was obtained from each patient per Insti-
tutional Review Board (IRB) guidelines (W20_075 #20.103, Academic
Medical Center, Amsterdam). Indications for surgery were nascent
(impending) malunion, nonunion, and failure of fixation or fractures that
were operated on in delayed fashion. All patients presented with com-
plaints of pain, deformity, and decreased function of the involved ex-
tremity. No patient had evidence of an active infection as determined
based on radiographic, physical, laboratory, and intraoperative findings.
Tissues were obtained from the iliac crest (excess harvested bone graft
that was not used and considered surgical waste and could be used as
control samples) or nonunions or fracture callus (Callus). The areas
where tissues were harvested from are indicated by arrows in X-rays of
three representative patients (Fig. 1). After removal, the tissue was
inspected and judged based on appearance and feel. In general, callus has
a more “rubbery” feel than nonunion tissue. Oligotrophic nonunion (NU-
OT) tissues are less dense than hypertrophic nonunion (NU-HT) tissue.
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For histology, after removal from a patient, the specimen was placed in
10% neutral buffered formalin for 24 h. Routine pathology evaluation
was done as part of medical care. For RNA isolation, a second repre-
sentative portion of tissue was snap frozen-immediately after removal in
liquid nitrogen and stored at �80 Celsius for later use.

The exclusion criteria included malignancy, infection, corticosteroid
use, pregnancy, metabolic bone disease, alcohol abuse, or the use of
vitamin D, calcium, or hormones. A nonunion was defined as the absence
of osseous healing at six months after the operative or nonoperative
treatment of a fracture. Patient characteristics are listed in Table 1. For
this study, tissue specimens were obtained during surgery from patients
at the time of operative repair or revision surgery of the fracture (callus,
n ¼ 4) or nonunion (n ¼ 8). The nonunions were classified according to
the Weber and Cech into hypertrophic (n ¼ 4) or oligotrophic (n ¼ 4),
based on their radiographic appearance on the pre-operative studies.
Additionally, from 4 patients there was surplus bone graft obtained from
the iliac crest that was used as the negative control. The fracture calluses
and nonunion tissues served as the experimental samples. The patient
age, sex, location of fracture/nonunion and time since fracture are all
indicated in Table 1.
2.2. Histology

Tissue specimens were processed similarly to previous studies con-
ducted by our laboratory [11–17], Briefly, tissue specimens were fixed in
10% neutral buffered formalin for 24 h and subsequently decalcified in
10% ethylenediamine tetra acetic acid (EDTA), pH 7.2 for 3 weeks, and
then embedded in paraffin. Six micrometer sections were cut using a
Leica RM 2255 microtome (Leica Microsystems, Richmond Hill, ON,
Canada). Following deparaffinization and hydration, sections were
stained by Goldner Trichrome using standard staining procedures. Im-
ages were capture using a Zeiss Axio microscope attached to an Infinity 3
camera (Teledyne Lumenera).
2.3. RNA isolation

RNA was extracted using the RNeasy Plus Universal Mini kit (Qia-
gen). About 4 mm3 of snap-frozen callus, nonunion and ileac crest bone
samples were placed in 900 μl of Qiazol Lysis Reagent (Qiagen) and were
Table 1
Patient/facture characteristics.

Tissue type Age/
sex

Location Time since
fracture

Co-morbidities

Normal bone
(Control)

52/M Iliac
crest

None

26/M Iliac
crest

None

28/M Iliac
crest

None

57/F Iliac
crest

Diabetes Type I &
hypertension

Fracture Callus
(Callus)

77/F Femur 3 wk Hypertension
52/M Femur 3 mo None
16/M Tibia 3 wk None
64/F Humerus 1 mo Mitral valve prolapse

Hypertrophic
nonunion (NU-
HT)

53/M Femur 7 mo Hypertension/
Hyperthyroidism

62/M Tibia 25 mo None
28/M Ulna 13 mo ADHD
54/F Femur 27 mo Rheumatoid arthritis

Oligotrophic
nonunion (NU-
OT)

