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A B S T R A C T

Background: Immediately after a fracture occurs, a fracture hematoma (fxH) is formed. This fxH plays an
important role in fracture healing and, under normal circumstances, aids in generating an environment in which a
wide variety of cells orchestrate processes involved in fracture healing. MicroRNAs (miRNAs) may influence these
processes. The aim of this study was therefore to determine the miRNA expression signature of human fxH in
normal fracture healing and examine the potential influence of clinical parameters on these expression levels.
Methods: fxH was harvested from 61 patients (mean age 52 � 19; 32♀) during fracture surgery. miRNAs were
isolated, transcribed and pooled for qPCR array analysis and validation. Qiagen fibrosis- and inflammation qPCR
arrays were used based on an extensive literature study related to fracture healing and osteogenesis. Additionally,
miRNA targets were determined.
Results: From the array data, a selection of the twenty most regulated miRNAs, 10 up- and 10 down regulated, was
validated in the study population. The expression levels of seven out of these twenty miRNAs were correlated to
several clinical parameters. The time interval between trauma and surgery showed to influence the expression of
three miRNAs, three other miRNAs were expressed in a patient age dependent manner and one miRNA was
associated with the severity of trauma.
Conclusion: This study portrayed the role and importance of miRNAs in human fxH, linked to key processes in
fracture healing. Seven miRNAs showed to be involved in multiple processes that are important in the fracture
healing cascade, such as angiogenesis, mineralisation and cellular differentiation. In silico target analysis revealed
260 mRNA targets for 14 out of the 20 validated miRNAs.
The Translational Potential of this Article: These data broaden our view on the potential diagnostic and therapeutic
implications of miRNAs in fracture healing.
1. Introduction

Fracture healing is a complex, dynamic process that involves various
cell types and cellular communication mechanisms. Physiological frac-
ture healing can be divided into four main phases: the inflammatory, soft
callus, hard callus, and remodelling phases [1]. The fracture hematoma
(fxH) plays a central role during the first phase of healing. Studies have
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shown that removal or debridement of the fxH can negatively affect
fracture healing [2]. A balanced inflammatory response seems to be of
great importance since an exacerbated inflammatory response can
disrupt physiological fracture healing [1]. During the inflammatory
phase, a multitude of pro-inflammatory and angiogenic cytokines is
released in the fracture zone to enhance chemotaxis and initiate angio-
genesis. The latter is particularly important to supply the fracture zone
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with nutrients, cells and signalling molecules, but also to normalise the
acidic and hypoxic conditions which are created due to the lack of proper
vascularization after trauma. A variety of immune cells infiltrates the
fxH, and a microenvironment is created in which the first steps towards
the second phase of fracture healing, the bone repair phase, can be made
[1,2].

During the soft and hard callus phases, a more regenerative micro-
environment is required for fracture healing to take place, in which
chondrocytes and osteoblasts form a granulation tissue called callus.
Collagen formation and mineralisation of the granulation tissue are
among important cellular processes in normal fracture healing. As time
progresses, the callus gets ossified and the fracture gap is bridged. This
process depends on the adequate supply of nutrients and cellular activity,
which greatly relies on angiogenesis [1].

Failing angiogenesis, or poor vascularization in the tissues sur-
rounding the fracture can therefore also result in impaired fracture
healing [3]. The amounts of osteoclasts and osteoblasts at the fracture
zone increase upon enhanced vascularization, enabling the formation of
woven bone. The fourth phase of fracture healing, remodelling, lasts up
to several months in which remaining callus is resorbed and the woven
bone is replaced with lamellar bone [1].

Disturbance of the multiphase fracture healing process can result in
fracture healing impairments such as delayed unions or non-unions [4].
These fracture healing impairments can elicit invalidating consequences
for patients, and treatment often consists of multiple surgical in-
terventions followed by long rehabilitation periods. Unfortunately, even
though risk factors for the development of fracture healing impairments
have been identified, the exact molecular mechanisms behind their
development are poorly studied [4]. A first step in better understanding
the pathophysiology of fracture healing impairments would be to
investigate the cellular communication and molecular regulation of
normal fracture healing.

