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The history of microRNAs (miRNAs)

miRNAs contribute to the understanding of changes in 
bone metabolism. After their discovery as a new class of 
regulatory molecules they have become a focus of scientific 
interest (1). MiRNAs were first described in 1993 by Lee 
et al. (2). The first miRNAs identified were lin-4 RNA and 
let-7 RNA, both in Caenorhabditis elegans, where they are 
part of a programme that determines the timing of larval 
development (2,3). Mature miRNAs are 19 to 24 nucleotide 
long RNA molecules that are involved in regulatory 
processes intracellularly, but were detected also in the 
circulation and other body fluids (4).

Regulatory functions are executed by the binding of the 
so-called “seed” region of miRNAs, the 6–8 nucleotide long 
sequence that is energetically favourable for the interaction 

with the target mRNA. For their regulatory capacity, 
miRNA binding to target mRNA needs no perfect base 
pairing; therefore one miRNA can bind to more targets 
and control the expression of several mRNAs. In that 
way miRNA can control several mRNAs, but also several 
miRNAs can potentially target the same gene product. 
MiRNAs regulate gene expression by their complementary 
binding to the 3’ UTR (untranslated region) of the target 
RNA. Thereby, mRNA translation is hindered, or miRNA 
binding destabilizes the target mRNA, which is then cleaved 
and degraded (5,6). 

Studies showed that miRNAs predominantly regulate 
gene expression negatively, at least in humans. Still, a 
discrepancy remains between the theoretically predicted 
binding sites and the actual binding of miRNAs leading to 
a biological response. Therefore, it has been suggested that 
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the majority of predicted binding sites might not be relevant 
for biological processes (7,8).

The nomenclature of miRNAs

For the nomenclature of miRNAs a prefix indicates 
the organism, e.g., “hsa” for Homo sapiens, “mus” for 
Mus musculus etc. followed by the term “miR” and the 
identification number that is given according to the order 
of discovery, considering miRNAs with the same sequence 
carry the same number even in different organisms. In 
the case two miRNAs in the same organism share very 
similar, but not perfectly identical sequences, they can 
carry the same number, only with the addition of a small 
letter starting with “a” (9). Until today, the miRNA-
database miRBase has 38,589 entries for 286 organisms. 
Mature miRNAs are listed as well as their precursors. It is 
suspected that these miRNAs regulate the translation of 
more than 60% of protein coding genes (9). miRNAs are, 
similar to transcription factors and RNA binding proteins, 
expressed tissue specific or at dedicated time points during 
development. This indicates that miRNAs are important 
factors in the development (10) and the cell-specific 
expression of protein profiles (11).

miRNA biogenesis

miRNAs either originate from non-protein coding 
transcripts (50%) or their sequence is located in the introns 
of coding genes (12). MiRNA biogenesis (Figure 1) starts in 
the nucleus with the transcription of a precursor miRNA 
(pri-miRNA) through RNA-polymerase II (RNAP II). The 
pri-miRNA has a length of a few thousand nucleotides 
and assembles to one or more hairpin elements. Via 
several ripening steps the pri-miRNA is processed into 
mature miRNA. The first maturation step is catalyzed by 
the nucleus located protein Drosha that cuts the stem-
loop hairpin structure from the pri-miRNA yielding an 
approximately 70 nucleotide long hairpin structure called 
pre-miRNA (12). The protein exportin five complexes 
with the hairpin and together with a Ran-GTP (Ras-
related nuclear protein-guanosine triphosphate) the pre-
miRNA is actively released from the nucleus with the 
release of Ran-GDP and phosphate. Once in the cytosol, 
the second enzyme of the RNase-II family, Dicer, binds 
to the pre-miRNA and cuts off the loop of the hairpin, 
leaving the stem structure and the 19 to 22 nucleotide 
long miRNA duplex (13). Argonaute (AGO)-proteins bind 
to the structure and one of the two strands, the so-called 