85/F Femur 22 mo Psoriasis/myocardial
infarction

69/F Humerus 18 mo None
81/F Femur 7 mo Devic's (eye) disease
47/F Tibia 13 mo Aortic valve

replacement

Abbreviations: wk ¼ weeks; mo ¼ months; M ¼ male; F ¼ female
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homogenized with a 4 mm steel bead for 2 cycles of 2 min each at 25 Hz
on a TissueLyser II (Qiagen). The homogenized samples were pipetted
into a new tube and incubated for 5 min at room temperature (RT) before
adding 100 ul of gDNA Eliminator Solution and vigorously shaking for
15 s. Next, 180 μl of chloroform per sample was added, thoroughly
mixing the samples for 15sec, followed by 3 min incubation at RT. The
samples were then centrifuged for 15 min at 12,000 g at 4 �C. The
aqueous phase was transferred into a new tube and one volume of 70%
ethanol was added and immediately vortexed. The solution was then
added to the spin column and centrifuged for 30 s at 8000 g at RT,
repeating this step until all the sample was passed through the column.
The flow-through was further processed to extract miRNAs using the
miRNeasy Kit (Qiagen) and following manufacturer's instructions. The
RNA concentration was then determined using an Invitrogen™Qubit™ 4
Fluorometer and Qubit RNA IQ Assay. Each RNA sample was used in
miRNA microarray analyses (conducted by Stony Brook University's
Medical School Genomics Core Facility).

2.4. miRNA microarrays

Total RNA (16–130 ng) from each sample (4 samples/bone condition)
was labeled using the FlashTag™ Biotin HSR RNA Labeling Kit (Applied
Biosystems). The RNA was initially subject to a poly(A) tailing reaction,
followed by FlashTag™ Biotin HSR ligation of a Biotin-labeled 3DNA
molecule (prepared as per manufacturer's protocol). For hybridization, a
hybridization master mix was made consisting of the 2X hybridization
mix, 27.5% formamide, 10% DMSO, 20X hybridization controls, and a
control oligo (3 nM). The hybridization mix was incubated for 5 min at
99 �C and then at 45 �C for 5 min. Then, 130 μl of the hybridization
cocktail was applied to each GeneChip™ miRNA 4.0 Array (Applied
Biosytems) (contains all mature miRNA sequences in miRBase Release
20). Each array was incubated at 48 �C and 60 rpm for 16–18 h. The
arrays were then washed and stained in an Affymetrix FS450 Fluidics
Station using the FS450_0002 protocol, as per manufacturer specifica-
tions. The arrays were finally scanned with an Affymetrix GeneChip
Scanner 7G and the data analyzed using the TAC 4.0.2 software. Robust
Multichip Average (RMA) was used for normalization by initially per-
forming a background correction to correct for spatial variation within
individual arrays, followed by a background-corrected intensity which
was calculated for each probe with the final base-2 logarithm deter-
mined. Quantile normalization was also used to correct for variation
between the arrays. Finally, probe normalization was utilized to correct
for variation within probe sets.

2.5. Bioinformatic analyses

To perform our differential analysis, we installed Bioconductor
packages from Bioconductor repository in R [18]. These packages
include oligo, affydata, ArrayExpress, limma, Biobase, Biostrings, gene-
filter. Additional packages (based on dependencies) include Matrix, lat-
tice, fdrtool, rpart. Statistical analysis was performed using R. Fracture
callus and nonunion tissues (hypertrophic and oligotrophic) microarray
data were compared against control (intact bone) samples to identify
differentially expressed miRNAs. For each group we obtained and
analyzed four replicates either as an average or individually. A miRNA
was considered up- or down-regulated if the average expression signal
from all 4 replicates was at least 1.5-fold greater or less than the control
replicates. Then the average was obtained for each time replicate and the
ratios to the average of control signals were calculated and log2 trans-
formed. Heatmaps were generated using heatmap.2 with hierarchical
clustering in gplots.

Differentially expressed human miRNAs were further analyzed using
miRbase [19]; we identified the corresponding miRNA transcribed from
genomic regions. The genes that were targeted by those miRNAs were
identified using miRDB [20] with minimal score of 90. We further con-
ducted gene enrichment analysis for pathways and biological processes
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using DAVID Bioinformatics Resources and the Gene Ontology Resource
[21]. Pathway analysis was performed using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways. The obtained p-values were
adjusted using Bonferroni corrections.

3. Results

3.1. Histological examination of tissues

Histological (Goldner's trichrome) examination of the three tissues,
fracture callus and both hypertrophic and oligotrophic nonunions are
shown in Fig. 2. Specifically, in low magnification images of sections
from each experimental sample, we detect mostly a nicely organized
mineralized (bony) fracture callus (Fig. 2A, D), whereas in the nonunion
samples, the predominant tissues present are unmineralized osteoid and
fibrous tissue in NU-HT(Fig. 2B, E) and the same as well as cartilage in
NU-OT (Fig. 2C, F), which makes them heterogeneous in nature. Small
amount of osteoid is also present in the fracture callus sample (Fig. 2A, D)
but not to the extent seen in the nonunion tissues which also showed
fragmentation of the tissue (Fig, 2 B and C). Additional higher magnifi-
cation images reveal greater cellular details with the presence of active
osteoblasts (Fig. 2G, arrows) and those trapped in the mineralized callus.
In the nonunion tissues the unmineralized osteoid can be clearly seen
(Fig. 2H and I) and in the NU-OT sample, chondrocytes are prevalent in
the cartilage area (Fig. 2I, arrows). Lastly, sections stained with Hema-
toxylin and Eosin (H & E) from all tissues used in these analyses are
Fig. 2. Fracture callus and nonunion tissue histology. Sections of fracture callus (A,
with Goldner's trichrome. D, E, and F are enlarged images of areas shown in boxes in
chondrocytes, respectively. mc, mineralized callus; os, osteoid, ft, fibrous tissue, ca,