MicroRNAs (miRNAs) are small, non-coding RNA molecules consist-
ing of approximately 22 nucleotides. They are important post-
transcriptional regulators that play key roles in both inter- and intracel-
lular signalling [5]. MiRNAs have been extensively researched in the
fields of oncology and endocrinology [6,7]. Regarding bone regenera-
tion, in vitro studies have shown that miRNAs can influence processes that
are involved in fracture healing, such as osteogenesis, angiogenesis, and
inflammation [8,9]. In vivo work by Seeliger et al. revealed 5 differen-
tially expressed miRNAs linked to osteoporotic fractures in human
serum- and bone tissue samples [10]. In addition, miRNAs have shown to
play a role in multiple musculoskeletal disease mechanisms [11]. For
example, miRNA-21-5p and miRNA-216a-5p have shown to influence
inflammation, osteogenesis, and chondrocyte migration [12–14].
Furthermore, miRNA-21-5p has shown to be involved in osteoporosis
[10]. In a study conducted by Kelch et al. the authors showed both that
miRNA-21-5p was upregulated in serum, bone tissue, osteoblasts, and
osteoclasts of osteoporotic patients, and confirmed a correlation between
expression of this miRNA and bone mineral density. The study by Kelch
et al., along with existing literature, demonstrated the potential of
miRNAs as target for therapeutic inhibition, as well as biomarkers in
osteoporosis and other bone diseases [13,15]. Although some studies
have been conducted on the role of miRNAs in fracture healing, research
connecting these to the specific phases of healing in humans is lacking.

To the best of our knowledge, no research has been done on miRNA
expression in human fxH. Given the association of miRNAs with bone
regeneration, it is important to investigate the miRNA expression and its
regulation in human fxH and analyse the role of these miRNAs in the
different processes within the fracture healing cascade. In particular, the
influence of patient characteristics and clinical parameters on miRNA
expression must be evaluated to assess the potential clinical application
of miRNAs. The aim of this study is therefore to determine the miRNA
expression signature of the human fxH in normal fracture healing, and to
examine the potential relationship between clinical parameters and these
expression levels. MiRNAs can have multiple mRNA targets which affect
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different cellular processes. Determining these mRNA targets is therefore
required to clarify the physiological functions of miRNAs in the different
phases of the fracture healing cascade.

2. Materials & methods

2.1. Primary human samples

Patients with a long bone fracture who were admitted to the division
of traumasurgery at the Maastricht University Medical Center (MUMCþ)
were screened for inclusion in the study. Inclusion criteria were age �18
years and a fracture of long bones requiring open reduction and internal
fixation (ORIF). Exclusion criteria were pathological fractures, fractures
that occurred more than 21 days before fracture surgery, contaminated
open fractures, irrigation of the fracture site prior to fxH harvesting and
active bleeding at the fracture site if this prohibited accurate fxH
harvesting.

To accurately harvest fxH, the surgeon performed this during ORIF
fracture surgery according to a standard surgical procedure using a non-
traumatic technique. Harvesting fxH was only performed directly from,
or near the fracture site; harvesting surrounding tissue, as well as har-
vesting from the medullary cavity, was avoided since this may introduce
other tissue or bone marrow to the sample.

For analysis, the following patient characteristics were obtained:
fracture healing outcome (normal/disturbed), gender, age, smoking
(pack years), number of days between trauma and primary surgery,
fracture occurred during multi-trauma event (yes/no), diabetes mellitus
(yes/no), osteoporosis (yes/no), hypertension (yes/no), and arthritic
diseases (yes/no). An important parameter in this study is the time in-
terval between trauma and primary surgery, as this allows for miRNA
expression analysis at different phases of fracture healing. Normal frac-
ture healing was defined as adequate consolidation based on X-ray im-
aging and examination throughout a clinical follow up after 6 weeks, 3
and 6 months.

