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Graphical Abstract

1. Non-union and delayed fracture healing are major problems for patient
treatment; biomarkers such as miRNA can help predicting complications.

2. A systematic review approach identified key miRNA involved in non-union
or delayed fracture healing.

3. Identification of the 6 most investigated miRNA in fracture healing with role
in key pathways.

4. The use of predictive markers can lead to improved patient treatment via
preventive and theranostics measures.
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Abstract
Background: Approximately 10% of all bone fractures result in delayed fracture
healing or non-union; thus, the identification of biomarkers and prognostic fac-
tors is of great clinical interest. MicroRNAs (miRNAs) are known to be involved
in the regulation of the bone healing process andmay serve as functionalmarkers
for fracture healing.
Aims andmethods:This systematic review aimed to identify commonmiRNAs
involved in fracture healing or non-union fractures using a qualitative approach.
A systematic literature search was performed with the keywords ‘miRNA and
fracture healing’ and ‘miRNA and non-union fracture’. Any original article
investigating miRNAs in fracture healing or non-union fractures was screened.
Eventually, 82 studies were included in the qualitative analysis for ‘miRNA and
fracture healing’, while 19 were selected for the ‘miRNA and fracture non-union’
category.
Results and conclusions: Out of 151 miRNAs, miR-21, miR-140 and miR-214
were the most investigated miRNAs in fracture healing in general. miR-31-5p,
miR-221 and miR-451-5p were identified to be regulated specifically in non-
union fractures. Large heterogeneity was detected between studies investigating
the role of miRNAs in fracture healing or non-union in terms of patient pop-
ulation, sample types and models used. Nonetheless, our approach identified
some miRNAs with the potential to serve as biomarkers for non-union frac-
tures, including miR-31-5p, miR-221 and miR-451-5p. We provide a discussion of
involved pathways and suggest on alignment of future research in the field.

Elena Della Bella and Martin James Stoddart have equal contribution.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2023 The Authors. Clinical and Translational Medicine published by John Wiley & Sons Australia, Ltd on behalf of Shanghai Institute of Clinical Bioinformatics.
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1 BACKGROUND

Despite surgical and treatment improvements for trauma-
related diseases, approximately 10% of fractures do not heal
fully.1 The main traditional risk factors related to non-
union or delayed fracture healing are older age, female sex,
smoking, diabetes mellitus (DM) and obesity.2 However,
the accuracy of predictions based on these factors remains
poor and may not be used to guide early interventions to
prevent non-unions.
MicroRNAs (miRNAs) are small, noncoding RNAs

involved in the regulation of gene expression pathways3 by
driving messenger RNA (mRNA) degradation and trans-
lational repression, influencing pivotal cellular processes,
such as cell proliferation, differentiation, apoptosis and cell
migration.4–6
Recently, miRNAs have been discussed as promising

predictive markers since they are indicative of cellular
processes and can be assessed non-invasively in blood
and other body fluids in the form of a ‘liquid biopsy’.3,4,7
For example, miRNAs are already investigated to be used
as biomarkers for cancer8 and are involved in maintain-
ing vasculo-protective functions.9 As they are functional
molecules, they also hold great promise in theranostic
approaches. Until now, these miRNAs are still in the early
stages of investigation and have to be validated before
translation into clinical practice.

1.1 The process of fracture healing

For bone healing processes, two different ossification
mechanisms may take place: intramembranous and endo-
chondral ossification.10 During intramembranous ossi-
fication, bone regenerates directly by differentiation
of mesenchymal stromal cells (MSCs) into osteoblasts.
Intramembranous ossification occurs within a few days at
the periosteal sites characterised by low strain and hydro-
static pressure11 at distal edges of the fracture site and leads
to a hard callus formation.12 Bridging across the central
fracture gap provides initial stabilisation, leading to first
biomechanical functions.13 Subsequent differentiation of
the MSCs into end-stage osteoblasts leads to new bone
formation.14 In contrast, endochondral ossification is a
bone regeneration process in which bone heals indirectly
through the formation of a cartilage intermediate.10,15
Endochondral ossification occurs primarily in long bones

such as femur, tibia or humerus, which are not rigidly
fixed and therefore allow motion between the bony ends
of the fracture. Cartilage formation, as the first step dur-
ing endochondral ossification, occurs in less stable regions
with higher strains, where no direct ossification can take
place and thus occurs mostly in regions close to the
fracture site.12 During endochondral ossification, MSCs
differentiate into chondrocytes and start building a carti-
laginous extracellular matrix. This produces a callus that
subsequently mineralises, and the mineralised callus is
remodelled into bone.
Bone repair in general is divided into three different

phases: the inflammatory, the reparative or proliferative
and the remodelling phases.16 Initially, a haematoma is
formed and inflammation in the fracture region occurs.
The haematoma acts as a source of signalling molecules
that initialise fracture healing, including interleukins (IL-
1 and -6), tumour necrosis factor alpha13,17 and growth
factors, such as transforming growth factor-β1 (TGF-β1),
fibroblast growth factors (FGFs), platelet-derived growth
factor (PDGF) and bonemorphogenic proteins (BMPs).18,19
BMPs are part of the TGF-β superfamily, and key players
in MSC proliferation and differentiation.20 For exam-
ple, BMP-2 directs the differentiation of cells from the
periosteum or marrow cavity into a chondrogenic or
osteogenic phenotype.21 The following reparative phase
is defined by vascular remodelling and recruitment of
mesenchymal progenitor cells that will differentiate into
chondrocytes or osteoblasts.16 The differentiation of MSCs
into bi-potential osteochondral progenitor cells is ini-
tially regulated by sex determining region Y-box 9 (SOX9)
expression.22 Remodelling is dynamically regulated by the
activity of osteoblasts, osteocytes and osteoclasts. During
remodelling, the degradation of callus tissue by osteoclasts
is followed by replacement of woven bone with lamel-
lar bone.23 Including the remodelling phase, the whole
fracture healing process can last up to several years.24
During the formation of new bone tissue, the expres-

sion of genes encoding for collagen type I and II, as
well as other extracellular matrix components, includ-
ing osteocalcin, osteonectin and osteopontin, change over
time and marker genes can be detected in in vitro exper-
iments and indicate either differentiation towards chon-
drogenesis or osteogenesis. For osteogenic differentiation,
common markers are osteocalcin (BGLAP), osteopontin
(SPP1), runt-related transcription factor 2 (RUNX2), alka-
line phosphatase (ALPL) and collagen type I (COL1A1 and
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COL1A2).25 Well-established chondrogenic markers are
collagen type II (COL2A1), aggrecan core protein (ACAN),
cartilage oligomeric matrix protein (COMP) and SOX9.26
In addition, a number of miRNAs have been identified
to regulate central osteogenic differentiation markers.27
For example, miR-9 inhibition increases mRNA levels of
RUNX2 and BMP7 in bone tissue at the fracture site.27

1.2 The role of vascularisation,
innervation and mechanical load during
fracture healing

Fracture healing is supported by vascularisation, inner-
vation and mechanical loading. The initial haematoma
is a temporary matrix for the invasion of the vascu-
lar network,28 which provides oxygen and nutrients and
removes waste, including necrotic bone tissue resorbed
by osteoclasts.29 Here, the vascular endothelial growth
factor (VEGF) signalling pathway is the principal media-
tor, stimulating angiogenesis, bone formation and callus
mineralisation,30 with BMP2 promoting angiogenesis by
increasing VEGF production in osteoblasts.31
Bone is a highly innervated tissue and the peripheral

nervous system is directly involved in osteogenesis through
secretion of neuropeptides, such as vasoactive intestinal
peptide and calcitonin gene-related peptide,32–34 which
modulate osteogenic differentiation.35
Mechanical loading, and particularly the strain across

the fracture gap, is one major determinant of the fracture
healing process and influences the time for the fracture to
heal, the ossification route and the stability of the newly
formed bone.36 Mechanical forces influence the differenti-
ation of MSCs by improving or preventing angiogenesis,37
as well as activating the TGF-β/BMP pathway during the
fracture healing process.38–40
miRNAs are also involved in the control of bone remod-

elling, particularly by regulating osteoclast and osteoblast
differentiation and function. Changes in miRNA expres-
sion levels influence the function, apoptosis and prolif-
eration of bone cells, and can regulate differentiation
processes.41,42

1.3 miRNAs and bone diseases

Bone diseases, such as osteoporosis or osteoarthritis, are a
common and increasing problem in the ageing population
and miRNAs have already been investigated as predic-
tive markers for individual outcomes of bone diseases.43
For example, miR-146a/b has been shown to regulate
the expression of FGF2, which is associated with bone
mineral density (BMD), the main diagnostic variable for

osteoporosis.44 Higher levels of FGF stimulate osteoclasto-
genesis, which enhances bone resorption, leading to lower
BMD.44 Of note, miR-21, miR-23a and miR-24 have been
found to be upregulated in the serum of patients who
endured a bone fracture, and a similar miRNA profile
was detected in osteoporotic bone tissue,45 indicating that
blood miRNA levels resemble tissue miRNA composition.
Today, many studies have reported on changes in miRNA
expression in osteoporotic fractures in animalmodels (e.g.,
induced by bilateral ovariectomy in rodents) and investi-
gated miRNA expression during healing. Together, these
studies indicate that miR-21 promotes early bone repair
in rat models of osteoporosis and miR-21-3p improves the
healing of osteoporotic fractures in mice.46,47 The increas-
ing understanding of the pivotal roles of miRNAs in time
and special bone healing processes has set the stage for
miRNAs as predictivemarkers for delayed fracture healing
and non-unions. However, current knowledge onmiRNAs
in bone healing originates from diverse clinical popula-
tions, a wide range of different tissues and cell populations
and a multitude of animal and cell models, with partly
conflicting findings.

1.4 Objective

This review aimed to summarise and structure the findings
from clinical populations, animals and cell models to iden-
tify miRNAs with the potential to be used as biomarkers to
monitor the fracture healing process. Several studies have
already investigated the role of miRNAs in fracture heal-
ing processes to find potential biomarkers for non-union
fractures or fracture healing in general. This review aims
to detect and discuss the unknown main regulators and
highlight promising miRNAs that have the potential to be
used for clinical diagnosis and treatment.48,49 An advan-
tage of miRNAs as biomarkers is that they can be detected
in biofluids, and they can be analysed in blood samples by
using a small amount of blood. They are very specific, as
they can directly be connected to signalling pathways and
their role in target gene regulation can be assessed.

2 METHODS

A systematic review was used to identify common miR-
NAs involved in fracture healing or non-union followed
by a qualitative analysis. We screened for all miRNAs that
were validated as involved in the fracture healing pro-
cess and possible biomarkers for non-union fractures. All
included studies had to either (1) screen patient samples
(which we defined as Type 1 Study) or (2) implement an
animal model (Type 2 Study), as those studies have a high
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translational potential. Studies that only focused on the
in vitro validation of miRNAs during chondrogenesis and
osteogenesis were not selected for further qualitative anal-
ysis, as they are lack validation on a higher translational or
clinical model.