116
shown in Supplementary Fig. 1 and clearly indicate tissue heterogeneity
of the nonunion samples.
3.2. miRNA expression in fracture callus and nonunion tissues

Given that our previous approach with miRNA microarrays and ani-
mal models of fracture repair was very successful in identifying miRNA
expression [10], we decided to utilize the same approach to identify
differentially expressed miRNAs in human fracture callus and nonunion
tissues. Out of the 30,424 mature miRNAs (from 203 organisms) that
were present on the microarrays, 635 (~2.1%) miRNAs were found to be
up-regulated and 855 (~2.8%) down-regulated in the fracture callus and
nonunion tissues (NU-HT and NU-OT) as compared to control intact
bone. The expression signals of these differentially regulated miRNAs are
shown in a heatmap for all (Supplementary Fig. 2B) as well as separately
for the upregulated and downregulated miRNAs (Supplementary
Fig. 2B). The expression levels of all miRNAs by species in each experi-
mental sample (as compared to control) are indicated in Supplementary
Table 1 (sorted alphabetically by species and values presented as log2
change against the control sample [Intact bone]). Further, the expression
of the 635 and 855 up-regulated and down-regulated miRNAs, respec-
tively is shown graphically in Supplementary Fig. 2 for the Callus and the
NU-HT and NU-OT tissues (Supplementary Figs. 2C and D). Lastly, the
635 up and 855 downregulated miRNAs are listed in Supplementary
Tables 2 and 3, respectively (sorted alphabetically by species and values
presented as log2 change against the control sample).
D, G) and nonunions tissues, NU-HT (B, E, H) and NU-OT (C, F, I) were stained
A, B and C, respectively. Arrows in G and I indicate osteoblasts and hypertrophic
cartilage. Scale bar in A-C is 1 mm; D-F is 50 μm and G-I 30 μm.



Fig. 4. Differential miRNA distribution in each experimental sample. A. Venn
diagram indicating common upregulated miRNAs between the three experi-
mental samples (Callus, NU-HT and NU-OT). B. Venn diagram indicating com-
mon downregulated miRNAs between the three experimental samples (Callus,
NU-HT and NU-OT). Numbers in both A and B indicate the common miRNAs
either between two or three samples. We also show the number of miRNAs that
were exclusive to each experimental sample.
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As our tissue samples were derived from humans, we decided to focus
on the human miRNAs for the rest of our analyses. As such, we initially
looked at the total number of human miRNAs (4,223) and from those
how many were differentially expressed between intact bone and the
three experimental samples (fracture callus and nonunions, Supplemen-
tary Table 4). From the 4223 human miRNAs, 86 miRNAs (~2.0%) were
up-regulated and 51 (~1.2%) were down-regulated in the fracture callus
and nonunion tissues in comparison to control bone and listed in Sup-
plementary Tables 5 and 6 (with values presented as log2 change against
the control sample [Intact bone]), respectively. The values for each
human miRNA for each of the four tissue samples used in the analyses
along with the statistical analyses are shown in Supplementary Table 7.
The heat maps and graphs of the upregulated and downregulated human
miRNAs between the control and experimental samples are shown in
Fig. 3A and C. We also show heat maps of the up and downregulated
miRNAs from each of the four individual samples used for each tissue
type to demonstrate the similarities/differences between them (Supple-
mentary Figs. 3A and B).

We further examined these up- and down-regulated miRNAs (>1 log2
change) and we can observe that a subset, 15 upregulated and 12
downregulated are expressed in all 3 samples (Fig. 4A and B). Moreover,
we also find some miRNAs that were present in two out of the three
samples, either in callus and NU-HT or callus and NU-OT as well as just in
the two nonunions samples (Fig. 4A and B). There were also up- and
down-regulated miRNAs that were unique to just a single sample (Fig. 4A
and B).