This study was approved by the local ethical committee of the
MUMCþ (approval number: METC 16-4-251). The study was performed
according to the Declaration of Helsinki in its most recent version.

2.2. Sample processing and miRNA extraction

Immediately after harvesting, the fxH was transferred to 2 ml
microcentrifuge tubes (Biotix, San Diego, USA) using sterile tweezers
after which it was snap frozen in liquid nitrogen. Prior to RNA extraction,
the fxH was disrupted by adding Trizol Reagent (Thermo Fisher Scien-
tific, Waltham, USA) and using a Qiagen TissueLyser LT (Qiagen, Venlo,
The Netherlands). The homogenate was snap frozen in liquid nitrogen
and subsequently lysed for 5 min. Trizol Reagent was added in a 0.7:1
ratio, based on fxH sample volume.

RNA extraction was performed by chloroform phenol extraction. The
amount and purity of the RNA isolates were analysed by spectropho-
tometry (Biodrop μLiteþ, Biochrom, Holliston, USA). For samples to be
included in this study, RNA purity cut off values of 1.7 and 1.8 were
chosen for the A260/A230 and A260/A280 ratios respectively. Per pa-
tient, 250 ng template RNA were used for the transcription of miRNA to
cDNA using the miScript II RT kit (Qiagen, Venlo, The Netherlands) ac-
cording to the manufacturer's instructions.

2.3. qPCR miRNA arrays

For miRNA array analysis, patient cDNA samples were pooled by
using equal amounts of cDNA from each sample. Two arrays for miRNAs
were used, that being the inflammatory response and autoimmunity
array (MIHS-105ZD-2, Qiagen) and the fibrosis array (MIHS-117ZD-2,
Qiagen). The miRNA signature of the pooled sample group was deter-
mined by these two qPCR miRNA arrays containing primers for 84 in-
dividual miRNAs each, excluding housekeeper genes and controls. Since



Table 1
Patient demographics. Data are depicted as mean or number, accompanied by
standard deviation or percentage as appropriate. * Four patients suffered from
multiple comorbidities.

Included patients (n ¼ 61)

Gender n (%)
Female 32 (52%)

Age years (± SD) 52 � 19
ΔDays trauma to surgery n (± SD) 7 � 5
Min - max 0–19

Smoking n (%)
Yes 19 (31%)

Pack years (� SD) 10.2 � 16.3
No 24 (39%)
Unknown 18 (30%)

Multitrauma n (%) 13 (21%)
Comorbidities n (%)* 21 (34%)
Diabetes mellitus 3
Osteoporosis 7
Hypertension 13
Arthritic diseases 4
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the two arrays showed overlap with regard to the miRNA primers that
they contained, the total amount of miRNAs that were investigated was
145. SNORD61, SNORD68, SNORD72, SNORD95, SNORD96A, RNU6-6p
were used as housekeeper genes. Further controls included the miRNA
reverse transcription control, positive PCR control and the spike in
control cel-miRNA-39-3p.

The expression levels of the miRNAs from the array were determined
by the cycle number (Cq) via qPCR using the CFX96 Real-Time PCR
system (Bio-Rad, Munich, Germany). A ΔCq �2 was chosen as a cut-off
value to define up- or downregulation. To assess the quality of the
qPCR array reactions, melting curve analyses were performed in com-
bination with a chosen cut off Cq value of 35, above which miRNAs were
not considered for further analysis due to minute or absent expression.

From each of the two arrays, the top 5 upregulated and top 5
downregulated miRNAs were selected for further individual validation
within the study population. This resulted in a total of 20 miRNAs for
further validation in the study population.