Figure 1 Transcription and maturation of miRNAs. miRNAs (microRNAs) are transcribed in the nucleus from a miRNA gene or intronic 
regions by RNAPII (RNA polymerase II) yielding the pri-miRNA (precursor miRNA) hairpin structure. The precursor pri-miRNA is 
processed by the endoribonuclease Drosha and the resulting pre-miRNA is exported to the cytoplasm via Ran-GTP (Ras-related nuclear 
protein-guanosine triphosphate)—dependent exportin 5 translocation. In the cytoplasm, Dicer binds and cleaves the pre-miRNA loop and 
end-regions upon RISC (RNA-induced silencing complex) binding double stranded miRNAs are transformed to single stranded mature 
miRNA bound to RISC complex (12-14) (created with BioRender).

miRNA gene or ln
tro

n
Nucleus

3'

3'

3'

5'

5'

5'

Drosha

pri-miRNA

pre-miRNA

pre-miRNA

Dicer

Double stranded stem region

Cytososl

RNAP II

RISC-complex with 
mature miRNA

Ago

Exportin 5
Ran-
GTP



Journal of Laboratory and Precision Medicine, 2019 Page 3 of 13

© Journal of Laboratory and Precision Medicine. All rights reserved. J Lab Precis Med 2019;4:2jlpm.amegroups.com

passenger strand, is removed and a single stranded RNA-
molecule bound to AGO-proteins remains. This complex 
is called the RISC-complex (RNA-induced silencing 
complex) (14). The active RISC-complex can then bind to 
the 3’UTR of the target mRNA by complementary base 
pairing of nucleotide 2 to 8 in the 5’ region of the miRNA. 
An imperfect base pairing can also lead to a silencing effect. 
Binding of the RISC-complex to the mRNA causes the 
inhibition of the protein synthesis via three different ways. 
Either miRNA binding marks the mRNA for degradation, 
or the translation is repressed and mRNA is de-adenylated 
or thirdly, RISC-binding alters DNA methylation and 
thereby regulates transcription directly (14).

Osteoporosis—an underestimated risk

The prevalence of osteoporosis for individuals in 
industrialized countries like North America, Europe, Japan 
and Australia at the age of 50 and above, as estimated from 
published data for the hip and/or the spine, ranged from 9% 
to 38% for women and 1% to 8% for men (15). The risk 
to develop osteoporosis is proportional to age (16). Women 
after menopause are at highest risk, as the absence of 
estrogen is one key factor for osteoporosis development (17). 
Vice versa, also the lack of androgenic hormones causes 
osteoporosis in men (18). The exact mode of action of these 
sex hormones on bone cells is still under discussion, but 
it is known that both bone-forming osteoblasts and bone-
resorbing osteoclasts have receptors for both estrogens and 
androgens. Interestingly, estrogens protect cortical bone 
mass, whereas androgens are necessary for the maintenance of 
trabecular bone mass in male mammals, but not necessary for 
the anabolic effect on cortical bone (19). The lack of vitamin 
D is considered as a major factor for the reduction of bone 
mass although study outcomes are conflicting (20). Besides 
genetic predisposition there are many other risk factors 
for the development of osteoporosis such as metabolic 
diseases like diabetes mellitus type 1 and 2 (see review on 
diabetoporosity in this issue), anorexia nervosa, thyroid and 
renal dysfunctions or dietary as well as lifestyle habits such 
as low calcium intake or immobilization (21).