In addition, we examined the 20 most highly upregulated miRNAs in
the three experimental samples and found that 6 are present in all three
samples (Table 2). Seven of these highly expressed miRNAs were found
in the top 20 between the fracture callus and NU-OT samples (Table 2).
Lastly, 3 of these top 20 miRNAs, were only present between the
nonunion samples (Table 2).
Fig. 3. Differential human miRNA expression between control (intact bone) fractur
upregulated (86) and downregulated (51) human miRNAs assayed in following com
sample was set as baseline). B and D. Boxplot graphs of expression signals of th
experimental tissue type in comparison to control. For each tissue, the average of 4
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Similar analyses were conducted with the top 20 downregulated
miRNAs and we found that 11 were common in the three samples
(Table 3). Five were common between the fracture callus and NU-OT; one
between fracture callus and NU-HT and two between the two nonunion
samples (Table 3).

We also examined whether there were miRNAs that were upregulated
(>0.5 log2 change), in one sample but downregulated in the other two
samples by (>0.5 log2 change (using the expression data from Supple-
mentary Tables 5 and 6). Using this approach, we identified three miR-
NAs that were only upregulated in the fracture callus but downregulated
in both nonunion samples (Table 4). Similarly, 18 miRNAs that were
e Callus and nonunion tissues (NU-HT and NU-OT). A and C. Heatmaps of the
parison with the control samples (the average expression signal of the control
e human miRNAs with either up or downregulated expression between each
replicates was taken and log2 transformed.



Table 2
Top 20 highest expressed upregulated miRNAs.
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upregulated in the fracture callus and downregulated only in NU-HT and
7 that were upregulated in the fracture callus and downregulated only in
NU-OT (Table 4). Conversely, we only found 1 miRNA that was down-
regulated in the fracture callus but upregulated in NU-HT and 4 that were
downregulated in the callus and upregulated in NU-OT. We did not find
any miRNAs that were downregulated>0.5 log2 change and upregulated
in both nonunion samples (Table 4).

We further examined the miRNAs that were upregulated (>0.5 log2
change) in NU-HT but downregulated in the other two samples by > 0.5
log2 change. We identified one miRNA while no miRNAs were upregu-
lated in NU-HT but downregulated in fracture callus (Table 5). Further,
we found two miRNAs that were upregulated in NU-HT but down-
regulated in NU-OT (Table 5). In addition, we identified one miRNA that
was downregulated (>0.5 log2 change) in NU-HT but upregulated in the
other two samples by > 0.5 log2 change (Table 5). Further, we found 20
miRNAs that were downregulated in NU-HT but upregulated in the
fracture callus (Table 5). Lastly, four miRNAs were downregulated in NU-
HT but upregulated in the NU-OT (Table 5).

Lastly, we examined the miRNAs that were upregulated (>0.5 log2
change) in NU-OT but downregulated in the other two samples by > 0.5
fold. We identified one miRNA while three miRNAs were upregulated in
NU-OT but downregulated in fracture callus (Table 6). Further, we found
five miRNAs that were upregulated in NU-OT but downregulated in NU-
HT (Table 6). In addition, no miRNAs were downregulated (>0.5 log2
change) in NU-OT but upregulated in the other two samples by> 0.5 log2
change, while nine miRNAs that were downregulated in NU-OT but
upregulated in the fracture callus (Table 6). Lastly, three miRNAs were
downregulated in NU-OT but upregulated in the NU-HT (Table 6).
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3.3. Bioinformatic biological significance and identification of predicted
target genes

To explore the biological significance of the miRNA differential
expression in these samples, we first identified the predicted target genes
of the expressed miRNAs for each tissues sample (Callus, NU-HT, NU-OT)
using miRDB and then conducted gene ontology and pathway enrich-
ment analysis on the target genes using DAVID Bioinformatics Resources.
The results of these analyses are shown in Supplementary Tables 8-10for
callus, NU-HT and NU-OT, respectively.

Our enrichment analyses of miRNAs target genes from callus, NU-HT
and NU-OT revealed 98, 112 and 137 biological processes, respectively
(Supplementary Tables 8 and 10). Many of these processes were repre-
sentative of key signal transduction pathways, various regulatory pro-
cesses, developmental processes, etc (Supplementary Tables 8–10). In
addition, we also investigated the predicted target genes of miRNAs for
each tissue type; callus, NU-HT and NU-OT using gene ontology and
pathway enrichment analysis of the target genes. Fig. 5 shows the results
of these analyses and it reveals common significant biological processes
between the three tissue types as well as similarities between two of the
samples, callus and NU-HT (signal transduction and axon guidance)
(Fig. 5AB). Further, there are some biological processes that are signifi-
cantly unique to each sample type; i.e. homophilic cell adhesion via
plasma membrane adhesion molecules for the callus sample; memory for
NU-HT and negative regulation of transcription, intracellular signal
transduction an peptidyl-serine phosphorylation for NU-OT (Fig. 5A–C).