2.1 Literature search and inclusion
criteria

A systematic review (CRD42022344974) in accordance
with the PRISMA guidelines50 and following the sug-
gestions for reporting on qualitative summaries was
performed.51,52 Literature search was conducted using
PubMed, Web of Science, EBSCO and Scopus, including
variations and combinations of the following keywords:
‘microRNAs and fracture healing’ and ‘microRNAs and
fracture non-union’. Any original article investigatingmiR-
NAs in fracture healing or non-union fractureswas eligible
for inclusion. Specific inclusion criteria were as follows:
(1) studies investigating miRNAs in patient samples, (2)
studies investigating miRNAs in animal models of bone
healing and (3) studies investigating miRNAs in in vitro
models of bone healing. Studies that (1) reported only
on in vitro analysis, (2) only focused on small interfer-
ing RNA/long noncoding RNA, (3) were not available in
English (full text), (4) were not available as full-text or
(5) retracted articles were excluded from further analysis.
Conference abstracts and grey literaturewere not included.
All records published until 28 February 2022 were eligible
for inclusion.

2.2 Study selection, data extraction and
aggregation

Data were extracted by two reviewers (Franziska Lioba
Breulmann and Luan Phelipe Hatt), and tables were
created including information on first author, year of pub-
lication, number of patients included/animals analysed,
type of intervention, underlying diseases, differentially
expressed miRNAs, miRNA analysis method (sequenc-
ing, microarray, quantitative polymerase chain reaction
[qPCR]), clinical screening, type of in vitro experiment,
animal fracture model and cell type. Strand informa-
tion (-3p/-5p) was not included in the selection process
since some studies indicated identical regulation inde-
pendent of strands and strand information is not always
provided by the authors. Direction of miRNA regulation
was extracted as indicated by the authors (i.e., if statisti-
cal significance was reported). In the case of imprecise,
uncommon, unclear/conflicting or missing descriptions of
methods, or participants, studies were excluded.

2.3 Grouping of studies and synthesis

To provide a structured qualitative summary, studies were
grouped into two main categories: (1) fracture healing and
(2) non-union fractures. The validity of the reported find-
ings was assessed using categories: clinical population,
animal model and cell model. Studies that were found
in both literature searches were included in only one of
the two main categories according to the main subject
of the study. For example, some studies were found in
the general search for fracture healing but included non-
union fracture patients or non-union animal models.53
The certainty of the evidence was addressed using an
evaluation of how directly the included studies addressed
the planned question/appliedmethodology (measurement
validity), the number of studies and the consistency of
effects across studies. The risk of bias of the studies was
not assessed since only studies investigating patient pop-
ulations followed by animal/cell model validation were
included. We qualitatively analysed the included studies
to evaluate which miRNAs have already been validated to
be involved in fracture healing and non-union and which
miRNAs are most promising as biomarkers for healing
progress.

3 RESULTS

3.1 Literature search

Figure 1 summarises the literature search process. In brief,
the search ‘microRNAs and fracture healing’ resulted in
the following: n = 130 records on PubMed, n = 80 on
Web of Science, n = 28 on EBSCO and n = 323 on Sco-
pus. On PubMed, 74 full-text articles were screened, 45 on
Web of Science, 25 on EBSCO and 65 on Scopus. From
this search, 88 full-text articles were identified as fulfill-
ing the selection criteria. However, six full texts found
using the keywords ‘microRNA and fracture healing’ were
categorised in the non-union group, as they focused on
screening in non-union fracture patients or investigating
a non-union model. In summary, a total of 82 full-
text articles were included in the fracture healing group
(Table 1).
For ‘microRNA and fracture non-union’, records iden-

tified were n = 17 on PubMed, n = 9 on Web of Science,
n = 7 on EBSCO and n = 63 on Scopus, and 13 full texts
fulfilled the inclusion criteria (Table 2). Additionally, six
results from the keyword search ‘microRNA and fracture
healing’ were included in the table of non-union fractures,
as they focused on non-unions. In summary, as depicted
in Table 2, only 19 full-text articles were found focusing
specifically on miRNAs in fracture delay or non-union.
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F IGURE 1 Literature search review process according to the PRISMA criteria. Reviews or record duplicates were excluded from
analyses. Six records were excluded after screening of full-text articles according to following criteria: reported only on in vitro analysis, only
focused on small interfering RNA (siRNA)/long noncoding RNA (lncRNA) and not available in English (full text) or retracted articles. The
included studies are summarised in Table 1, 2 and 3. In summary, 82 studies were included in the ‘microRNA and fracture healing’ analysis,
while 19 studies were selected for the ‘microRNA and non-union’ screening.

3.2 miRNAs in fracture healing: clinical
screening

Twenty-four studies analysed miRNAs in blood or tissue
samples (bone biopsies) of fracture patients.45,54–76
Blood or tissue samples were collected during
surgery, subsequently RNA was extracted, and vali-
dation of miRNAs was performed. In detail, n = 18
studies45,55–57,59–63,65–71,74,76 analysed blood samples and n
= 11 studies45,54,55,64–67,72,73,75,76 analysed samples collected
from bone biopsies. Five studies45,54,55,65,67 analysed
both blood and tissue samples. Twenty studies54–69,73–76
validated their findings from clinical screening in an in
vitro model, eight studies54,64,65,67,69,73,75,76 used an animal
model for validation, and all of the studies investigating
an animal model for validation also performed additional
in vitro validation.
Since the different studies provide different opportuni-

ties to find possible miRNAs involved in fracture healing,
Figure 2 gives a complete overview about the investigations
carried out and the different study types.

3.3 miRNAs in fracture healing:
sequencing and microarray analysis

Six out of 82 studies performed RNA sequencing from
tissue or cell samples to identify differentially regu-
lated miRNAs during fracture healing.75,77–81 One study

included both blood and tissue samples from patients,75
while five studies77–81 performed the analysis in ani-
mal models. Five of those six studies75,77,79–81 validated
their findings in a cellular model and by performing
qPCR analysis. Thirteen studies performed microarray
analysis instead of sequencing.45,49,72,77,82–90 For example,
Seeliger et al.45 performed microarray analysis on blood
serum samples of fracture patients or osteoporotic fracture
patients and screened for 83 different miRNAs. Takahara
et al.85 performed microarray analysis on callus samples
collected from diabetic fractures in rats. In total, two
studies performed microarray screening in blood or tis-
sue samples.45,72 Eleven studies included animal models
for microarray analysis,49,77,82–90 while 12 studies validated
their findings in a cell model and by qPCR.49,72,77,82–90

3.4 miRNAs in fracture healing:
fracture models

Sixty-six out of 82 studies validated their findings by per-
forming an animal fracture model. The in vivo models
consisted of a surgery to implement a fracture and a subse-
quent follow-up analysis to monitor the fracture healing.
Among the identified studies, femur fracture in mid-
diaphysis/shaft being created by osteotomy was the most
frequent approach (n= 2227,64,73,79,80,82,84,85,87–100), while 16
studies54,83,85,86,101–112 did not specify the exact location of
the fracture.

 20011326, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ctm

2.1161 by E
th Z

ürich E
th-B

ibliothek, W
iley O

nline L
ibrary on [01/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BREULMANN et al. 21 of 33

F IGURE 2 Different study types to investigate microRNAs (miRNAs) during fracture healing process. Type 1 studies focused on patient
screenings using bone biopsy or blood sample analysis. Type 2 studies used animal fracture models and analysed callus tissues. Analyses were
either performed by miRNA sequencing or microarray, followed by in vitro validation of the miRNA and an animal study. Some studies
performed an interventional animal study by injecting miRNAs into the animal fracture site for validation.

Thirty-nine of the studies that included an ani-
mal fracture model examined the effect of selected
miRNAs directly on fracture healing by injection
of miRNAs or their inhibitors into the fracture
site.27,46–48,54,65,69,73,77,79,83,84,88–90,92–95,98,99,101,102,105,109–123
Seven studies used exosomes to deliver the identified
miRNAs to the fracture site.49,76,77,79,91,97,99
Osteoporosis patients with a lower BMD presented low-

impact fractures, such as spine fractures or femoral neck
fractures.124 Nine studies46,47,65,81,102,104,106,111,125 used an
osteoporosis fracture model to screen and validate dif-
ferentially expressed miRNAs in vivo. This was done by
ovariectomy in mice or rats, causing a loss in BMD to
study miRNAs being differentially expressed in fractures
under osteoporotic conditions. The osteoporosis model
was either implemented to isolate bone marrow-derived
MSCs (BMSCs) afterwards and perform transfection with
miRNAs in vitro,81,104 or the model was directly used to
inject miRNAs or their inhibitors to study the fracture
outcome in osteoporosis-induced animals.65,111
To assess the fracture healing process in animal mod-

els, X-ray and micro-computed tomography (μCT) are

commonly used, with the majority of studies combin-
ing both methods. X-ray was usually performed to con-
trol the model immediately after the first surgery where
the fracture was implemented. Subsequently, X-ray was
used during the follow-up to monitor the fracture heal-
ing, analysing callus formation, bridging of the fracture
gap and callus volume.64 There are only a few com-
mon timepoints during the experiment to perform an
analysis based on μCT and usually the animals are
euthanised for this purpose. Recently, in vivo μCT pro-
tocols have been developed that allow for longitudinal
monitoring of healing progression.126 This could be worth
to be included in further studies investigating the frac-
ture healing process. Common μCT analysis includes
bone volume (BV), tissue volume (TV), BV/TV and
BMD.121
In terms of mouse fracture models, C57BL/6N was the

most common mouse strain (n = 20). Twenty studies per-
formed a fracture model in rats, without clearly specifying
the animal strain, and four studies implemented an osteo-
porotic fracture model.46,104,106,111 Two studies performed a
fracture model in rabbits.115,127
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3.5 miRNAs in fracture healing: in vitro
experiments

To validate miRNAs involved in differentiation processes,
65 studies included in vitro experiments. Fifty-seven stud-
ies performed transfection of BMSCs or osteoblasts with
the miRNAs of interest, with lipofection as a common
method to deliver miRNA agonists or antagonists.54 A
large heterogeneity in cell origins and cell types used was
detected. Thirty-three studies used primary bone marrow
mesenchymal stem cells isolated from human subjects,
mice or rats. Only five studiesworkedwith human primary
cells to validate the effect of miRNAs on the differentiation
process, which is probably the most clinically translat-
able in vitro experiment.47,66,87,91,99 Most studies (n = 43)
validated their findings using cell lines. Two studies per-
formed experiments with human embryonic kidney cells
HEK293,84,121 one used the osteosarcoma cell lineMG-6390
and one study used human umbilical vein endothelial cells
(HUVECs).87 Studies on mouse cells used either BMSCs
(n = 13) or the precursor osteoblast cell line MC3T3-E1
(n = 18). One study performed experiments on mouse
embryonic C3H10T1/2 cells.120

3.6 Summary of validated miRNAs in
fracture healing

Table 1 lists all the miRNAs described as differentially
expressed during fracture healing processes. The miRNAs
that are more often found to be regulated during bone
remodelling in screenings and sequencing should be fur-
ther validated and examined to find possible biomarkers
predicting the outcome of the fracture healing process.
Table 3 presents an overview of the most described miR-
NAs that are differentially expressed in fracture healing
(A) and non-union fractures (B). Overall, 121 different
miRNAs were identified in 82 different studies as dif-
ferentially expressed in fracture healing. Eighteen miR-
NAs were identified in at least two independent studies,
eight were described in three independent studies, four
in four different studies and one in five independent
studies (Table 3A). Three miRNAs were most frequently
identified and analysed in the context of fracture heal-
ing (Figure 3). miR-21 has been described as differen-
tially expressed during fracture healing in nine differ-
ent publications.45,46,71,86,101,103,109,115,128 miR-140-3p/5pwas
investigated in seven different reports48,78,85,103,104,120,129
and miR-214-3p/5p was described in eight different
studies.55,63,81,104,106,111,113,130