The most important outcomes of osteoporosis are low 
impact fractures, of which the distal forearm is the most 
common site of a first fracture in Caucasian women (22). 
Whereas vertebral fractures are frequently underdiagnosed, 
hip fractures can cause significant complications and 
mortality (23). A major problem is still the missing 
awareness and the late diagnosis of osteoporosis, leading 

into a downward spiral through consecutive fractures, 
loss of quality of life and even premature death of the  
patient (24). Early detection and rise of awareness could 
prevent fragility fractures (25) and a widespread screening 
of patients at risk could even help to lower the costs caused 
by the disease (26). However, diagnostic tools such as bone 
density measurements, bone turnover markers or fracture 
algorithms like FRAX have not been able to cover all the 
needs for an individual fracture risk prediction. Therefore, 
the availability of easy-to-measure biomarkers for 
osteoporosis, such as microRNAs (miRNAs) are considered 
to be an additional tool for the assessment of primary, as 
well as of secondary osteoporosis risk.

miRNAs as novel biomarkers

In 2008, two independent research teams identified the 
presence of miRNAs in the bloodstream (27,28). Since 
then, many different sequences have been found in human 
and animal derived plasma and serum (27). To date, these 
circulating miRNAs have been associated to many diseases, 
leading to the conclusion that miRNAs are “fingerprints” 
for specific diseases. Since miRNAs have been successfully 
annotated to specific biological functions and diseases, they 
soon became a novel class of biomarkers and even potential 
targets for therapies in the future (29-31).

Circulating miRNAs 

Chim et al. in 2008 were the first to describe circulating 
fetal nucleic acids in the bloodstream of the mother that 
were identified as miRNAs (32). Almost at the same time, 
tumour-associated miRNAs were detected in patients with 
diffuse B-cell lymphoma, which suggested for the first 
time their potential use as biomarkers (33). Circulating 
miRNAs can be found in several forms in the bloodstream  
(Figure 2): 90% of the extracellular miRNAs are bound 
to AGO-proteins (34,35) as free protein complexes in 
the bloodstream (34). The remaining 10% are packed in 
exosomes (36), in apoptotic bodies (35) or bound to HDL 
(high density lipoprotein) (37). The origin of circulating 
miRNAs is difficult to track. On the one hand, circulating 
miRNAs derive from dead blood cells, especially in the 
case of miRNAs bound to apoptotic bodies, but they can 
be also actively secreted by living cells (38). Interestingly, 
the stability of these circulating miRNAs is high because 
exosomes are impermeable for RNases and AGO-proteins 
are protecting the miRNAs from enzymatic disruption. 
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Kept on −70 ℃, miRNAs remain stable for at least one year 
(39,40). Since circulating miRNAs are stable for a certain 
time and easily accessible from body fluids, they are ideal 
candidates for their use as novel biomarkers. 

Exosomes—miRNA carriers in bone disease

Exosomes are nanosized particles that are actively produced 
by a large number of cells and participate in a variety 
of signalling processes (41,42). Exosomes have been 
identified to transport numerous signalling molecules, 
such as proteins, signalling lipids and miRNAs (36,41). 
Exosomes have been associated to diverse physiological 
and pathophysiological conditions (42-45). Exosomes are 
produced from all types of bone cells and seem to play 
important roles in the differentiation process of osteoclasts 
and osteoblasts (46-48). In the recent years exosomes have 
been identified as important signal mediators in bone 
metabolism (48-50). Proteomic profiling from murine 
osteoblasts at various differentiation stages revealed a 
distinct proteomic signature at each time point, suggesting 
that distinct functions are mediated at each stage of 
osteoblast differentiation (51).