Lastly, KEGG analysis also revealed common gene targets between the
three experimental samples involved in specific signaling pathways such
as PI3K-Akt, FoxO and MAPK (Fig. 6A–C). On the other hand, there were



Table 4
Differentially expressed miRNAs.

Upregulated (>0.5 log2 change) miRNAs in Callus but
downregulated (>0.5 log2 change) in both NUs

Upregulated (>0.5 log2 change) miRNAs in Callus but
downregulated (>0.5 log2 change) in NU-HT

Upregulated (>0.5 log2 change) miRNAs in Callus but
downregulated (>0.5 log2 change) in NU-OT

hsa-miR-4440
hsa-miR-3911
hsa-miR-185–3p

hsa-miR-936; hsa-miR-6124; hsa-miR-7152–3p
hsa-miR-3917; hsa-miR-4669; hsa-miR-4257
hsa-miR-6831–5p; hsa-miR-3175; hsa-miR-7846–3p
hsa-miR-1273 d; hsa-miR-4271; hsa-miR-3131
hsa-miR-5093; hsa-miR-6847–5p; hsa-miR-4800–5p
hsa-miR-3907; hsa-miR-765; hsa-miR-6165

hsa-miR-146 b
hsa-miR-4284
hsa-miR-4701–3p
hsa-miR-7975
hsa-miR-339–5p
hsa-miR-224–5p
hsa-miR-8073

Downregulated (>0.5 log2 change) miRNAs in Callus
but upregulated (>0.5 log2 change) in both NUs

Downregulated (>0.5 log2 change) miRNAs in Callus
but upregulated (>0.5 log2 change) in NU-HT

Downregulated (>0.5 log2 change) miRNAs in Callus
but upregulated (>0.5 log2 change) in NU-OT

hsa-miR-26b-5p hsa-miR-3613–5p; hsa-miR-4743–5p
hsa-mir-6722; hsa-miR-668–5p

Table 3
Top 20 highest expressed downregulated miRNAs.
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other pathways that were significant in both nonunion samples but not in
callus. An example of this is a signaling pathway that plays a role in
regulating stem cell pluripotency (Fig. 6D). In each schematic, the gene
indicated by a red star represents a miRNA target gene identified in our
analyses.

4. Discussion

This study represents the first comprehensive approach to decipher
the miRNAome of human skeletal tissues such as control bone, fracture
callus and two nonunion tissue types (hypertrophic and oligotrophic).
Herein we show the differential expression of hundreds of miRNAs (from
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many species) between control intact bone in comparison to fracture
callus and nonunion tissues. But when we examined only the human
miRNAs, those numbers decreased to 86 being upregulated and 51
downregulated. Other studies have also reported on miRNA expression
during fracture repair in animal models [10,22–24] and many others
have reported on individual miRNAs in both animal and human studies
[8,9]. Moreover, several studies have also reported on the miRNA
profiling in human fractured bones. For example, Dai et al. (2021) [25]
described the differential expression of miRNAs isolated from infected
human tibial nonunions vs. those from patients with a closed fracture of
the tibia. They found 20 significantly differentially expressed miRNAs, 2
upregulated and 18 downregulated. Comparing these data, to our data,



Table 6
Differentially expressed miRNAs. (Please note that there is space between the top part and bottom part of the Table - please join as you did for Table 4 and 5 and the
highlighted rown should have a grey background.

Upregulated (>0.5 log2 change) miRNAs in NU-OT but
downregulated (>0.5 log2 change) in both Callus and NU-HT

Upregulated (>0.5 log2 change) miRNAs in NU-OT but
downregulated (>0.5 log2 change) in Callus

Upregulated (>0.5 log2 change) miRNAs in NU-OT but
downregulated (>0.5 log2 change) in NU-HT

hsa-miR-668–5p hsa-miR-3613–5p; hsa-mir-6722 hsa-miR-1273f; hsa-miR-4487; hsa-miR-371 b-5p
hsa-miR-4743–5p hsa-miR-4271; hsa-miR-877–5p

Downregulated (>0.5 log2 change) miRNAs in NU-OT but
upregulated (>0.5 log2 change) in both Callus and NU-HT

Downregulated (>0.5 log2 change miRNAs in NU-
OT but upregulated (>0.5 log2 change) in Callus

Downregulated (>0.5 log2 change) miRNAs in NU-
OT but upregulated (>0.5 log2 change) in NU-HT

hsa-miR-4284; hsa-miR-7975; hsa-miR-4440 hsa-miR-26b-5p
hsa-miR-339–5p; hsa-miR-3911; hsa-miR-224–5p hsa-miR-140–5p
hsa-miR-185–5p; hsa-miR-8073; hsa-miR-146b-5p hsa-miR-196b-5p

Fig. 5. Biological process analyses. Plots showing biological processes affected by miRNAs expressed in Callus (A), NU-HT (B) and NU-OT (C). Salmon color indicates
similar processes between the three samples, whereas green is between Callus and NU-HT. Yellow, blue and red indicate significant biological processes only present
with target genes of miRNAs expressed in those individual samples.