3.7 miRNAs in non-union fractures:
clinical screening

Eleven studies performed a screening in patients with non-
union fracture compared to uneventful healing.53,125,130–138
Blood samples were analysed in n= 2131,137 studies and cal-
lus tissue in n = 953,74,125,130,132–136,138 studies (Table 2). The
identified miRNAs during screening were then validated
in further experiments. Six of these studies130–132,135,136,138
validated their findings in animal models and in in vitro
experiments. Ten studies53,130–138 only validated the find-
ings in in vitro models, and one study did not perform a
cell or animal study.125

3.8 miRNAs in non-union fractures:
sequencing and microarray analysis

Two out of the 19 studies included in this review per-
formed sequencing,79,135 while eight studies53,125,129,136–141
included a microarray analysis. One study performed
RNA sequencing on tissue samples collected from non-
union patients.135 After microarray or sequencing, eight
studies53,129,135–138,140,141 functionally validated themiRNAs
during MSC differentiation in vitro.
One report studied 727 miRNAs at different timepoints

during fracture healing process in rat fracture model
implementing closed femoral shaft fractures.139 A total of
368 miRNAs were identified as upregulated early during
fracture healing on day 5 (top four: miR-339-3p, miR-
451-5p, miR-532-5p and miR-551b-3p), while 207 were
increased on day 11 (top four: miR-221-3p, miR-376a-3p,
miR-379-3p and miR-379-5p). The top four miRNAs for
both timepoints were selected for further validation by
reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR).139 Similarly, Waki et al.140 performed
microarray analysis on 680 miRNAs from tissue sam-
ples harvested on day 14 after surgery to implement a
non-union fracture model or a healing fracture model in
rats. They selected five miRNAs, miR-140-3p, miR-140-
5p, miR-181a-5p, miR-181d-5p and miR-451a, according to
the microarray analysis, for further validation in tissue
samples.140 Another study performed a microarray analy-
sis on callus tissue samples from patients with identified
non-union fractures 6–8 months after tibial fracture.125
miRNAs identified as differentially expressed in non-
union fracture tissue samples were subsequently validated
by RT-qPCR. A similar approach was used by Long
et al.,138 who compared callus tissue samples of fracture
patients and non-union fracture patients. The authors
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TABLE 3 Differentially expressed microRNAs (miRNAs) in fracture healing (A) and non-union (B)

Validated miRNA
Independent
reports (n) Author (year), ↑/↓

(A) Fracture healing
Upregulated
miR-125b(-3p/5p) 4 Furuta, T. (2016)91 ↑, Bourgery, M. (2021)78 ↑, Seeliger, C. (2014)45 ↑, Ito, S. (2021)100 ↑
miR-148(a-3p) 3 Liu, H. (2018)84 ↑, Seeliger, C. (2014)45 ↑, Bourgery, M. (2021)78 ↑
miR-25(-3p) 3 Jiang, Y. (2020)96 ↑, Lang, Y. (2019)95 ↑, Seeliger, C. (2014)45 ↑
miR-100(-5p) 3 Seeliger, C. (2014)45 ↑, Dai, Z.Q. (2022)164 ↑, Yang, W. (2021)75 ↑
miR-187(-3p) 2 Zhang, J. (2021)65 ↑, Yuan, H.F. (2015)72 ↑
miR-206 2 He, B. (2016)82 ↑, Huang, Y. (2021)112 ↑
miR-19b 2 Zarecki, P. (2020)71 ↑, Huang, Y. (2021)99 ↑
miR-23(a-3p) 2 Seeliger, C. (2014)45 ↑, Zarecki, P. (2020)71 ↑
miR-24(-3p) 2 He, B. (2016)82 ↑, Seeliger, C. (2014)45 ↑
miR-26a(-5p) 2 Li, Y. (2015)102 ↑, Xiong, Y. (2019)73 ↑
miR-34a(-5p) 2 Yuan, H.F. (2015)72 ↑, Liu, H. (2019)118 ↑
miR-122(a-5p) 2 Seeliger, C. (2014)45 ↑, Silva, A.M. (2018)86 ↑
miR-136(-3p/5p) 2 Bourgery, M. (2021)78 ↑, Yu, H. (2021)122 ↑
Downregulated
miR-124(a-3p) 3 Cui, Y. (2019)108 ↓, Zou, L. (2017)57 ↓, Seeliger, C. (2014)45 ↓
miR-144(-3p/5p) 3 Bourgery, M. (2021)78 ↓, He, B. (2016)82 ↓, Zhang, D. (2021)79 ↓
miR-494(-3p) 2 He, B. (2016)82 ↓, Hadjiargyrou, M. (2016)103 ↓
miR-497(-3p) 2 Ji, X. (2021)62 ↓, He, B. (2016)82 ↓
Up and downregulated
miR-21(-5p) 9 Liu, Y. (2019)109 ↑, Sheng, J. (2019)115 ↓, Sun, Y. (2015)101 ↑, Hadjiargyrou M. (2015)103 ↑, Sun, X.

(2020)46 ↑, Seeliger, C. (2014)45 ↑, Zarecki, P. (2020)71 ↑, Strauss, F.J. (2020)128 ↓, Silva, A.M.
(2018)86 ↑

miR-214(-3p/5p) 8 Xin, Z. (2020)55 ↓, Zhou, L.-G. (2019)111 ↓, Teng, J.-W. (2018)113 ↓, Li, Q.S. (2017)63 ↑, Li, K.-C.
(2016)104 ↓, Chen, J. (2021)130 ↓, Wang, X. (2021)81 ↓, Li, K.C. (2017)106 ↓

miR-140(-3p/5p) 7 Waki, T. (2016)129 ↓, Jiao, J. (2020)120 ↑, Liu, Q.-P. (2019)48 ↑, Bourgery, M. (2021)78 ↓,
Hadjiargyrou, M. (2016)103 ↑, Li, K.-C. (2016)104 ↓, Takahara, S. (2018)85 ↓

miR-223(-3p/5p) 5 Bourgery, M. (2021)78 ↓, He, B. (2016)82 ↓, Seeliger, C. (2014)45 ↑, Wang, B. (2021)68 ↑, Dietz, C.
(2019)70 ↑

miR-142(a-3p/5p) 4 Bourgery, M. (2021)78 ↓, He, B. (2016)82 ↓, Hadjiargyrou, M. (2016)103 ↓, Tu, M. (2017)93 ↑
miR-181a(-3p/5p) 4 Waki, T. (2016)129 ↓, Takahara, S. (2018)85 ↑, Yuan, H.F. (2015)72 ↑, Bourgery, M. (2021)78 ↑
miR-335(-5p) 3 Janko, M. (2019)166 ↓, Hu, H. (2021)90 ↑, Zarecki, P. (2020)71 ↑
miR-92a(-3p) 3 Murata, K. (2014)64 ↑, Janko, M. (2019)166 ↑, Hu, L. (2021)67 ↓
miR-22(-3p) 3 He, B. (2016)82 ↓, Zhang, X. (2020)47 ↑, Weilner, S. (2015)66 ↑
miR-532-3p 2 Zarecki, P. (2020)71 ↑, Silva, A.M. (2018)86 ↓
miR-222(-3p) 2 Jiang, C. (2020)97 ↓, Takahara, S. (2018)85 ↑
miR-328-3p 2 Xie, W. (2020)56 ↓, Weilner, S. (2015)66 ↑
miR-429 2 Huang, J. (2016)105 ↑, Silva, A.M. (2018)86 ↓
miR-181c(-3p/5p) 2 Bourgery, M. (2021)78 ↓, Yuan, H.F. (2015)72 ↑
miR-182(-5p) 2 Bourgery, M. (2021)78 ↑, Yan, Z.-W. (2021)69 ↓
miR-10a-5p 2 Bourgery, M. (2021)78 ↓, Weilner, S. (2015)66 ↑

(Continues)
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TABLE 3 (Continued)

Validated miRNA
Independent
reports (n) Author (year), ↑/↓

(B) Non-union
Upregulated
miR-149 2 Li, G.J. (2020)144 ↑, Chen, H. (2017)134 ↑
miR-221-3p 2 Takahara, S. (2020)139 ↑, Chen, H. (2017)134 ↑
miR-31-5p 2 Waki, T. (2015)140 ↑, Orth, M. (2019)141 ↑
Downregulated
miR-451-5p 2 Waki, T. (2015)140 ↓, Takahara, S. (2020)139 ↓
Up and downregulated
miR-140-5p 3 Guo, P.-Y. (2019)142 ↑, Waki, T. (2016)129 ↓, Orth, M. (2019)141 ↑

F IGURE 3 MicroRNAs (miRNAs) in fracture healing. Mechanism of action of miR-21, miR-140 and miR-214 that are involved in
fracture healing. ‘+’ indicates promotion, while ‘–’ indicates inhibition of the target gene or pathway. This regulation does not necessarily
represent the direct target of the miRNA but rather the overall downstream pathway regulation. miR-21 regulates the
phosphoinositid-3kinase/serine-threonine-kinase (PI3K) and extracellular signal-related kinase (ERK) pathways, transforming growth
factor-β-receptor 2 (TGFBR2), phosphatase and tensin homologue deleted on chromosome 10 (PTEN) and programmed cell death 4 (PDCD4)
expression. This leads to inhibition of TGF-β1 expression. miR-140 regulated genes lead to an upregulation of bone morphogenic protein 2
(BMP2) and inhibition of stromal cell-derived factor 1 (SDF-1/CXCL12) followed by an upregulation of BMP2. miR-214 combines the effects of
both miR-21 and miR-140 as it downregulates the BMP and TGF-β signalling.

found 557 miRNAs that were differentially expressed
between the two groups and functionally validated the
expression of the most differentially expressedmiRNA tar-
get genes by transfecting BMSCs with miRNA-mimics or
-inhibitors.138

3.9 miRNAs in non-union fractures:
fracture models

The fracture models used were comparable among stud-
ies since a femoral fracture model in mice or rats was
commonly used. To study non-union fracture healing, the
most commonmethod was cauterisation or removal of the

periosteum on the fracture site to avoid normal fracture
healing.129,140,142,143 Another approach was the creation of
a critical size defect.141 In this study, the authors used a
fracture gap of 1.8 mm for the non-union fracture model
in mice and only 0.25 mm for the normal healing frac-
ture model. A metallic clip was implanted to keep the gap
size during the experiment.141 One study investigated the
effect of DM on the fracture healing process and the miR-
NAs involved in this disease.139 DM was induced by an
intraperitoneal injection of 40 mg/kg streptozotocin. Rats
with blood glucose levels over 300 mg/dl at 1 week post-
injection were included in the DM group. Non-DM mice
served as a control group. All animals were subjected to
femoral shaft fractures.
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Out of 14 studies that implemented a fracture
model, eight fracture models were performed in
rats,129,132,138–140,142–144 and six were performed in
mice130,131,135,141,145,146 with C57BL/6J being the most
common strain.130,131,136,145 Two studies did not indicate
the mouse strain used.135,141