Some mechanistic studies were able to show an interplay 

of exosomal miRNAs and osteoblast or osteoclast function 
in bone degradation (52,53). Exosomal enriched miR-
31a-5p was produced and released in high concentrations 
from bone marrow stromal cells (BMSC) of aged rats. It 
has been shown that miR-31a-5p expression in BMSCs 
increases with age and is actively transported to osteoclasts, 
increasing osteoclastogenesis and thereby contributes 
to age related bone loss. Antagonizing miR-31a-5p 
reversed the age-related phenotype and rescued bone 
loss (53). Similarly, a study by Sun et al. in 2016 showed 
that osteoclasts are able to inhibit osteoblastogenesis 
by secretion of exosomes carrying miR-214 in vitro and  
in vivo in mice. Inhibition of exosomes biogenesis in vitro 
diminished this effect. Moreover miR-214 abundance in 
serum of osteoporotic patients was increased compared to 
healthy controls and could serve as potential biomarker (52). 
Xie et al. characterized serum derived exosomes of elderly 
volunteers with osteoporosis or osteopenia. They found that 
the proteomic signatures of these serum derived exosomes 
favour osteoclast activation but also bone formation in 
osteopenia. The authors hypothesize that this might be 
a compensatory effect in osteopenia to counteract loss of 
bone mass. However, serum derived exosomes from patients 
with osteoporosis clearly induce osteoclast activation, 
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Figure 2 Schematic overview of circulating miRNA complexes. Circulating miRNAs (microRNAs) are produced within the donor cell and 
either bound to proteins and directly exported or packed into exosomes and released into the circulation. miRNAs are also bound to HDL 
(high-density lipoproteins); however, binding mechanisms are still under investigation (34-38) (created with BioRender).
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Table 1 Selected miRNAs with their targets and functions in bone metabolism sorted by chapter of appearance

miRNA(s) Target(s) Feature(s)

miRNAs and osteoblasts

miR-23a, miR-30c, miR-34c, miR-133a,  
miR-135a, miR-205, miR-217

RUNX2 Decrease of osteoblastic differentiation

miR-206 CX43 Overexpression inhibits osteoblast-differentiation

miR-29b TGFβ, HDAC4, 
CTNNBIP1, DUSP

Promotes osteoblast differentiation by inhibiting neg. regulators

miR-433-3p DKK1 Promotes osteoblast differentiation

miR-145 CBFB Impairs bone regeneration

miR-103 Runx2 Increased by mechanotransduction

miRNAs and osteoclasts

miR-21 PDCD4 Promotes osteoclastogenesis

miR-223 NFI-A Promotes osteoclastogenesis

miR-146a C-JUN, NF-ATc1, PU.1, 
TRAP

Impairs osteoclastogenesis

Disease-associated miRNAs in bone tissue

miR-2861 HDAC5 Promotes osteoblast differentiation, decreased levels in OPO-
bones

miR-214 ATF4 Decreases osteoblast development

miR-21, miR-23a, miR-24, miR-25, miR-100, 
miR-125b

Overexpressed in serum and bone of recent hip fractured 
patients, affect osteogenic diff. of MSCs

miR-22-3p, miR-328-3p, let-7g-5p Different expression in serum of low impact hip fracture patients

miRNAs as systemic biomarkers for 
osteoporosis

miR-21, miR-133a Plasma conc. changed in OPO

miR-130b-3p, miR-151a-3p, miR-151b,  
miR-194-5p, miR-590-5p, miR-660-5p

Plasma conc. changed in OPO

MiR-194-5p Differentiation of OPO and osteopenia

miR-125b, miR-30, miR-5914 Upregulated circulating levels associated with postmenopausal 
osteoporosis

miR-365, miR-10b, miR-129-3p; miR-671-
5p, miR-141, miR-25

Bone tissue conc. upregulated in OPO; bone tissue conc. 
downregulated in OPO 

miR-21-5p, miR-93-5p, miR-100-5p, miR-
125b-5p

Serum and bone conc. upregulated in OPO

miR-320a, miR-483-5p Changed in bone samples of acute hip-fracture

miR-152-3p, miR-30e-5p, miR-140-5p,  
miR-324-3p, miR-19b-3p, miR-335-5p,  
miR-19a-3p, miR-550a-3p

Association in serum of acute hip fractures

miR-17-5p, miR-133a-3p Change in mouse mandibles of OVX-mice

RUNX2, Runt-related transcription factor 2; CX43, connexin 43; TGF-β, transforming growth factor-beta; HDAC, histone deacetylase; 
CTNNBIP1, beta-catenin-interacting protein 1; DUSP, dual-specificity phosphatase; DKK1, dickkopf-related protein 1; CBFβ, core-binding 
factor subunit beta; PDCD4, programmed cell death protein 4; NFI-A, nuclear factor 1 A-type; NF-ATc1, nuclear factor of activated T-cells, 
cytoplasmic 1; TRAP, tartrate-resistant acid phosphatase; ATF4, activating transcription factor 4; OPO, osteoporosis; OVX, ovariectomy.
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inhibit osteoblast bone matrix mineralization and promote 
bone degradation (54). 