2.4. miRNA validation analysis

The selected 20 miRNAs were validated in each individual sample.
For miRNA validation in the individual samples, SNORD96A was chosen
as housekeeper gene since its expression approximated the mean
expression of the six housekeeper genes provided in the array the most.
The regulated miRNAs and the housekeeper gene were validated in du-
plicates for all patients using the miScript SYBR Green PCR Kit (Qiagen,
Venlo, The Netherlands) and the CFX96 Touch Real-Time PCR system
(Bio-Rad, Munich, Germany). The expression of each miRNA was
determined by the Cq value, which was normalised to the average of
SNORD96A expression by means of the ΔCq method. To assess the
quality of the single patient qPCR reaction, melting curve analyses were
performed in combination with a chosen cut off Cq value of 38, above
which the miRNA was not considered to be present in the sample.

2.5. In silico miRNA target analysis

Qiagen's Ingenuity Pathway Analysis (IPA) was used to identify
miRNA targets of the validated miRNAs, which expression levels showed
to be dependent on clinical parameters. The IPA software groups miRNA
targets based on known scientific data, level of evidence, and cell& tissue
type. For this study, experimentally observed and highly predicted
humanmiRNA targets were incorporated into the analysis. The following
cell types were included in the analyses: osteoblasts, chondrocytes,
mesenchymal stem cells, stromal cells, fibroblasts, neutrophils, and bone
marrow cells.

2.6. Statistical analysis

All analyses were performed with GraphPad Prism version 9.1.1
(GraphPad Software, San Diego, USA). Data are presented as mean or
number, accompanied by standard deviation or percentage as appro-
priate. Gender, smoking, age, and number of days between trauma and
primary surgery were recorded as continuous variables, the remaining
variables were dichotomised.

Descriptive statistics were performed on the obtained patient char-
acteristics andmiRNA expression data. Subsequently, a stepwise multiple
linear regression model was made to examine potential correlations be-
tween miRNA expression and patient characteristics. The following pa-
rameters were incorporated: gender, age, smoking (pack years), number
of days between trauma and primary surgery, fracture occurred during
multi-trauma event, diabetes mellitus, osteoporosis, hypertension, and
arthritic diseases.

Multiple linear regression, Mann–Kendall test, two samples t-test, and
simple linear regression analyses were applied as appropriate to deter-
mine the effect of clinical parameters on miRNA expression. For this
study, an α of 0.05 was considered statistically significant.
3

3. Results

3.1. Patient demographics

The study population consisted of 61 patients (mean age 52 � 19
years; 32♀). Patients underwent surgery 7 � 5 days after trauma. All
patients showed uneventful fracture healing after surgery. Thirty-one
percent of patients smoked; no data could be collected on smoking for
the remaining 30% of patients. Twenty-one percent of the patient pop-
ulation suffered from a fracture that occurred during a multi-trauma
event and 34% of patients suffered from one or multiple comorbidities
(Table 1). No significant relation was observed between patient age and
the difference in days between trauma and primary surgery.

3.2. Identification of differentially expressed miRNAs: pooled qPCR arrays

A total of 145 miRNAs were analysed. In the inflammatory response
and autoimmunity array, 76 miRNAs were detected in the fxH samples,
out of which 43 were up- or down-regulated (Fig. 1). In the fibrosis array,
80 miRNAs were detected in the fxH samples, out of which 56 were
considered up- or down-regulated (Fig. 2).

From each of the two arrays, the top 5 upregulated and top 5
downregulated miRNAs, 20 in total, were selected for further individual
validation within the study population (Supplementary Table 1).

3.3. miRNA validation

Each of the 20 miRNAs was validated in the study population, vali-
dation data were consistent with array data (Supplementary Table 1). All
20 miRNAs were up- or downregulated in all individual patients, in line
with the results obtained in the arrays (Fig. 3). Each patient showed
expression for all of the upregulated miRNAs. Contrarily, not all down-
regulated miRNAs were expressed in each patient (Supplementary
Table 2).