3.10 miRNAs in non-union fractures: in
vitro experiments

Fourteen out of 19 studies performed an in vitro exper-
iment to validate clinical or in vivo findings. Five of
these studies130,133,134,136,145 used osteoblasts, while six
studies53,131,132,135,138,143 used (B)MSCs with cells cultured
under osteogenic conditions. Transfection of MSCs with
miRNA-mimics or -inhibitors was also performed.74,131
One study used adipose-derived stem cells (ASCs) to inves-
tigate the effect of different miRNAs on the differentiation
process.142
Even in the case of non-union-related studies, a large

heterogeneity in cell origins and cell types used was
detected. Six studies worked with human primary cells
to validate the effect of miRNAs on the differentia-
tion process, which is likely the most clinically relevant
experiment.53,131,132,135,138,142 Three studies used primary
BMSCs/MSCs from rats.79,143,144
In total, seven studies used cell lines for in vitro vali-

dations. Five studies used the mouse osteoblast cell line
MC3T3-E1,74,130,133,136,145 whereas two studies used the
human osteosarcoma cell line MG-63.134,137

3.11 Summary of validated miRNAs in
non-union fractures

Sixty miRNAswere identified in 18 different studies. Three
miRNAs were identified in two different reports: miR-
31-5p,140,141 miR-221-3p134 and miR-451-5p.134,139,140 miR-
140-5p was reported by three independent studies129,141,142
(Table 3B). Three of the most common miRNAs involved
in disturbed fracture healing including known targets are
depicted in Figure 4.

4 DISCUSSION

This review aimed to systematically summarise findings
from clinical populations, animals and cell models to iden-
tify miRNAs with the potential to be used as biomarkers to
monitor the fracture healing process. Our approach identi-
fied miR-21, miR-140 and miR-214 as potential biomarkers
for fracture healing in general (Figure 3), while miR-31-5p,

miR-221 andmiR-451-5p have a potential in themonitoring
of fracture healing and non-union fractures (Figure 4). The
discussion is focused on those six miRNAs, as they have
been validated in several studies. In addition, their targets
and the known regulated pathways linked to bone healing
are presented, further supporting their promising role as
biomarkers.

4.1 miRNAs in fracture healing: miR-21

miR-21 was identified in a microarray study as dif-
ferentially expressed in osteoporotic compared to
non-osteoporotic patient samples.45 Nine indepen-
dent studies45,46,71,86,101,103,109,115,128 provided evidence
for a pivotal role of miR-21 in rat and mouse fracture
models. Treatment of the fracture site with miR-21 mim-
ics increased callus formation and induced bridging of
the fracture gap compared to an injection of scrambled
miRNA.46 In addition, overexpression of miR-21 in MSCs
promoted osteogenesis and accelerated bone fracture
healing,101 consistent with the finding that miR-21 is
involved in early stages of intramembranous ossifica-
tion as an important step in fracture healing.128 miR-21
promotes fracture healing by activating the phospho-
inositid 3-kinase/serine-threonine-kinase/RAC-alpha
serine/threonine-protein kinase (PI3K/AKT) signalling
pathway,109 which regulates a number of processes, such
as cell survival, proliferation, growth, metabolism and
angiogenesis.147 Controversially, Sheng et al.115 showed
that miR-21 activates the extracellular signal-related
kinase pathway concluding that a downregulation of
miR-21 promotes fracture healing in rats. In addition,
miR-21 regulates the TGF-β pathway by targeting the
phosphatase and tensin homologue deleted on chromo-
some 10 (PTEN)148 and by targeting the TGF-β-receptor
2 (TGFBR2).149 Furthermore, miR-21 facilitates osteo-
clastogenesis by inhibiting programmed cell death
4 (PDCD4),150 inhibits cell migration and promotes
cytoskeletal organisation. The members of dedicator of
cytokinesis (DOCK) 180-related protein superfamily have
also been identified as target genes.151 Downregulation of
DOCK inhibits cell migration and promotes cytoskeletal
organisation.

4.2 miRNAs in fracture healing:
miR-140

miR-140 has been shown to promote osteogenic differ-
entiation and calcium deposition in bone120 and to play
a role in skeletal development by regulating endochon-
dral ossification.152 Its role has been validated in a mouse
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F IGURE 4 MicroRNAs (miRNAs) in fracture non-union. Mechanism of action of miR-31-5p, miR-221 and miR-451-5p involved in
non-union fractures. ‘+’ indicates promotion, while ‘–’ indicates inhibition of the target gene or pathway. This regulation does not necessarily
represent the direct target of the miRNA but rather the overall downstream pathway regulation. Main effect of miR-31-5p is the reduction of
osteogenesis by inhibition of runt-related transcription factor 2 (RUNX2) and bone morphogenic protein 2 (BMP2) expression. miR-221 leads
to increased fibroblast proliferation by upregulation of platelet-derived growth factor (PDGFA). miR-451-5p in general decreases cell growth,
migration and angiogenesis, all critical factors for fracture healing.

fracture model where it promoted fracture healing after
injection in the fracture site.120 Waki et al.129 identi-
fied miR-140 as differentially expressed in a screening
of fracture patients with healed fractures, compared to
non-healed fractures. Orth et al.141 confirmed that miR-
140-3p and miR-140-5p were significantly downregulated
in a non-union mouse fracture model. These observations
may be explained by involvement of miR-140-3p in acti-
vation of the Wnt signalling pathway, which promotes
osteogenesis153 and the fracture healing process.48 miR-140
may also control fracture healing by regulating the expres-
sion of Toll-like receptor 4 (TLR4) and BMP2.103,142 Dnpep
was identified as a target gene of miR-140-5p141,152 and an
upregulation ofDnpep caused skeletal defects by inhibiting
BMP signalling.152 However, Orth et al.141 also predicted
an inhibitory effect of miR-140 on BMP2 through the
downregulation of stromal cell-derived factor 1α (SDF-1α)
(CXCL12).
In contrast to the reported positive effects of miR-140

in fracture healing, it was also shown that the inhibi-
tion of miR-140-5p promoted osteogenesis in ASCs and
enhanced fracture healing in an atrophic non-union rat
model.142 A transfection of chondrocytes with miR-140
mimics increased SMAD1 expression and suppressed the
hypertrophy of chondrocytes by controlling the BMP
pathway.154
The role of miR-140 during fracture healing is still not

completely understood. In particular, it is unclear which
outcome is promoted by an increased miR-140 level at an
early timepoint after a fracture. However, it is likely that
the regulation of miR-140 during fracture healing process

is time-dependent or the different strands are regulated
differently.

4.3 miRNAs in fracture healing:
miR-214

A review of the literature indicates contrasting findings
regarding the role of miR-214 in fracture healing delay or
non-union. Screening of fragility fracture patients showed
decreased miR-214 levels in blood and tissue samples, and
miR-214 was shown to regulate proliferation and apop-
tosis of osteoblasts and bone formation by inhibiting the
expression of SRY-box transcription factor 4 (SOX4).55
miR-214 was increased in patients directly following a frac-
ture and inhibition of miR-214 promoted cell survival and
extracellular matrix formation in the early phase of frac-
ture healing by targeting type IV collagen (COL4A1),63 a
component of basement membranes.155 Upregulated miR-
214 led to improved fracture healing by regulating the
BMP/Smad signalling pathway.111 miR-214 is also involved
in the modulation of Wnt/β-catenin pathway and inhibits
endochondral ossification, which led to delayed fracture
healing in fracture patients.113 Functional studies sug-
gested that suppressingmiR-214 inMSCs enhancesRUNX2
levels and promotes osteogenic differentiation. Li et al.106
identified CTNNB1 as a target of miR-214, which is rele-
vant since CTNNB1 encodes β-catenin, a mediator in the
Wnt signalling pathway that activates the osteogenic tran-
scription factor RUNX2. Thus, miR-214 may function as a
possible therapeutic target to improve the fracture healing
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process and should be further investigated to decrease the
risk for delayed fracture healing or non-union.

4.4 miRNAs in non-union fractures

Compared to investigations on miRNAs involved in physi-
ological bone healing processes, data on miRNAs involved
in non-union fractures are scarce. Nonetheless, somemiR-
NAs have been identified and validated for impaired bone
healing. Table 2 includesmiRNAs that have been described
as differentially expressed during non-union fractures. Of
note, miR-31-5p, miR-221 and miR-451-5p have not been
reported in studies with undisturbed fracture healing and
may thus be specifically regulated in non-union fractures
and may represent promising miRNAs with biomarker
potential. Those miRNAs should be further validated
to examine their exact role during the fracture healing
process.

4.5 miRNAs in non-union fractures:
miR-31a-5p

Profiling miRNAs in rat non-union fractures showed an
upregulation of miR-31a-3p/-5p.140 miR-31a-3p/-5p were
among the most upregulated miRNAs in the non-union
fracture group compared to healing fractures on post-
fracture day 14. Orth et al.141 reported a comparable
observation from a mouse non-union model with a 1.8
mm femoral fracture gap, suggesting that miR-31-5p is a
negative regulator of MSC osteogenic differentiation.156
Accordingly, miR-31 was reported to target the expression
of special AT-rich sequence-binding (SATB) homeobox 2
gene (SATB2),156 which encodes a pro-osteoblastogenic
transcription factor.157 In addition, RUNX2 and BMP2 are
known targets of miR-31a-5p and inhibition of miR-31a-
5p promoted the osteogenic differentiation of MSCs in
vitro.158

4.6 miRNAs in non-union fractures:
miR-221

Microarray analysis of callus tissue samples from atrophic
non-union fracture patients revealed an increased expres-
sion ofmiR-221,53 and functional studies inMSCs provided
evidence that miR-221 overexpression inhibits the expres-
sion of PDGF subunit A (PDGFA).53 This is of relevance
since inhibition of PDGFA stimulates fibroblast prolifer-
ation in the early stages of fracture healing leading to
improved bone formation.159 Using a diabetic rat model of
delayed fracture healing and non-union, Takahara et al.139

also observed an altered expression level of miR-221-3p,
which was highly upregulated on post-fracture days 5, 7
and 11 in the DM group.