Bone turnover is not only regulated via paracrine 
exosome delivery, also exosomes from distant tissue 
are able to affect bone formation (55-57). For instance 
exosomal miR-141-3p released from prostate cancer cells 
is able to control for osteoblast activity and induce bone  
metastasis (56). Qin et al. found that muscle secreted 
myostatin leads to suppression of miR-218 in osteocytes 
and released exosomes, which in turn reduced Runx2 
expression in osteoblast and led to impaired osteoblastic  
differentiation (57). 

Since exosomes and exosome associated miRNAs play 
pivotal roles in different aspects of bone turnover and 
associated pathologies, they represent promising and versatile 
tools for biomarker identification. Since exosomes transmit a 
variety of different signalling molecules from donor to recipient 
cells and act as so called “signalosomes”, they could be useful in 
identifying a group of biomarkers (41). Furthermore exosomes 
are found in almost all bodily fluids including blood, saliva, 
and urine and would allow for non-invasive liquid biopsy 
collection (58-60). Although many studies were able to 
identify exosomal cargo that is involved in bone formation 
and that might be able to serve as biomarker for bone 
loss, only a few studies exist that tried to identify exosomal 
markers in osteoporosis (52,53).

miRNAs as systemic biomarkers for osteoporosis

It is evident that miRNAs affect bone metabolism by 
influencing bone formation and resorption by targeting 
anabolic or catabolic processes. In the last few years, 
increasing evidence suggested miRNAs as biomarkers 
for osteoporosis, since they have been identified to play 
a crucial role in the interplay between osteoblasts and 
osteoclasts.

Circulating monocytes in vivo, a source of osteoclast 
precursors (61), showed an association of miR-133a 
with osteoporosis (62). MiR-133a and miR-21 were also 
suggested to be plasma biomarkers for osteoporosis (63). 
Whole blood lysates of postmenopausal Chinese women 
revealed several differentially regulated miRNAs, namely 
miR-130b-3p, miR-151a-3p, miR-151b, miR-194-5p, 
miR-590-5p, and miR-660-5p. Among them miR-194-
5p was the most highly upregulated one with a more than 
5-fold change. MiR-194-5p was identified to discriminate 
between osteoporosis and osteopenia (64), a precursor 
stage of osteoporosis (65). In another cohort of Chinese 

patients, circulating miR-125b, miR-30 and miR-5914 
were upregulated and associated with postmenopausal 
osteoporosis (66). Another study investigated bone tissue 
of healthy and osteoporotic patients and found potential 
predictive miRNAs, namely miR-365, miR-10b, and miR-
129-3p up-regulated and miRNA-671-5p, miR-141 and 
miR-25 down-regulated (67). A German research group 
showed that miR-21-5p, miR-93-5p, miR-100-5p, and miR-
125b-5p were significantly upregulated in serum, tissue and 
bone cells of osteoporotic patients, independently of gender 
but directly correlated with BMD (68). 

Among 790 miRNAs that could be detected 82 (~10%) 
were differentially expressed in a study that compared bone 
samples of freshly hip-fractured women with a control 
group of female osteoarthritic patients. Among the eight 
miRNAs with the lowest p-values two could be confirmed, 
miR-320a and miR-483-5p both targeting genes involved in 
bone metabolism (69).