Table 5
Differentially expressed miRNAs.

Upregulated (>0.5 log2 change) miRNAs in NU-HT but
downregulated (>0.5 log2 change) in both Callus and NU-OT

Upregulated (>0.5 log2 change) miRNAs in NU-HT but
downregulated (>0.5 log2 change) in Callus

Upregulated (>0.5 log2 change) miRNAs in NU-HT but
downregulated (>0.5 log2 change) in NU-OT

hsa-miR-26b-5p hsa-miR-140; hsa-miR-196b-5p

Downregulated (>0.5 log2 change) miRNAs in NU-HT but
upregulated (>0.5 log2 change) in both Callus and NU-OT

Downregulated (>0.5 log2 change) miRNAs in NU-
HT but upregulated (>0.5 log2 change) in Callus

Downregulated (>0.5 log2 change) miRNAs in NU-
HT but upregulated (>0.5 log2 change) in NU-OT

hsa-miR-4271 hsa-miR-6165; hsa-miR-1273d; hsa-miR-936
hsa-miR-4669; hsa-miR-3911; hsa-miR-185–3p
hsa-miR-5093; hsa-miR-4440; hsa-miR-6831–5p
hsa-miR-6124; hsa-miR-3175; hsa-miR-3131
hsa-miR-7846–3p; hsa-miR-6847–5p; hsa-miR-7152–3p
hsa-miR-4257; hsa-miR-4800–5p; hsa-miR-3917
hsa-miR-765; hsa-miR-3907

hsa-miR-4487
hsa-miR-1273f
hsa-miR-668–5p
hsa-miR-371 b-5p
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we did not find any common miRNAs either up or down-regulated,
probably as a result of differences in the samples used; in our study
there were no infected samples.

In a more relevant study examining miRNA between bony callus and
atrophic nonunion, Chen et al. (2019) [26], identified only 4 and 7
miRNAs that were up and down-regulated, respectively. Examination of
the expression of these 11 differentially expressed miRNAs did not
appear as such in our data set, again probably because our samples were
not atrophic; they were hypertrophic and oligotrophic. Similarly, Wei
et al. (2020) [27], also investigated global miRNA expression between a
fracture healed group and atrophic nonunion and identified 113miRNAs,
with only 9 that were upregulated in nonunion with a >1.5 fold and
another 9 that were downregulated with a <0.67 fold. Once again, we
did not detect any of these differentially expressed miRNAs in our sam-
ples, including both nonunion samples. Lastly, Groven et al. (2022) [28]
examined various stages of human physiological fracture healing utiliz-
ing inflammatory and fibrosis arrays and identified 43 and 56 differen-
tially expressed miRNAs, respectively. Some of the identified
differentially expressed miRNAs were also consistent with our data; i.e.
miR-21–5p, that was upregulated in their fibrotic and inflammatory
array was also upregulated in our samples. Similarly, we also identified 6
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downregulated miRNAs (miR-491–5p; miR-335–5p; miR-10a-5p;
miR-146a-5p; miR-122a-3p; miR-192–5p) in our samples that were
also downregulated in their fibrotic array data. Lastly, two miRNAs,
miR-520a and miR200a-3p in our samples were also consistently
downregulated as was the case with their inflammatory array.

Our data set revealed that from the top 20 upregulated miRNAs, 6
(miR-127, miR-409–3p, miR-382, miR-134, miR-199a, and miR-432) are
found in the three experimental samples (fracture callus, NU-HT and NU-
OT) and indicates that there are molecular similarities between these
samples which is not surprising since we find similar tissues/cell types in
the fracture callus and nonunions histologically. Further, five of these six
miRNAs are associated with the skeletal system. For example, miR-127
was previously shown to be upregulated in bone following ovariectomy
and its inhibition stimulated osteoblastic differentiation [29].
miR-409–3p was also found to promote osteoblastic differentiation via
activation of Wnt/β-catenin signaling pathway [30]. Similarly, miR-382
was also found to be involved in adipogenic and osteogenic differentia-
tion of bone mesenchymal stem cells [31]. In contrast, miR-134 was
shown to inhibit chondrogenic differentiation of bone marrow mesen-
chymal stem cells by targeting SMAD6 [32]. Finally, it was previously
demonstrated that miR-199a counteracts glucocorticoid inhibition of