4.7 miRNAs in non-union fractures:
miR-451-5p

miR-451-5p was identified using microarray analysis in a
rat DM model after analysing callus samples from the
fracture site indicating elevated levels from days 5 to 14
after a surgery-implemented fracture.139 Functional stud-
ies showed that miR-451-5p inhibits cell growth, migration
and angiogenesis via downregulation of IL6R.160 How-
ever, in a fracture model implemented in non-diabetic
rats, a stronger upregulation of miR-451-5p in standard
healing fractures was observed in comparison to non-
union fractures.129 Furthermore, upregulation of miR-
451-5p increased cyclooxygenase 2 (COX2) protein levels
linking miR-451 to endochondral ossification by increased
chondrocyte hypertrophy.161,162

4.8 miRNAs in osteoporotic fractures

Even though this was not a category that was sys-
tematically analysed within this review, some miRNAs
associated with osteoporotic fractures have also been
identified. Patients suffering from osteoporosis have a
higher incidence of non-traumatic fractures and have
an elevated risk for non-union. The internal fixation to
treat fractures in osteoporotic patients suffers from insuf-
ficient strength and stability because of low BMD.163
Nine of the included studies46,47,81,102,104,106,111,164 imple-
mented an osteoporotic fracture model to focus on this
group of patients. miR-140, miR-214, miR-21 and miR-
26a were shown to improve osteogenic differentiation
in osteoporotic bone defects.46,102,130 miR-22 stimulated
osteogenic differentiation by inhibition of MYC proto-
oncogene (MYC)/PI3K/AKT pathway and was beneficial
in an osteoporotic bone model to promote bone healing.47
Possible evidence for a role of miR-214 in fracture healing
in an ovariectomised mouse model was reported by Wang
et al.,81 who transfectedHUVECswith amiR-214 inhibitor,
leading to improved tube formation and cell migration.
Mechanical stimulation across the fracture gap in an osteo-
porotic mouse model decreased miR-214 levels improv-
ing fracture healing. In addition, miR-214 suppression
enhanced RUNX2 expression and promoted osteogenic
differentiation in an osteoporotic rat model,106 while
enhanced miR-214 expression delayed healing of osteo-
porotic model fractures likely by inhibiting the BMP/Smad
signalling pathway.111
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In terms of improved fracture healing in osteoporosis,
miR-187-induced osteogenic differentiation, bone recon-
struction and healing in a mouse osteoporotic fracture
model.65 A subsequent analysis in a model of ovariec-
tomy to induce osteoporosis confirmed the importance of
miR-187.65
It has also been suggested that knockdown of miR-

100 can improve the osteogenic differentiation of BMSCs
by promoting the AKT/mechanistic target of rapamycin
kinase (mTOR) pathway.164
The identified miRNAs may be used to predict the risk

for a non-union in osteoporotic fracture patients and to
improve the treatment of fragility fractures due to a low
BMD.

4.9 Future perspectives

Our analyses suggest that specificmiRNAswith biomarker
potential exist, which may be used to predict disturbed
fracture healing alone or in combination. However,
translation into clinical practice requires a standardised
approach for future studies, also with respect to minimally
invasive sampling procedures such as liquid biopsies. Also,
it needs additional evidence that data from the osteo-
porotic models are relevant in humans with osteoporosis.
Since there is a lack of knowledge concerning the compara-
bility of local versus circulating miRNA levels, we suggest
combined analysis of the herewith identified miRNAs in
non-union fracture patients’ callus tissue collected dur-
ing revision and concurrent blood sampling. Correlation
with clinical outcomes should be performed over at least
6 months after fracture. Additional individual factors with
influence on miRNA levels should be thoroughly investi-
gated and reported, including age, DM, menopausal state
and T-score, in the case of osteoporotic patients. Further
research including functional analysis of identified miR-
NAs using established in vivo or in vitro models is needed
to identify the involved targetmolecules and pathways and
to understand miRNA expression profiles over time. The
overall vision is to use these miRNAs as diagnostic mark-
ers, alone or in combination with other factors, to predict
the risk of fracture healing disturbances and improve the
decision making and the individual treatment options for
the patients. Moreover, these miRNAs or the pathways
they affect also represent promising therapeutic targets to
improve fracture healing.

5 CONCLUSIONS

Despite large heterogeneity in the field of miRNAs
and fracture healing, this systematic analysis of clinical

screenings and functional validation studies revealed a
set of miRNAs with biomarker potential in disturbed
fracture healing. Based on our investigation, miR-31-5p,
miR-221 andmiR-451-5p appear to be involved in processes
linked to fracture non-union and could be used to predict
disturbed bone healing. For fracture healing in general,
focusing on miR-21, miR-140 and miR-214 is promising for
future investigations. Further studies will have to focus on
those miRNAs and on their further validation during frac-
ture healing before miRNA-based theranostic approaches
become an option.

ACKNOWLEDGEMENTS
This work was supported by AO Foundation, AOCMF and
AO Trauma. Figures were created with BioRender.com.

CONFL ICT OF INTEREST
The authors declare they have no conflicts of interest.

ORCID
FranziskaLiobaBreulmann https://orcid.org/0000-
0002-4162-1642
LuanPhelipeHatt https://orcid.org/0000-0001-5278-
2209
Boris Schmitz https://orcid.org/0000-0001-7041-7424
EstherWehrle https://orcid.org/0000-0003-2723-7342
RobertGeoff Richards https://orcid.org/0000-0002-
7778-2480
ElenaDellaBella https://orcid.org/0000-0001-5151-7390
Martin James Stoddart https://orcid.org/0000-0002-
9538-1517

REFERENCES
1. Wildemann B, Ignatius A, Leung F, et al. Non-union bone

fractures. Nat Rev Dis Primers. 2021;7(1):57.
2. Zura R, Mehta S, Della Rocca GJ, Steen RG. Biological risk

factors for nonunion of bone fracture. JBJS Rev. 2016;4(1):e5.
3. Lai EC. Micro RNAs are complementary to 3’ UTR sequence

motifs that mediate negative post-transcriptional regulation.
Nat Genet. 2002;30(4):363-364.

4. FilipowiczW, Bhattacharyya SN, Sonenberg N. Mechanisms of
post-transcriptional regulation by microRNAs: are the answers
in sight? Nat Rev Genet. 2008;9(2):102-114.

5. Kuehbacher A, Urbich C, Zeiher AM, Dimmeler S. Role of
Dicer and Drosha for endothelial microRNA expression and
angiogenesis. Circ Res. 2007;101(1):59-68.

6. Suarez Y, Fernandez-Hernando C, Pober JS, Sessa WC. Dicer
dependent microRNAs regulate gene expression and functions
in human endothelial cells. Circ Res. 2007;100(8):1164-1173.

7. Pu Y, Zhao F, Cai W, Meng X, Li Y, Cai S. MiR-193a-3p and
miR-193a-5p suppress the metastasis of human osteosarcoma
cells by down-regulating Rab27B and SRR, respectively. Clin
Exp Metastasis. 2016;33(4):359-372.

8. Russo A, Potenza N. Antiproliferative activity of microRNA-
125a and its molecular targets.Microrna. 2019;8(3):173-179.

 20011326, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ctm

2.1161 by E
th Z

ürich E
th-B

ibliothek, W
iley O

nline L
ibrary on [01/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-4162-1642
https://orcid.org/0000-0002-4162-1642
https://orcid.org/0000-0002-4162-1642
https://orcid.org/0000-0001-5278-2209
https://orcid.org/0000-0001-5278-2209
https://orcid.org/0000-0001-5278-2209
https://orcid.org/0000-0001-7041-7424
https://orcid.org/0000-0001-7041-7424
https://orcid.org/0000-0003-2723-7342
https://orcid.org/0000-0003-2723-7342
https://orcid.org/0000-0002-7778-2480
https://orcid.org/0000-0002-7778-2480
https://orcid.org/0000-0002-7778-2480
https://orcid.org/0000-0001-5151-7390
https://orcid.org/0000-0001-5151-7390
https://orcid.org/0000-0002-9538-1517
https://orcid.org/0000-0002-9538-1517
https://orcid.org/0000-0002-9538-1517


BREULMANN et al. 29 of 33

9. Chen LJ, Chuang L, Huang YH, et al. MicroRNA mediation
of endothelial inflammatory response to smooth muscle cells
and its inhibition by atheroprotective shear stress. Circ Res.
2015;116(7):1157-1169.

10. Marsell R, Einhorn TA. The biology of fracture healing. Injury.
2011;42(6):551-555.

11. Steiner M, Claes L, Ignatius A, Niemeyer F, Simon U, Wehner
T. Prediction of fracture healing under axial loading, shear load-
ing and bending is possible using distortional and dilatational
strains as determining mechanical stimuli. J R Soc Interface.
2013;10(86):20130389.

12. Dimitriou R, Tsiridis E, Giannoudis PV. Current concepts of
molecular aspects of bone healing. Injury. 2005;36(12):1392-
1404.

13. Gerstenfeld LC, CullinaneDM, BarnesGL, GravesDT, Einhorn
TA. Fracture healing as a post-natal developmental process:
molecular, spatial, and temporal aspects of its regulation. J Cell
Biochem. 2003;88(5):873-884.

14. Ai-Aql ZS, Alagl AS, Graves DT, Gerstenfeld LC, Einhorn
TA. Molecular mechanisms controlling bone formation dur-
ing fracture healing and distraction osteogenesis. J Dent Res.
2008;87(2):107-118.

15. Einhorn TA. The cell andmolecular biology of fracture healing.
Clin Orthop Relat Res. 1998;(355 suppl):S7-S21.

16. Bahney CS, Zondervan RL, Allison P, et al. Cellular biology of
fracture healing. J Orthop Res. 2019;37(1):35-50.

17. Kon T, Cho TJ, Aizawa T, et al. Expression of osteoprotegerin,
receptor activator of NF-kappa B ligand (osteoprotegerin lig-
and) and related proinflammatory cytokines during fracture
healing. J Bone Miner Res. 2001;16(6):1004-1014.

18. Bolander ME. Regulation of fracture repair by growth factors.
Proc Soc Exp Biol Med. 1992;200(2):165-170.

19. Oryan A, Monazzah S, Bigham-Sadegh A. Bone injury and
fracture healing biology. Biomed Environ Sci. 2015;28(1):
57-71.

20. Sakou T. Bone morphogenetic proteins: from basic studies to
clinical approaches. Bone. 1998;22(6):591-603.

21. Yu YY, Lieu S, Lu C, Colnot C. Bone morphogenetic protein
2 stimulates endochondral ossification by regulating periosteal
cell fate during bone repair. Bone. 2010;47(1):65-73.

22. Akiyama H, Kim JE, Nakashima K, et al. Osteo-
chondroprogenitor cells are derived from Sox9 expressing
precursors. Proc Natl Acad Sci U S A. 2005;102(41):14665-14670.

23. Teitelbaum SL. Osteoclasts: what do they do and how do they
do it? Am J Pathol. 2007;170(2):427-435.

24. Cottrell JA, Turner JC,ArinzehTL,O’Connor JP. The biology of
bone and ligament healing. Foot Ankle Clin. 2016;21(4):739-761.

25. Wang L, Li ZY, Wang YP, Wu ZH, Yu B. Dynamic expression
profiles of marker genes in osteogenic differentiation of human
bone marrow-derived mesenchymal stem cells. ChinMed Sci J.
2015;30(2):108-113.

26. Zolocinska A. The expression of marker genes during the dif-
ferentiation of mesenchymal stromal cells. Adv Clin Exp Med.
2018;27(5):717-723.

27. Deng J, Wu J, Zhu Y. Inhibition of MicroRNA-9 improves frac-
ture healing by modulating the bone morphogenetic protein-7
pathway. Pharmacology. 2019;104(5-6):352-358.

28. Hankenson KD, Dishowitz M, Gray C, Schenker M. Angiogen-
esis in bone regeneration. Injury. 2011;42(6):556-561.

29. Glowacki J. Angiogenesis in fracture repair. Clin Orthop Relat
Res. 1998;(355 suppl):S82-S89.

30. Gerber HP, Vu TH, Ryan AM, Kowalski J, Werb Z, Ferrara N.
VEGF couples hypertrophic cartilage remodeling, ossification
and angiogenesis during endochondral bone formation. Nat
Med. 1999;5(6):623-628.