A distinct miRNA-pattern in serum was found in patients 
with idiopathic osteoporosis. Eight miRNAs (miR-152-3p, 
miR-30e-5p, miR-140-5p, miR-324-3p, miR-19b-3p, miR-
335-5p, miR-19a-3p, miR-550a-3p) showed an association 
to osteoporotic fractures regardless of age and sex of the 
study participants (70). 

Osteoporosis is a disease that causes general bone 
loss and also the jaw and mandibles are affected by the 
disease. In ovariectomized mice, an established model 
for postmenopausal osteoporosis, mandibles and femurs 
were affected by the disease and a panel of miRNAs was 
differentially regulated in the mandible of the mice. The 
researchers suggested miR-17-5p and miR-133a-3p as the 
most promising biomarker candidates (71).

Of note, other non-coding RNA species are also able 
to add information on disease status apart from miRNAs, 
such as circular RNAs (circRNAs). One study found that 
hsa_circ_0001275 was negatively correlated with bone 
density T-scores and had significant diagnostic value 
in postmenopausal osteoporosis (72). Also, a species of 
long non-coding RNAs (lncRNAs) called DANCR was 
upregulated in female postmenopausal patients with low 
BMD (73). 

Many studies show differentially expressed miRNAs 
in osteoporosis, however, this data suggest that not only 
one differentially regulated miRNA serves as biomarker. 
It rather may be different patterns of numerous miRNAs 
that can build an algorithm-based prediction. Furthermore, 
different research groups find quite different patterns, 
depending on the cohorts they compare. The retrospective 
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approach of most studies limits the predictive power of the 
results. Furthermore, meta-analyses are still missing. In case 
of specific profiles and stable replication of the results, there 
are some promising attempts to use miRNA profiles for 
diagnostic purposes (Table 1).

miRNA assay technologies

Several assays are available to perform miRNA profiling. 
The most common ones are summarized here in a short 
overview (74,75).

Quantitative polymerase chain reaction (qPCR) is 
the most flexible technique for small scale and versatile 
approaches. It is broadly used among different laboratories 
with established protocols and has high sensitivity and 
specificity. Therefore, qPCR is considered the technique 
for validation of other methods (75). In a first step, miRNAs 
are extracted from the biomaterial, ideally with protocols 
that enrich small RNA species to increase overall miRNA 
yield (76). With accurate primer selection, specificity can 
be highly increased. Primer design for miRNA qPCR is 
challenging, as mature miRNAs are only 22 nucleotides 
long, the same length than a traditional qPCR primer. 
Most solutions work by elongating the sequence for 
amplification. A specific primer for identifying a single 
miRNA is combined with a stem-loop/poly(A) reverse 
primer to elongate the PCR product. Both TaqMan® and 
SybrGreen® assays are available from various providers. 
Disadvantages of the technique are the labour-intensive 
workflow and the biased approach, as the miRNA has 
to be annotated for primer design (75). The selection of 
proper reference genes is still a challenge for miRNA 
qPCR. Although often addressed, the problem is not 
jet solved. Selection of classical reference genes like Act 
(Actin), ribosomal proteins or GAPDH (glyceraldehyde 
3-phosphate dehydrogenase) are inappropriate in most 
cases as these mRNAs are way longer then miRNAs and 
behave differently in the extraction step. The use of short 
RNA species for normalization can also be problematic, as 
they might not be transcribed by the same polymerases as 
miRNA precursors. Theoretically, the best option would 
be a reference miRNA, but this miRNA is not defined jet. 
Sometimes, normalization candidates can be identified 
for a cohort after miRNA sequencing (77). If no reference 
genes are available, one solution for the normalization 
problem could be that no normalization is applied. In 
this case, extreme attention has to be paid on equivalent 
treatment of all the samples in one experiment. Spike-in 

miRNAs (synthetic miRNAs with known sequence) can 
be added for monitoring in each step of the preparation. 
Especially in experiments with more than 50 target genes 
per sample, the global mean method can be applied, where 
the mean miRNA content in each sample is used for  
normalization (74,78).