Fig. 6. Biological process analyses. Signaling pathways shown in A-C are all affected by miRNAs expressed in Callus, NU-HT and NU-OT. Signaling pathway shown in
D is only affected by miRNAs expressed by the both nonunions samples only. Genes denoted by a red star indicate miRNA target genes identified in our analyses.
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bone marrow mesenchymal stem cell osteogenic differentiation through
regulation of Klotho [33].

We also found 11 common downregulated miRNAs from the top 20
(miR-133a, miR-133b, miR-1, miR-378d, miR-30e-3p, miR-378, miR-
378i, miR-182, miR-18, miR-20b, miR-378g). What is more importantly
is that we were able to identify 3 miRNAs (miR-4440, miR-3911, miR-
185–3p) that were specifically upregulated in the fracture callus but
downregulated in both nonunion tissues. In examining the literature, we
found that miR-4440 is associated with various cancers [34–36] and in
one of these studies it was shown that its over-expression may enhance
proliferation, invasion and migration of breast cancer cells [34]. Previ-
ously, it was reported that miR-3911 was upregulated in diabetic ne-
phropathy [37] and downregulated in the blood of patients with
autosomal dominant polycystic kidney disease [38]. Lastly, miR-3911
was also detected in patients with Amyotrophic Lateral Sclerosis (ALS)
[39] and upregulated in response to treatment of human early endo-
thelial progenitor cells with brain-derived neurotrophic factor (BDNF)
[40]. Although there is a large number of manuscripts describing the
expression and perturbation of miR-185–3p, the majority of them involve
cancer cells and several indicate that miR-185–3p plays a role in pro-
moting tumor growth by mediating RAB25 [41] and targeting
Annexin-A8 to inhibit proliferation in cervical cancer cells [42]. Collec-
tively then, nothing is known about the expression or role of these three
miRNAs in the skeletal system. The fact that they are upregulated in the
fracture callus and downregulated in the nonunion tissues makes them
potential candidate miRNAs for further study, as they may turn out to be
critical in normal physiological fracture repair.
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Unfortunately, we did not find any miRNAs that were downregulated
in the callus but upregulated in both nonunion tissues. Instead, we found
one (miR-26b-5p) and four (miR-3613–5p, miR-4743–5p, miR-6722,
miR-668–5p) miRNAs that were downregulated in the facture callus
and upregulated in NU-HT and NU-OT, respectively. Interestingly, miR-
26b-5p was previously found to inhibit liver fibrogenesis and angio-
genesis by targeting PDGFR-β [43]. It was also demonstrated that
miR-26b-5p serves as a negative regulator of proliferation, angiogenesis,
and apoptosis in hepatocellular carcinoma [44]. As such, further explo-
ration of miR-26b-5p0s role in angiogenesis during fracture repair is
warranted. miR-3613–5p was also shown to be associated with cancer
cell proliferation [45]. No other relevant information was reported in the
literature for miR-4743–5p, miR-6722 and miR-668–5p.

We also discovered that differential expression of miRNAs between
the two nonunion samples. For example, miR-140 andmiR-196b-5p were
upregulated in NU-HT but downregulated in NU-OT. Interestingly, miR-
140 was previously shown to be upregulated in a mouse nonunion model
(femoral osteotomy model in CD-1 mice) concomitant with a decreased
expression of SDF-1α and Dnpep, both known to be miR-140 target
proteins [46]. It was previously showed that these two proteins have key
roles in fracture repair [47,48] and that SDF-1α is required for the bio-
logical effect of BMP-2 [49,50] which of course it is a potent osteogenic
factor and promotes bone repair [51]. Lastly, the authors suggested that
the development of a nonunion may be due to an indirect inhibitory
effect on BMP-2 through the downregulation of SDF-1α by miR-140 [46].

In contrast, miR-4487, miR-1273f, miR-668–5p and miR-371b-5p
were found to be downregulated in NU-HT but upregulated in NU-OT.
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The first three miRNAs were previously found to be associated with
various cancers and thus nothing is known about their function in the
skeletal system. And although miR-371b-5p is also associated with
various cancers, it was previously identified as a monocyte-related
biomarker of rheumatoid arthritis development [52] as well as
expressed in chondrosarcoma [53]. Lastly, it was also reported that
alveolar progenitor type II cell-derived exosome miR-371b-5p may serve
as a niche signaling to augment ATIIC survival/proliferation (via tar-
geting PTEN, which stimulates phosphorylation of Akt and its down-
stream substrates, GSK3β and FOXOs) and promotes re-epithelialization
of injured alveoli [54]. As this data suggest a role for miR-371 b-5p
during injury, it is conceivable then that it may have the same function in
cells of the fracture callus, especially during oligotrophic nonunion
development.