31. Deckers MM, van Bezooijen RL, van der Horst G, et al. Bone
morphogenetic proteins stimulate angiogenesis through
osteoblast-derived vascular endothelial growth factor A.
Endocrinology. 2002;143(4):1545-1553.

32. Nencini S, Ivanusic JJ. The physiology of bone pain. Howmuch
do we really know? Front Physiol. 2016;7:157.

33. Yoo YM, Kwag JH, Kim KH, Kim CH. Effects of neuropeptides
and mechanical loading on bone cell resorption in vitro. Int J
Mol Sci. 2014;15(4):5874-5883.

34. Hohmann EL, Elde RP, Rysavy JA, Einzig S, Gebhard
RL. Innervation of periosteum and bone by sympathetic
vasoactive intestinal peptide-containing nerve fibers. Science.
1986;232(4752):868-871.

35. Madsen JE, HukkanenM, Aune AK, et al. Fracture healing and
callus innervation after peripheral nerve resection in rats. Clin
Orthop Relat Res. 1998;(351):230-240.

36. Uhthoff HK. Current concepts of internal fixation of fractures.
Can J Surg. 1980;23(3):213-214.

37. Le AX, Miclau T, Hu D, Helms JA. Molecular aspects of heal-
ing in stabilized and non-stabilized fractures. J Orthop Res.
2001;19(1):78-84.

38. Gardner OFW, Fahy N, Alini M, Stoddart MJ. Joint mimick-
ing mechanical load activates TGFbeta1 in fibrin-poly(ester-
urethane) scaffolds seeded with mesenchymal stem cells. J
Tissue Eng Regen Med. 2017;11(9):2663-2666.

39. Li Z, Kupcsik L, Yao SJ, Alini M, Stoddart MJ. Mechani-
cal load modulates chondrogenesis of human mesenchymal
stem cells through the TGF-beta pathway. J Cell Mol Med.
2010;14(6A):1338-1346.

40. Nguyen J, Tang SY, Nguyen D, Alliston T. Load regulates
bone formation and Sclerostin expression through a TGFbeta-
dependent mechanism. PLoS One. 2013;8(1):e53813.

41. ZhaoW, Shen G, Ren H, et al. Therapeutic potential of microR-
NAs in osteoporosis function by regulating the biology of cells
related to bone homeostasis. J Cell Physiol. 2018;233(12):9191-
9208.

42. Ge DW, Wang WW, Chen HT, Yang L, Cao XJ. Functions
of microRNAs in osteoporosis. Eur Rev Med Pharmacol Sci.
2017;21(21):4784-4789.

43. Bottani M, Banfi G, Lombardi G. The clinical potential of circu-
lating miRNAs as biomarkers: present and future applications
for diagnosis and prognosis of age-associated bone diseases.
Biomolecules. 2020;10(4):589.

44. Lei SF, Papasian CJ, Deng HW. Polymorphisms in predicted
miRNA binding sites and osteoporosis. J Bone Miner Res.
2011;26(1):72-78.

45. Seeliger C, Karpinski K, Haug AT, et al. Five freely circu-
lating miRNAs and bone tissue miRNAs are associated with
osteoporotic fractures. J Bone Miner Res. 2014;29(8):1718-1728.

46. Sun X, Li X, Qi H, et al. MiR-21 nanocapsules promote
early bone repair of osteoporotic fractures by stimulating the
osteogenic differentiation of bone marrow mesenchymal stem
cells. J Orthop Translat. 2020;24:76-87.

 20011326, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ctm

2.1161 by E
th Z

ürich E
th-B

ibliothek, W
iley O

nline L
ibrary on [01/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



30 of 33 BREULMANN et al.

47. Zhang X, Wang Y, Zhao H, et al. Extracellular vesicle-
encapsulatedmiR-22-3p frombonemarrowmesenchymal stem
cell promotes osteogenic differentiation via FTO inhibition.
Stem Cell Res Ther. 2020;11(1):227.

48. LiuQP,WuTH, ZhengH, et al.MiR-140-3p overexpression acti-
vates the Wnt signaling pathway to promote fracture healing.
Eur Rev Med Pharmacol Sci. 2019;23(14):6011-6017.

49. Xu T, Luo Y, Wang J, et al. Exosomal miRNA-128-3p frommes-
enchymal stem cells of aged rats regulates osteogenesis and
bone fracture healing by targeting Smad5. J Nanobiotechnology.
2020;18(1):47.

50. Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA
2020 statement: an updated guideline for reporting systematic
reviews. BMJ. 2021;372:n71.

51. Campbell M, McKenzie JE, Sowden A, et al. Synthesis with-
out meta-analysis (SWiM) in systematic reviews: reporting
guideline. BMJ. 2020;368:l6890.

52. Lucas PJ, Baird J, Arai L, LawC, RobertsHM.Worked examples
of alternativemethods for the synthesis of qualitative and quan-
titative research in systematic reviews. BMCMed ResMethodol.
2007;7:4.

53. Wei J, Chen H, Fu Y, et al. Experimental study of expression
profile and specific role of human microRNAs in regulating
atrophic bone nonunion.Medicine. 2020;99(36):e21653.

54. Sun Y, Xiong Y, Yan C, et al. Downregulation of microRNA-16-
5p accelerates fracture healing by promoting proliferation and
inhibiting apoptosis of osteoblasts in patients with traumatic
brain injury. Am J Transl Res. 2019;11(8):4746-4760.

55. Xin Z, Cai D, Wang J, et al. MiR-214 regulates fracture heal-
ing through inhibiting Sox4 and itsmechanism. JMusculoskelet
Neuronal Interact. 2020;20(3):429-436.

56. Xie W, Wang Z, Zhang Y, Zhang Z. Beneficial role of
microRNA-328-3p in fracture healing by enhancing osteoblastic
viability through the PTEN/PI3K/AKT pathway. Exp TherMed.
2020;20(6):271.

57. Zou L, Zhang G, Liu L, Chen C, Cao X, Cai J. A microRNA-124
polymorphism is associated with fracture healing via modu-
lating BMP6 expression. Cell Physiol Biochem. 2017;41(6):2161-
2170.

58. Pan LX, Ding W. LncRNA HAGLR accelerates femoral neck
fracture healing through negatively regulating miRNA-19a-3p.
Eur Rev Med Pharmacol Sci. 2020;24(8):4080-4087.

59. Zhang SY, Gao F, Peng CG, Zheng CJ, Wu MF. Hsa-miR-203
inhibits fracture healing via targeting PBOV1. Eur Rev Med
Pharmacol Sci. 2018;22(18):5797-5803.

60. Wang F, Hu XY, Cao C, Zhao YW, He SH. MiR-488 promotes
fracture healing by targetingDKK1.EurRevMedPharmacol Sci.
2018;22(24):8965-8972.

61. Zheng K, Wang Y. MiR-193a-3p promotes fracture healing via
targeting PTEN gene.Mol Biotechnol. 2021;63(7):605-612.

62. Ji X, Li Z, Wang W, Chen J. Downregulation of long non-
coding RNA PVT1 enhances fracture healing via regulating
microRNA-497-5p/HMGA2axis.Bioengineered. 2021;12(1):8125-
8134.

63. Li QS, Meng FY, Zhao YH, Jin CL, Tian J, Yi XJ. Inhibition
of microRNA-214-5p promotes cell survival and extracellu-
lar matrix formation by targeting collagen type IV alpha
1 in osteoblastic MC3T3-E1 cells. Bone Joint Res. 2017;6(8):
464-471.

64. Murata K, Ito H, Yoshitomi H, et al. Inhibition of miR-92a
enhances fracture healing via promoting angiogenesis in a
model of stabilized fracture in young mice. J Bone Miner Res.
2014;29(2):316-326.

65. Zhang J, Zhang T, Tang B, Li J, Zha Z. The miR-187 induced
bone reconstruction and healing in a mouse model of osteo-
porosis, and accelerated osteoblastic differentiation of human
multipotent stromal cells by targeting BARX2. Pathol Res Pract.
2021;219:153340.

66. Weilner S, Skalicky S, Salzer B, et al. Differentially circulat-
ing miRNAs after recent osteoporotic fractures can influence
osteogenic differentiation. Bone. 2015;79:43-51.

67. Hu L, Liu J, Xue H, et al. miRNA-92a-3p regulates osteoblast
differentiation in patients with concomitant limb fractures and
TBI via IBSP/PI3K-AKT inhibition. Mol Ther Nucleic Acids.
2021;23:1345-1359.

68. Wang B, Wu W, Xu K, Wu H. MicroRNA-223-3p is involved in
fracture healing by regulating fibroblast growth factor receptor
2. Bioengineered. 2021;12(2):12040-12048.

69. YanZW,DuP, ZhangW, et al. Expression ofmiR-182 in patients
with fracture of tibial plateau and its regulative effects on the
fracture healing. Eur Rev Med Pharmacol Sci. 2021;25(1):35-44.

70. Dietz C, Muller M, Reinhold AK, et al. What is normal
trauma healing and what is complex regional pain syndrome
I? An analysis of clinical and experimental biomarkers. Pain.
2019;160(10):2278-2289.

71. Zarecki P, Hackl M, Grillari J, Debono M, Eastell R. Serum
microRNAs as novel biomarkers for osteoporotic vertebral
fractures. Bone. 2020;130:115105.

72. Yuan HF, Von Roemeling C, Gao HD, Zhang J, Guo CA, Yan
ZQ. Analysis of altered microRNA expression profile in the
reparative interface of the femoral headwith osteonecrosis.Exp
Mol Pathol. 2015;98(2):158-163.

73. Xiong Y, Cao F, Hu L, et al. miRNA-26a-5p accelerates healing
via downregulation of PTEN in fracture patients with traumatic
brain injury.Mol Ther Nucleic Acids. 2019;17:223-234.

74. Li X, Li K, Yu G, Yu C, Liu C. miR-342-5p inhibits expression of
Bmp7 to regulate proliferation, differentiation andmigration of
osteoblasts.Mol Immunol. 2019;114:251-259.

75. Yang W, Zhu W, Yang Y, et al. Exosomal miR-100-5p inhibits
osteogenesis of hBMSCs and angiogenesis of HUVECs by sup-
pressing the BMPR2/Smad1/5/9 signalling pathway. Stem Cell
Res Ther. 2021;12(1):390.

76. Wang Y, Chen W, Zhao L, et al. Obesity regulates miR-
467/HoxA10 axis on osteogenic differentiation and fracture
healing by BMSC-derived exosome LncRNA H19. J Cell Mol
Med. 2021;25(3):1712-1724.

77. Xiong Y, Chen L, Yan C, et al. M2 macrophagy-derived exo-
somal miRNA-5106 induces bone mesenchymal stem cells
towards osteoblastic fate by targeting salt-inducible kinase 2
and 3. J Nanobiotechnology. 2020;18(1):66.

78. Bourgery M, Ekholm E, Fagerlund K, et al. Multiple targets
identifiedwith genomewide profiling of small RNAandmRNA
expression are linked to fracture healing in mice. Bone Rep.
2021;15:101115.