MiRNA sequencing is an unbiased approach, contrary to 
the biased approach via qPCRs. As such, this technique is 
an ideal tool for the discovery phase of an experiment. The 
system can distinguish between isoforms and closely related 
miRNAs. Although considered unbiased, the barcoding 
and pre-sequencing steps could add some bias to the 
experiment (79). It is the technique that requires the most 
input material and lacks the sensitivity of a qPCR approach. 
Also, data analysis can be quite challenging, especially when 
bioinformatics is not involved. Therefore, reproduction of 
sequencing results by qPCR is strongly recommended (80).

MiRNA arrays are widely used and available from 
different distributors. Even though they are not as 
quantitative compared to other techniques, they offer 
straight forward protocols and easy analyses. Hundreds 
of miRNAs can be tested at once at a reasonable price. 
Arrays are probed by hybridization of fluorescence labelled 
RNA or DNA samples. The brightness of individual 
spots corresponds to the expression and can be compared 
between samples. MiRNA arrays can be inaccurate if 
closely related sequences have to be distinguished. This 
can be counteracted partly by stringent washing and careful 
selection of the probes (81).

Mult ip lex  miRNA prof i l ing  (e .g . ,  F irePlex TM, 
NanoStringTM) is used increasingly in the recent years. The 
user-friendly technology offers the possibility to analyse 
multiple miRNAs in a variety of samples without extended 
protocols for other methods. Biofluids can be used directly, 
without pre-extraction of the miRNA species. Measurement 
of the assay is done by flow cytometers and data analysis is 
easier compared to sequencing (82,83).

miRNAs as regulators of bone metabolism

Bone turnover occurs continuously throughout life and 
is tightly balanced by bone building osteoblasts and bone 
resorbing osteoclasts. Recent studies highlighted the 
importance of miRNAs in both phases of bone turnover (84).

miRNAs and osteoblasts

Bone specific deletion of Dicer in a conditional mouse 
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model causes fetal lethality and a deformed cartilaginous 
skeleton with no ossifications (85). Dicer or Drosha 
knockdown in human mesenchymal stem cells (MSCs) 
inhibited the differentiation to osteoblasts (86). Another 
study indicates, that a group of specific miRNAs, namely 
miR-23a, miR-30c, miR-34c, miR-133a, miR-135a, miR-
205 and miR-217, lowered the expression of the osteogenic 
regulator Runx2 (Runt-related transcription factor 2) and 
therefore decreased osteoblastic differentiation (87). Negative 
effects on bone formation have also been shown for miR-
206, which was found to be expressed in human osteoblasts. 
The levels of the miRNA decrease the further osteoblasts 
are differentiated. An overexpression of miR-206 inhibits 
osteoblast differentiation, whereas inhibition of miR-206 
increases it. This effect is mediated by Cx43 (Connexin 43), 
a gap-junction protein in osteoblasts. Similarly in mice, 
overexpression of miR-206 in osteoblasts resulted in a lower 
bone mass and impaired osteoblast differentiation (88).

MiRNAs have been shown to induce osteoblast 
differentiation. MiR-29b inhibits negative regulators of 
the cellular signal cascade or of transcription programmes, 
including TGFβ (transforming growth factor beta) HDAC4 
(histone-deacetylase 4) CTNNBIP1 (beta-catenin-
interacting protein 1) and DUSP2 (dual specificity protein 
phosphatase 2). Therefore, miR-29b has a positive effect on 
the activity of signal cascades like Smad, ERK (extracellular 
signal-regulated kinase), MAPK (mitogen-activated protein 
kinase) or the Wnt signalling pathway. The activation of 
these pathways increases osteogenesis (89). miR-433-3p 
reduces the Dickkopf-1-protein, a potent antagonist in the 
canonical Wnt signalling. The expression of miR-433-3p 
is highly correlated to osteoblast differentiation and the 
expression of osteogenic markers Runx2 and osteocalcin 
in vitro (90). The binding partner of Runx2, Cbfb (core 
binding factor beta) is regulated by miR-145 and treatment 
of mouse femurs with miR-145 impaired bone regeneration 
after ablation of bone marrow (91).