3.4. Multiple linear regression model

Multiple linear regression analyses showed that expression levels
from seven of the 20 validated miRNAs were dependent on the following
clinical parameters: patient age, number of days between trauma and
primary surgery, or fracture in multi-trauma. For all miRNAs that showed
expression based on patient age, or the number of days between trauma
and primary surgery, Mann–Kendall tests showed significant differences
(all p < 0.05). Neither comorbidities nor smoking influenced miRNA
expression levels in fxH in this study population.



Fig. 1. MicroRNA expression signature of pooled fracture hematoma samples (N ¼ 61) in Qiagen's fibrosis array. Results are normalised to the mean of the 6
housekeeper genes and depicted as ΔCq. Grey dotted lines display the threshold of an absolute difference of 2 Cq, normalised to the mean of the housekeeper genes,
above or below which microRNAs were considered to be deregulated.
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For three miRNAs, expression was correlated on the time interval
between trauma and primary surgery: miRNA-21-5p, miRNA-216a-5p,
and miRNA-223-3p (Figs. 4A–C and 5). miRNA-21-5p resulted consis-
tently upregulated in all patient samples, and its expression level was
higher in patients with longer intervals between trauma and surgery (p<

0.0001; Fig. 4A). Similarly, the downregulated miRNA-216a-5p showed
higher expression in patients with longer time intervals between trauma
and surgery (p ¼ 0.002; Fig. 4B). On the contrary, the upregulated
4

miRNA-223-3p showed a trend to decrease its expression with longer
intervals between trauma and surgery (p < 0.0001; Fig. 4C).

Three other miRNAs showed patient age-dependent expression: let-
7a-5p, miRNA-20a-5p, and miRNA-126-3p (p ¼ 0.013, p ¼ 0.027, p ¼
0.011, respectively; Figs. 4D–F and 6). All three miRNAs were upregu-
lated with a trend to decrease their expression as the patient's age
increased.

Lastly, miRNA-141-3p was downregulated and showed lower



Fig. 2. MicroRNA expression signature of the pooled fracture hematoma samples (N ¼ 61) in Qiagen's inflammatory response & auto-immunity array. Results are
normalised to the mean of the 6 housekeeper genes and depicted as ΔCq. Grey dotted lines display the threshold of an absolute difference of 2 Cq, normalised to the
mean of the housekeeper genes, above- or below which microRNAs were considered to be deregulated.
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expression in multi-trauma patients as compared to mono-trauma pa-
tients (p ¼ 0.033; Fig. 7).
3.5. In silico target analysis

Qiagen IPA software identified 260 targets for 14 out of the validated
20 miRNAs. For the seven miRNAs whose expression levels showed to be
dependent on a clinical parameter, 124 targets were identified. Several
5

targets involved in various aspects of fracture healing were observed to
overlap between the different miRNAs, such as, Phosphatase and Tensin
homolog (PTEN), Transforming Growth Factor Beta Receptor 2
(TGFBR2), Tumor Necrosis Factor (TNF), Vimentin (VIM), Nuclear Factor
1A (NFIA), Signal Transducer and Activator of Transcription 3 (STAT3),
and Vascular Endothelial Growth Factor A (VEGFA) (Figs. 5 and 6).



Fig. 3. MicroRNAs are differentially expressed in fracture hematoma from patients with normal fracture healing. Box plots show miRNA expression data from the
study population validation per category: A) validated top 5 upregulated inflammatory miRNAs; B) validated top 5 downregulated inflammatory miRNAs; C) validated
top 5 upregulated fibrotic miRNAs; D) validated top 5 downregulated fibrotic miRNAs. Results are depicted as mean ΔCq. Box plots show the 25th, 50th, and 75th
percentiles (horizontal bars) and minimum to maximum ranges (error bars).
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4. Discussion

To the best of our knowledge, the present study is the first to report on
the miRNA involvement in human fxH, correlations between miRNA
expression in the human fxH and clinical parameters, and in silico target
prediction of their mRNA targets in the normal fracture healing cascade.
MiRNAs are important regulatory molecules in fracture healing, this
study can therefore potentially function as a benchmark for future
research on miRNAs in fxH, both in normal as well as impaired fracture
healing.
4.1. Time dependent miRNA expression