79. Zhang D, Wu Y, Li Z, et al. miR-144-5p, an exosomal
miRNA from bone marrow-derived macrophage in type 2 dia-
betes, impairs bone fracture healing via targeting Smad1. J
Nanobiotechnology. 2021;19(1):226.

 20011326, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ctm

2.1161 by E
th Z

ürich E
th-B

ibliothek, W
iley O

nline L
ibrary on [01/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BREULMANN et al. 31 of 33

80. Li D, Yu K, Xiao T, et al. LOC103691336/miR-138-5p/BMPR2
axis modulates Mg-mediated osteogenic differentiation in rat
femoral fracture model and rat primary bone marrow stromal
cells. J Cell Physiol. 2019;234(11):21316-21330.

81. Wang X, Li X, Li J, et al. Mechanical loading stimulates
bone angiogenesis through enhancing type H vessel formation
and downregulating exosomal miR-214-3p from bone marrow-
derived mesenchymal stem cells. FASEB J. 2021;35(1):e21150.

82. He B, Zhang ZK, Liu J, et al. Bioinformatics and microarray
analysis of miRNAs in aged female mice model implied new
molecular mechanisms for impaired fracture healing. Int J Mol
Sci. 2016;17(8):1260.

83. Tian Z, Zhou H, Xu Y, Bai J. MicroRNA-495 inhibits new
bone regeneration via targeting high mobility group AT-Hook
2 (HMGA2).Med Sci Monit. 2017;23:4689-4698.

84. Liu H, Su H,Wang X, HaoW.MiR-148a regulates bonemarrow
mesenchymal stem cells-mediated fracture healing by targeting
insulin-like growth factor 1. J Cell Biochem. 2018.

85. Takahara S, Lee SY, Iwakura T, et al. Altered expression of
microRNA during fracture healing in diabetic rats. Bone Joint
Res. 2018;7(2):139-147.

86. Silva AM, Almeida MI, Teixeira JH, et al. Profiling the circulat-
ing miRnome reveals a temporal regulation of the bone injury
response. Theranostics. 2018;8(14):3902-3917.

87. Liu W, Li L, Rong Y, et al. Hypoxic mesenchymal stem cell-
derived exosomes promote bone fracture healing by the transfer
of miR-126. Acta Biomater. 2020;103:196-212.

88. Mi B, Xiong Y, Yan C, et al. Methyltransferase-like 3-
mediated N6-methyladenosine modification of miR-7212-5p
drives osteoblast differentiation and fracture healing. J Cell Mol
Med. 2020;24(11):6385-6396.

89. Hou Y, Lin W, Li Y, et al. De-osteogenic-differentiated mes-
enchymal stem cells accelerate fracture healing by mir-92b. J
Orthop Translat. 2021;27:25-32.

90. Hu H,Wang D, Li L, Yin H, He G, Zhang Y. Role of microRNA-
335 carried by bone marrow mesenchymal stem cells-derived
extracellular vesicles in bone fracture recovery. Cell Death Dis.
2021;12(2):156.

91. Furuta T, Miyaki S, Ishitobi H, et al. Mesenchymal stem cell-
derived exosomes promote fracture healing in a mouse model.
Stem Cells Transl Med. 2016;5(12):1620-1630.

92. Lee WY, Li N, Lin S, Wang B, Lan HY, Li G. miRNA-29b
improves bone healing in mouse fracture model. Mol Cell
Endocrinol. 2016;430:97-107.

93. Tu M, Tang J, He H, Cheng P, Chen C. MiR-142-5p promotes
bone repair by maintaining osteoblast activity. J Bone Miner
Metab. 2017;35(3):255-264.

94. Shi L, Feng L, Liu Y, et al. MicroRNA-218 promotes osteogenic
differentiation of mesenchymal stem cells and accelerates bone
fracture healing. Calcif Tissue Int. 2018;103(2):227-236.

95. Lang Y, Sun Q, Zhu LM, et al. MiR-25 overexpression promotes
fracture healing by activating the Wnt signaling pathway. Eur
Rev Med Pharmacol Sci. 2019;23(17):7200-7208.

96. Jiang Y, Zhang J, Li Z, Jia G. Bone marrow mesenchymal stem
cell-derived exosomal miR-25 regulates the ubiquitination and
degradation of Runx2 by SMURF1 to promote fracture healing
in mice. Front Med. 2020;7:577578.

97. Jiang C, Xia W, Wu T, et al. Inhibition of microRNA-222
up-regulates TIMP3 to promotes osteogenic differentiation of

MSCs from fracture rats with type 2 diabetesmellitus. J CellMol
Med. 2020;24(1):686-694.

98. Xiong Y, Yan C, Chen L, et al. IL-10 induces MC3T3-E1 cells
differentiation towards osteoblastic fate inmurinemodel. J Cell
Mol Med. 2020;24(1):1076-1086.

99. Huang Y, Xu Y, Feng S, He P, Sheng B, Ni J. miR-19b
enhances osteogenic differentiation of mesenchymal stem cells
and promotes fracture healing through the WWP1/Smurf2-
mediated KLF5/beta-catenin signaling pathway. Exp Mol Med.
2021;53(5):973-985.

100. Ito S,Minamizaki T, Kohno S, et al. Overexpression ofmiR-125b
in osteoblasts improves age-related changes in bone mass and
quality through suppression of osteoclast formation. Int J Mol
Sci. 2021;22(13):6745.

101. Sun Y, Xu L, Huang S, et al. mir-21 overexpressing mesenchy-
mal stem cells accelerate fracture healing in a rat closed femur
fracture model. BioMed Res Int. 2015;2015:412327.

102. Li Y, Fan L, Hu J, et al. MiR-26a rescues bone regeneration defi-
ciency of mesenchymal stem cells derived from osteoporotic
mice.Mol Ther. 2015;23(8):1349-1357.

103. Hadjiargyrou M, Zhi J, Komatsu DE. Identification of the
microRNA transcriptome during the early phases of mam-
malian fracture repair. Bone. 2016;87:78-88.

104. Li KC, Chang YH, Yeh CL, Hu YC. Healing of osteoporotic
bone defects by baculovirus-engineered bone marrow-derived
MSCs expressing microRNA sponges. Biomaterials. 2016;74:
155-166.

105. Huang J, Peng J, Cao G, et al. Hypoxia-induced microRNA-
429 promotes differentiation of MC3T3-E1 osteoblastic cells
by mediating ZFPM2 expression. Cell Physiol Biochem.
2016;39(3):1177-1186.

106. Li KC, Chang YH,HsuMN, Lo SC, LiWH,HuYC. Baculovirus-
mediated miR-214 knockdown shifts osteoporotic ASCs differ-
entiation and improves osteoporotic bone defects repair. Sci
Rep. 2017;7(1):16225.

107. YaoCJ, LvY, ZhangCJ, et al.MicroRNA-185 inhibits the growth
and proliferation of osteoblasts in fracture healing by tar-
geting PTH gene through down-regulating Wnt/beta-catenin
axis: in an animal experiment. Biochem Biophys Res Commun.
2018;501(1):55-63.

108. Cui Y, Fu S, SunD, Xing J,HouT,WuX. EPC-derived exosomes
promote osteoclastogenesis through LncRNA-MALAT1. J Cell
Mol Med. 2019;23(6):3843-3854.

109. Liu Y, Liu J, Xia T, et al. MiR-21 promotes fracture healing
by activating the PI3K/Akt signaling pathway. Eur Rev Med
Pharmacol Sci. 2019;23(7):2727-2733.

110. Wang C, Zheng GF, Xu XF. MicroRNA-186 improves frac-
ture healing through activating the bone morphogenetic pro-
tein signalling pathway by inhibiting SMAD6 in a mouse
model of femoral fracture: an animal study. Bone Joint Res.
2019;8(11):550-562.

111. Zhou LG, Shi P, Sun YJ, Liu HZ, Ni JQ, Wang X. MiR-214-
3p delays fracture healing in rats with osteoporotic fracture
through inhibiting BMP/Smad signaling pathway. Eur Rev Med
Pharmacol Sci. 2019;23(2):449-455.

112. Huang Y, Zhang X, Zhan J, et al. Bone marrow mesenchymal
stem cell-derived exosomal miR-206 promotes osteoblast pro-
liferation and differentiation in osteoarthritis by reducing Elf3.
J Cell Mol Med. 2021;25(16):7734-7745.

 20011326, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ctm

2.1161 by E
th Z

ürich E
th-B

ibliothek, W
iley O

nline L
ibrary on [01/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



32 of 33 BREULMANN et al.

113. Teng JW, Ji PF, Zhao ZG. MiR-214-3p inhibits beta-catenin sig-
naling pathway leading to delayed fracture healing. Eur Rev
Med Pharmacol Sci. 2018;22(1):17-24.

114. Sun MH, Wang WJ, Li Q, Yuan T, Weng WJ. Autologous oxy-
gen release nano bionic scaffold composite miR-106a induced
BMSCs enhances osteoblast conversion and promotes bone
repair through regulating BMP-2. Eur Rev Med Pharmacol Sci.
2018;22(21):7148-7155.

115. Sheng J, LiangWD, Xun CH, Xu T, Zhang J, ShengWB. Down-
regulation of miR-21 promotes tibial fracture healing in rabbits
through activating ERK pathway. Eur Rev Med Pharmacol Sci.
2019;23(23):10204-10210.

116. Mi B, Xiong Y, Chen L, et al. CircRNA AFF4 promotes
osteoblast cells proliferation and inhibits apoptosis via the
Mir-7223-5p/PIK3R1 axis. Aging. 2019;11(24):11988-12001.

117. Akkouch A, Eliason S, Sweat ME, et al. Enhancement of
MicroRNA-200c on osteogenic differentiation and bone regen-
eration by targeting Sox2-mediated Wnt signaling and Klf4.
Hum Gene Ther. 2019;30(11):1405-1418.

118. Liu H, Dong Y, Feng X, et al. miR-34a promotes bone regen-
eration in irradiated bone defects by enhancing osteoblastic
differentiation of mesenchymal stromal cells in rats. Stem Cell
Res Ther. 2019;10(1):180.

119. Chen L, Xiong Y, Yan C, et al. LncRNA KCNQ1OT1 acceler-
ates fracture healing via modulating miR-701-3p/FGFR3 axis.
FASEB J. 2020;34(4):5208-5222.

120. Jiao J, FengG,WuM,Wang Y, Li R, Liu J.MiR-140-5p promotes
osteogenic differentiation of mouse embryonic bone marrow
mesenchymal stem cells and post-fracture healing of mice. Cell
Biochem Funct. 2020;38(8):1152-1160.

121. Feng L, Zhang JF, Shi L, et al. MicroRNA-378 suppressed
osteogenesis of MSCs and impaired bone formation via inac-
tivating Wnt/beta-catenin signaling. Mol Ther Nucleic Acids.
2020;21:1017-1028.

122. Yu H, Zhang J, Liu X, Li Y. MicroRNA-136-5p from bone mar-
row mesenchymal stem cell-derived exosomes facilitates frac-
ture healing by targeting LRP4 to activate theWnt/beta-catenin
pathway. Bone Joint Res. 2021;10(12):744-758.