Our data also revealed many potential target genes for the differen-
tially expressed miRNAs. Of course, these are all predictive target genes
and some of them are related to the skeletal system, such as BMP-6
(target of miR-150–3p), BMP-3 (target of miR-34a-5p and miR-19b-
3p), BMP receptor type 1 (target of miR-182–5p) and type 2 (target of
miR-494–3p, miR-20a-5p, miR-363–3p, miR-106b-5p), osteoglycin
(target of miR-379–5p and miR-494–3p), osteoclastogenesis associated
transmembrane protein 1 (target of miR-20b-5p), osteonectin (target of
miR-19b-3p) and TGF-β (target of miR-21–5p). Clearly, all of these as
well as other relevant target mRNAs will need to be experimentally
verified.

Our final bioinformatic enrichment analysis of target genes of miR-
NAs from each experimental sample revealed the existence of common
biological processes between them; transcriptional regulation, protein
phosphorylation, and nervous system development. In addition, there
were a couple of biological processes (signal transduction and axon
guidance) that were affected by miRNAs expressed in the fracture callus
and NU-HT but not in the NU-OT. This indicates that a hypertrophic
nonunion is more similar to fracture callus as both develop a callus
whereas no callus is present in an oligotrophic nonunion. Further, target
genes of miRNAs expressed in the three experimental samples implicate
various signaling pathways, predominantly, PI3K-Akt, FoxO and MAPK,
all known to play a role in fracture repair [8]. Our miRNA target gene
analyses also revealed one pathway regulating the pluripotency of stem
cells, but this was only significantly present in the two nonunions but not
in the fracture callus. Clearly, this may represent an important finding as
it indicates that perhaps disruptions in stem cell differentiation pathways
by miRNAs may result in nonunions. Obviously, these data need to be
experimentally verified in order to be able to positively proof that this
may indeed be the cause of nonunions.

Finally, we have identified a few limitations associated with our
study. For example, our control bones were all obtained from the ileac
crest which is a flat bone whereas our experimental bones were all
derived from various long bones and thus there may be some inherent
molecular differences. In addition, we did not have the same age or
gender within each group and between groups. Lastly, the timing of the
callus varied between samples as well. As such, there is variability in
tissue from patient to patient within each group and between groups.
Unfortunately, this is the reality as sampling from humans is not easy;
there is no perfect sampling time or patient characteristics. Also, the
experimental design of this study did not allow a temporal analysis of
individual miRNA expression which could have linked specific miRNAs
with the individual processes (inflammation, angiogenesis, osteogenesis,
chondrogenesis, ossification, etc.) that occur during fracture repair. But it
did identify hundreds of differentially expressed miRNAs in fracture
calluses as well as in both, hypertrophic and oligotrophic nonunion tis-
sues. Many of these miRNAs are from other species (non-human) and
thus they will need to be further examined, especially by those that work
on rodents. As these were human samples, we focused on the human
miRNAs but by nomeans they are the only important ones. And this is the
main reason why we chose to include the nonhuman data, so that other
scientists working on other species can have access to the data as it
122
pertains to their animal model. Having this data will enable us to conduct
downstream studies to decipher the function of some of these regulatory
RNAs, especially in the skeletal system and more importantly, during
physiological and aberrant fracture repair.

And perhaps in the future some of these miRNAs identified in this
study, once deciphered in greater detail, they can be used as miRNA-
based orthobiologics, especially as several miRNA-based therapeutics
have recently entered clinical trials for non-skeletal applications as well
as for diagnostic markers in skeletal conditions such as osteoporosis,
bone metastases and hypophosphatasia.

(B) AP radiograph of a left tibia and fibula nonunion in 62-year healthy
old male. Initial fracture treatment was done 2 years prior. The nonunion was
classified as a hypertrophic nonunion (NU-HT, according Weber and Cech)
because of the elephant foot appearance. Tissue was obtained from the center
of the nonunion as indicated by the arrow (C) AP radiograph of left tibia shaft
and fibula nonunion in a 47-year old healthy female. The nonunion was
classified as an oligotrophic nonunion (NU-OT, according to Weber and
Cech). A small portion of nonunion tissue was obtained from the central part
as indicated by arrow. This paragraph is part of Fig. 1 legend.
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