The time interval between trauma and primary surgery showed to
6

influence the expression of three miRNAs, miRNA-21-5p, miRNA-223-
3p, and miRNA-216a-5p. In this study, miRNA-21-5p was upregulated
and increasingly expressed over time. MiRNA-21-5p is a mechanosensi-
tive, anti-inflammatory miRNA whose expression increases in inflam-
matory conditions. It has been shown to enhance osteogenic
differentiation, angiogenesis, mineralisation, and osteoclastogenesis in
vivo. This is in line with the results from our in silico target analysis which,
among others, identified PTEN, TGFBR2, TNF, VIM and NFIA as mRNA
targets for miRNA-21-5p [16–20]. Furthermore, miRNA-21-5p plays a
role in M2 macrophage polarisation, which results in enhanced regen-
eration at the fracture site [21]. Kelch et al. found that miRNA-21-5p
expression in serum could serve as a potential biomarker for osteopo-
rosis due to its increasing expression over time in non-osteoporotic pa-
tients as compared to decreasing expression over time in osteoporotic



Fig. 4. Regression analysis of six miRNAs whose expression showed a significant dependence on either the time interval between trauma and surgery, or patient age.
Every dot represents one patient, dotted lines represent 95% confidence intervals. Time-dependent expression of: A) miRNA-21-5p, p < 0.0001; B) miRNA-216a-5p, p
¼ 0.002; C) miRNA-223-3p, p < 0.0001. Age-dependent expression of: D) let-7a-5p, p ¼ 0.013; E) miRNA-20a-5p, p ¼ 0.027; F) miRNA-126-3p, p ¼ 0.011. The
regression equation is shown for each graph.
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patients [13]. This is in line with the expression pattern of miRNA-21-5p
that was observed in our study for the fxH of patients with normal
fracture healing. MiRNA-21-5p expression increased over time. This may
be an indication of an existing correlation between miRNA-21-5p
expression and the progression of fracture healing with concomitant
osteogenesis.

MiRNA-223-3p, upregulated and decreasingly expressed over time, is
an important regulator of the immune response. It shows high expression
by hematopoietic cells and is involved in, among others, macrophage and
neutrophil functioning. It dampens the inflammatory response and, like
miRNA-21-5p, enhances M2 macrophage polarisation [22]. Besides
regulating inflammation and polarising macrophages towards the more
7

regenerative phenotype, miRNA-223-3p is also likely to stimulate oste-
oblast differentiation due to the targeting of VIM [19]. Furthermore, it
regulates osteoclast functioning by targeting NFIA which normally in-
hibits the binding of Macrophage Colony Stimulating Factor to its re-
ceptor [20].

MiRNA-216a-5p, downregulated and increasingly expressed over
time, has shown to enhance osteogenic differentiation and bone forma-
tion in vivo in osteoporosis [23]. The osteogenic capabilities of
miRNA-216a-5p are in part attributable through targeting PTEN and
TGFBR2 [14,18]. Furthermore, it mediates the proliferation and migra-
tion of chondrocytes whilst inhibiting apoptosis [24]. The expression
pattern of miRNA-216a-5p indicates that it may be involved in later



Fig. 5. In silico target analysis, performed with Qiagen Ingenuity Pathway Analysis (IPA) software, of 3 miRNAs whose expression was dependent on the time interval
between trauma and primary surgery. Green colour represents upregulated miRNA expression, red colour represents downregulated miRNA expression.
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phases of the fracture healing cascade and is therefore thought to be
involved in osteogenesis.