123. Zhang Y, Cheng W, Han B, et al. Let-7i-5p functions as a puta-
tive osteogenic differentiation promoter by targeting CKIP-1.
Cytotechnology. 2021;73(1):79-90.

124. NIH Consensus Development Panel on Osteoporosis Preven-
tion Diagnosis, and Therapy. Osteoporosis prevention, diagno-
sis, and therapy. JAMA. 2001;285(6):785-795.

125. Dai Y, Huang L, Zhang H, et al. Differentially expressed
microRNAs as diagnostic biomarkers for infected tibial non-
union. Injury. 2021;52(1):11-18.

126. Ning B, Londono I, Laporte C, Villemure I. Validation of an
in vivo micro-CT-based method to quantify longitudinal bone
growth of pubertal rats. Bone. 2022;154:116207.

127. Zhang Y, Wang X, Huang X, et al. Transcriptome sequenc-
ing profiling identifies miRNA-331-3p as an osteoblast-specific
miRNA in infected bone nonunion. Bone. 2021;143:115619.

128. Strauss FJ, Stahli A, Kobatake R, et al. miRNA-21 defi-
ciency impairs alveolar socket healing in mice. J Periodontol.
2020;91(12):1664-1672.

129. Waki T, Lee SY,Niikura T, et al. ProfilingmicroRNAexpression
during fracture healing. BMCMusculoskelet Disord. 2016;17:83.

130. Chen J, Yang Y. LncRNA HAGLR absorbing miR-214-3p pro-
motes BMP2 expression and improves tibial fractures. Am J
Transl Res. 2021;13(10):11065-11080.

131. Xiong Y, Cao F, Chen L, et al. Identification of key microRNAs
and target genes for the diagnosis of bone nonunion.Mol Med
Rep. 2020;21(4):1921-1933.

132. Xie H, Liu M, Jin Y, Lin H, Zhang Y, Zheng S. miR-1323
suppresses bone mesenchymal stromal cell osteogenesis and
fracture healing via inhibiting BMP4/SMAD4 signaling. J
Orthop Surg Res. 2020;15(1):237.

133. Peng H, Lu SL, Bai Y, Fang X, Huang H, Zhuang XQ. MiR-133a
inhibits fracture healing via targeting RUNX2/BMP2. Eur Rev
Med Pharmacol Sci. 2018;22(9):2519-2526.

134. Chen H, Ji X, She F, Gao Y, Tang P. miR-628-3p regulates
osteoblast differentiation by targeting RUNX2: possible role in
atrophic non-union. Int J Mol Med. 2017;39(2):279-286.

135. Ouyang Z, Tan T, Zhang X, et al. LncRNA ENST00000563492
promoting the osteogenesis–angiogenesis coupling process in
bone mesenchymal stem cells (BMSCs) by functions as a
ceRNA for miR-205-5p. Cell Death Dis. 2020;11(6):486.

136. ZhangY, YuanQ,WeiQ, et al. Long noncodingRNAXISTmod-
ulates microRNA-135/CREB1 axis to influence osteogenic dif-
ferentiation of osteoblast-like cells in mice with tibial fracture
healing. Hum Cell. 2022;35(1):133-149.

137. Zhang Y, Zhang Y, Yang K, et al. MALAT1 knockdown pro-
moted cell viability and migration of LPS-treated MG-63 cells
via sponging miR-212. Genes Genomics. 2021;43(5):523-531.

138. Long H, Zhu Y, Lin Z, et al. miR-381 modulates human bone
mesenchymal stromal cells (BMSCs) osteogenesis via sup-
pressing Wnt signaling pathway during atrophic nonunion
development. Cell Death Dis. 2019;10(7):470.

139. Takahara S, Lee SY, Iwakura T, et al. Altered microRNA profile
during fracture healing in rats with diabetes. J Orthop Surg Res.
2020;15(1):135.

140. Waki T, Lee SY, Niikura T, et al. Profiling microRNA expres-
sion in fracture nonunions: potential role of microRNAs in
nonunion formation studied in a rat model. Bone Joint J.
2015;97-B(8):1144-1151.

141. OrthM, Scheuer C, Backes C, et al. ProfilingmicroRNA expres-
sion in murine bone healing and non-union formation: role
of miR-140 during the early stage of bone healing. PLoS One.
2019;14(7):e0218395.

142. Guo PY, Wu LF, Xiao ZY, Huang TL, Li X. Knockdown of MiR-
140-5 promotes osteogenesis of adipose-derived mesenchymal
stem cells by targeting TLR4 and BMP2 and promoting frac-
ture healing in the atrophic nonunion rat model. Eur Rev Med
Pharmacol Sci. 2019;23(5):2112-2124.

143. Sun L, Li Z, Xue H, et al. MiR-26a promotes fracture healing of
nonunion rats possibly by targeting SOSTDC1 and further acti-
vating Wnt/beta-catenin signaling pathway. Mol Cell Biochem.
2019;460(1-2):165-173.

144. Li G, Yun X, Ye K, et al. Long non-coding RNA-H19 stimu-
lates osteogenic differentiation of bone marrow mesenchymal
stem cells via the microRNA-149/SDF-1 axis. J Cell Mol Med.
2020;24(9):4944-4955.

145. Xiong Y, Chen L, Yan C, Endo Y, Mi B, Liu G. The lncRNA
Rhno1/miR-6979-5p/BMP2 axis modulates osteoblast differen-
tiation. Int J Biol Sci. 2020;16(9):1604-1615.

 20011326, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ctm

2.1161 by E
th Z

ürich E
th-B

ibliothek, W
iley O

nline L
ibrary on [01/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BREULMANN et al. 33 of 33

146. Zhang Y, Leng H, Du Z, et al. Efficient regeneration of rat
calvarial defect with gelatin–hydroxyapatite composite cryogel.
Biomed Mater. 2020;15(6):065005.

147. Ersahin T, Tuncbag N, Cetin-Atalay R. The PI3K/AKT/mTOR
interactive pathway.Mol Biosyst. 2015;11(7):1946-1954.

148. Wu T, Liu Y, Fan Z, et al. miR-21modulates the immunoregula-
tory function of bone marrowmesenchymal stem cells through
the PTEN/Akt/TGF-beta1 pathway. StemCells. 2015;33(11):3281-
3290.

149. Zhu S, Wu H, Wu F, Nie D, Sheng S, Mo YY. MicroRNA-21 tar-
gets tumor suppressor genes in invasion and metastasis. Cell
Res. 2008;18(3):350-359.

150. Xu Z, Liu X, Wang H, et al. Lung adenocarcinoma cell-
derived exosomal miR-21 facilitates osteoclastogenesis. Gene.
2018;666:116-122.

151. KangH, Davis-Dusenbery BN, Nguyen PH, et al. Bonemorpho-
genetic protein 4 promotes vascular smooth muscle contractil-
ity by activating microRNA-21 (miR-21), which down-regulates
expression of family of dedicator of cytokinesis (DOCK) pro-
teins. J Biol Chem. 2012;287(6):3976-3986.

152. Nakamura Y, Inloes JB, Katagiri T, Kobayashi T. Chondrocyte-
specific microRNA-140 regulates endochondral bone devel-
opment and targets Dnpep to modulate bone morpho-
genetic protein signaling. Mol Cell Biol. 2011;31(14):3019-
3028.

153. Maeda K, Kobayashi Y, Koide M, et al. The regulation of bone
metabolism and disorders by Wnt signaling. Int J Mol Sci.
2019;20(22):5525.

154. Li C, Hu Q, Chen Z, et al. MicroRNA-140 suppresses human
chondrocytes hypertrophy by targeting SMAD1 and controlling
the bone morphogenetic protein pathway in osteoarthritis. Am
J Med Sci. 2018;355(5):477-487.

155. Saito K, Yonezawa T, Minaguchi J, et al. Distribution of
alpha(IV) collagen chains in the ocular anterior segments of
adult mice. Connect Tissue Res. 2011;52(2):147-156.

156. Xie Q, Wang Z, Bi X, et al. Effects of miR-31 on the osteoge-
nesis of human mesenchymal stem cells. Biochem Biophys Res
Commun. 2014;446(1):98-104.

157. Zhang J, TuQ, Grosschedl R, et al. Roles of SATB2 in osteogenic
differentiation and bone regeneration. Tissue Eng Part A.
2011;17(13-14):1767-1776.

158. Gao J, Yang T, Han J, et al. MicroRNA expression dur-
ing osteogenic differentiation of human multipotent mes-
enchymal stromal cells from bone marrow. J Cell Biochem.
2011;112(7):1844-1856.

159. Nash TJ, Howlett CR, Martin C, Steele J, Johnson KA, Hicklin
DJ. Effect of platelet-derived growth factor on tibial osteotomies
in rabbits. Bone. 1994;15(2):203-208.

160. Liu D, Liu C, Wang X, Ingvarsson S, Chen H. MicroRNA-451
suppresses tumor cell growth by down-regulating IL6R gene
expression. Cancer Epidemiol. 2014;38(1):85-92.

161. Zhang X,Wang X, ZhuH, et al. Synergistic effects of the GATA-
4-mediatedmiR-144/451 cluster in protection against simulated
ischemia/reperfusion-induced cardiomyocyte death. J Mol Cell
Cardiol. 2010;49(5):841-850.

162. Welting TJ, Caron MM, Emans PJ, et al. Inhibition of
cyclooxygenase-2 impacts chondrocyte hypertrophic differ-
entiation during endochondral ossification. Eur Cell Mater.
2011;22:420-436.

163. Rebolledo BJ, Unnanuntana A, Lane JM. A comprehensive
approach to fragility fractures. J Orthop Trauma. 2011;25(9):566-
573.

164. Dai Z, Wei G. Inhibition of miRNA-100 facilitates bone regen-
eration defects of mesenchymal stem cells in osteoporotic
mice through the protein kinase B pathway. Bioengineered.
2022;13(1):963-973.

165. Ge JB, Lin JT,HongHY, SunYJ, Li Y, ZhangCM.MiR-374b pro-
motes osteogenic differentiation of MSCs by degrading PTEN
and promoting fracture healing. Eur Rev Med Pharmacol Sci.
2018;22(11):3303-3310.

166. JankoM, Dietz K, Rachor J, et al. Improvement of bone healing
by neutralization of microRNA-335-5p, but not by neutraliza-
tion of microRNA-92A in bone marrow mononuclear cells
transplanted into a large femur defect of the rat. Tissue Eng Part
A. 2019;25(1-2):55-68.

167. Wang JG, Zhao XG,Wang XL, LiuMX,WanW. Low expression
ofmiR-1 promotes osteogenic repair of bonemarrowmesenchy-
mal stem cells by targeting TLR1. Eur Rev Med Pharmacol Sci.
2020;24(7):3492-3500.

How to cite this article: Breulmann FL, Hatt LP,
Schmitz B, et al. Prognostic and therapeutic
potential of microRNAs for fracture healing
processes and non-union fractures: A systematic
review. Clin Transl Med. 2023;13:e1161.
https://doi.org/10.1002/ctm2.1161

 20011326, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ctm

2.1161 by E
th Z

ürich E
th-B

ibliothek, W
iley O

nline L
ibrary on [01/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/ctm2.1161