Putting the expression levels of these three time dependently
expressed miRNAs in perspective, it can be stated that the increasing
expression of miRNA-21-5p over time matches physiological fracture
healing since it dampens the immune response and enhances multiple
processes that are involved in osteogenesis. The gradual decline of
miRNA-223-3p expression over time could be attributed to the physio-
logical fracture healing cascade in which the inflammatory phase tran-
siently progresses towards a more stable, regenerative phase where soft
callus is formed [1]. Lastly, the increasing expression of miRNA-216a-5p
over time conforms to chondrocyte activities and osteoblast differentia-
tion during physiological fracture healing. Overall, the expression of the
three time dependently expressedmiRNAs have shown to be important in
regulating fracture healing on a molecular level.
4.2. Age dependent miRNA expression

Three miRNAs were expressed in an age dependent manner, all of
which were upregulated and higher expressed in younger patients. One
of the three, let-7a-5p, is among the first miRNAs discovered and has
numerous functions within eukaryotic cells, such as the augmentation of
inflammation and apoptosis, whilst reducing cellular proliferation [25].
Interestingly, let-7a-5p seems to play opposing roles in osteoblast func-
tioning and mineralisation. The results from this study suggest that
let-7a-5p is beneficial for osteogenesis, since its expression is increased in
younger patients with normal fracture healing. Remarkably, it targets
TGFBR2, STAT3 and VIM, all three involved in osteogenesis through
enhancing osteoprogenitor cell differentiation, mineralisation or angio-
genesis [14,19,26].

MiRNA-20a-5p has shown to reduce inflammation and apoptosis,
whilst enhancing osteogenic differentiation andmodulating angiogenesis
8

[19,27,28]. These characteristics can in part be attributed to the target-
ing of PTEN, VIM, TNF, STAT3 and VEGFA [16,17]. Furthermore, Retino
Blastoma 1 and E2 Transcription Factor 1 were identified as targets of
miRNA-20a-5p, indicating that it is involved in cell cycle progression
[29].

Lastly, miRNA-126a-3p has shown to promote chondrocyte migration
and proliferation whilst reducing inflammation and apoptosis in vivo
[30]. Furthermore, Phosphoinositide-3-Kinase Regulatory Subunit 2,
VEGFA and Vascular Endothelial Adhesion Molecule 1 (VCAM1) were
identified as targets of miRNA-126a-3p and are known to regulate
angiogenesis [31,32]. However, controversy exists on the angiogenic
effects of miRNA-126a-3p. VCAM1, an important cellular adhesion
molecule, is also targeted by miRNA-126a-3p. Under normal circum-
stances, VCAM1 is involved in inflammation by enabling the adherence
of immune cells to the vascular endothelium, enabling their extravasa-
tion. In recent years, it has also gained increasing attention in oncology
due to its angiogenic capabilities [33].

Placing the age dependent decline in expression levels of the above-
mentioned miRNAs and their targets into perspective offers novel in-
sights. The pro-inflammatory characteristics and seemingly contradictory
effects of let-7a-5p on osteogenesis point out the requirement for more
specific research in the field of bone regeneration in order to make solid
claims about its function therein. On the other hand, both miRNA-20a-5p
and miRNA-126a-3p reduce inflammation and apoptosis whilst
enhancing osteogenesis and regulating angiogenesis. However, research
on the mechanisms behind this regulation is lacking, underlining the
need for future research to examine their angiogenic characteristics in
the context of fracture healing.
4.3. Multi-trauma dependent expression

The expression of miRNA-141-3p was dependent on the severity of



Fig. 6. In silico target analysis, performed with Qiagen Ingenuity Pathway Analysis (IPA) software, of 3 miRNAs whose expression was dependent on patient age.
Green colour represents upregulated miRNA expression.
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the trauma; mono-vs. multi-trauma. MiRNA-141-3p showed decreased
expression in the fxH of multiply traumatised patients as compared to the
fxH of mono-trauma patients. The immune system might play a role in
this expression pattern since the severity of the trauma greatly influences
the immunological response [34]. MiRNA-141-3p has shown to be
downregulated in sepsis and regulate the inflammatory response [35].
Although predominantly researched in the fields of oncology and
gastroenterology, miRNA-141-3p has shown to dampen inflammation
and regulate cell proliferation and apoptosis [36–38]. Great variation
among the effects of miR-141-3p exists, depending on the tissue or cell
type in which it has been investigated, indicating that it may operate in a
tissue/cell specific manner. Sangani et al. examined the role of miR-141
in bone regeneration. It exhibited anti-osteogenic characteristics,
reducing osteogenic differentiation, as well as mineralisation, in murine
BMSCs by direct targeting of Sodium Dependent Vitamin C transporter
[39]. Furthermore, miR-141 has shown to directly target Stromal
Cell-Derived Factor 1a, a known potentiator of osteogenic differentiation
[40]. The results from the target analysis, which was based on a selection
of cells which are involved in osteogenesis, show that miRNA-141-3p
targets both PTEN and VIM, confirming that it could possess
anti-osteogenic characteristics within the context of fracture healing.
Taking the above mentioned into account, it is probable that the
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decreased expression of miRNA-141-3p is related to a dysregulated im-
mune response as a consequence of trauma severity.

This study has several limitations, the first being a lack of normal
control samples. Unfortunately, due to the nature of the samples, controls
are inexistent as a fracture hematoma only exists after a fracture occurs.
Secondly, the number of patients in some subgroups, such as the different
comorbidities, is low. Due to the prevalence, and multi-faceted patho-
physiology of impaired fracture healing, investigating the influence of
altered miRNA expression on cellular pathways in fracture healing dis-
orders will require a larger sample size.

This study is amongst the first to investigate the expression of miRNAs
in patients on this scale and instigates to further investigate the patho-
physiology of impaired fracture healing. Collaborations between
different research centers can be of great importance therein to enable a
more rapid gathering of samples from different disease categories/con-
ditions. Moreover, to accurately map potential tissue specific microRNA
expression, it is important to research their expression in other tissues
related to fracture healing, such as bone itself, periosteum, or soft tissues
surrounding a fracture site. Finally, we believe that the in vitro applica-
tion of microRNAs in both 2D, as well as 3D models, is required to gain
more insights into their involvement in biological pathways.



Fig. 7. MiRNA-141-3p is differentially expressed in fracture hematoma from
patients with normal fracture healing, depending on the severity of trauma.
MicroRNA expression data of miRNA-141-3p in patients who suffered from
mono-trauma (n ¼ 43) as compared to multi-trauma (n ¼ 12). Results are
depicted as mean ΔCq. Box plots show the 25th, 50th, and 75th percentiles
(horizontal bars) and minimum to maximum ranges (error bars). *p ¼ 0.033.
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5. Conclusion

In conclusion, this study profiled the miRNA expression signature of
the human fxH in normal fracture healing and examined the potential
relationship with clinical parameters on these expression levels. Eighty-
eight miRNAs showed to be up- or downregulated. The expression
levels of seven out of the twenty validated (most regulated) miRNAs were
correlated to the number of days between trauma and surgery, as well as
to patient age or the severity of trauma.

In silico target analysis revealed 124 mRNA targets for these seven
miRNAs, which all showed to be involved in multiple processes that are
important in the fracture healing cascade, such as angiogenesis, miner-
alisation, and cellular differentiation. Furthermore, several miRNAs
showed to influence the same mRNA targets and can therefore operate in
a synergistic manner. This study portrayed the regulatory role and
importance of miRNAs in fracture healing. Furthermore, this study may
serve as a reference for future studies that investigate miRNA expression
in impaired fracture healing, that is a non- or poorly healing patient
cohort with possible infection, chronic inflammation, poor vascularisa-
tion, osteoporosis, high dose corticosteroid treatment, diabetes, or other
comorbidities present. Future research should therefore focus on how
aberrant miRNA expression could be correlated to impaired fracture
healing, for which larger cohorts are necessary due to the lower preva-
lence of this condition. This should also be associated with concomitant
changes in target mRNA expression and protein translation. Molecular
mechanisms that have been elucidated in this study can serve as a means
for future research in the field of fxH.
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