A group of researchers was able to identify a connection 
between miRNAs and mechanotransduction. The authors 
demonstrated that miR-103 regulates Runx2, the master 
transcription factor of osteogenesis by responding to 
mechanical cues. Both, the miRNA and its host gene, 
PANK3 (pantothenate kinase 3) were upregulated during 
cyclic mechanical stretch (92) (Table 1).

miRNAs and osteoclasts

Opposed to miRNAs involved in osteoblast physiology, 

much less is known about the regulation of osteoclasts 
through miRNAs. However, some studies showed that 
knockdown of Dicer in mature murine osteoclasts 
caused increased bone mass in the trabecular regions 
and diminished the number of osteoclasts (93). This has 
been confirmed by another study, where mice with Dicer-
knockdown in osteoclasts showed lower bone resorption 
with a decreased number of osteoclasts, but stable osteoblast 
number (94).

A feedback loop that positively influences osteoclast-
maturation has been shown for miR-21. The transcription 
of this miRNA is induced by c-Fos, a transcription factor of 
the Fos-family. miR-21 inhibited PDCD4 (programmed cell 
death protein 4), leading to the activation of transcription 
factors that promote osteoclastogenesis, among them c-Fos, 
resulting in the initiation of macrophage differentiation to 
osteoclasts in the bone marrow (95). 

In a cell  model with osteoclast  precursors,  the 
transcription factor PU.1, induced by M-CSF (macrophage 
colony-stimulating factor) stimulated the production of 
RANK (receptor activator of NF-κB) and miR-223. miR-
223 had a repressing effect on NFI-A (Nuclear factor 1 
A-type), an inhibitor of M-CSFR (macrophage colony-
stimulating factor receptor). This expression of M-CSFR 
is important for a physiological osteoclastogenesis and 
function (94).

MiR-146a negatively influenced the expression of 
several factors, among them c-Jun, NF-ATc1 (nuclear 
factor of activated T-cells, cytoplasmic 1), PU.1 and TRAP 
(tartrate-resistant acidic phosphatase), suggesting the 
conclusion that miR-146a has a negative effect on osteoclast  
development (96) (Table 1).

Disease-associated miRNAs in bone tissue

Soon after the discovery of miRNAs, this new group of 
regulatory molecules was associated with bone diseases. 
As soon as 2009, a study drew the connection between 
miR-2861 and osteoporosis. An overexpression of miR-
2861 increased the BMP2 (bone morphogenetic protein 2)  
mediated osteoblastogenesis in mice. It has been shown 
that miR-2861 directly repressed HDAC5 (histone 
deacetylase 5). HDAC 5 in turn increased the degradation 
of Runx2. This suggested a positive influence of miR-
2861 on osteoblast differentiation. A decreased miR-2861 
expression is linked to a decreased rate of bone formation. 
Reduced levels of miR-2861 have been found in bone tissue 
of osteoporotic patients, too (97). Heterozygous missense 
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mutations in WNT1, a key ligand in the Wnt-pathway, lead 
to a severe and early-onset form of osteoporosis. A pattern 
of circulating miRNAs could be linked to the mutation 
p.C218G in WNT1, suggesting a disrupted feedback 
regulation between the miRNAs and WNT1 (98).

An increased expression of miR-214 was associated 
with decreased bone formation in bone biopsies of 
fracture patients. Studies in mice confirmed that miR-214 
influenced osteoblast differentiation and bone formation in 
bone diseases. miR-214 most likely affects ATF4 (activating 
transcription factor 4), a central transcription factor 
for the functional development of osteoblasts. Knock-
down of miR-214 in contrast led to an increase in bone 
mineralization in mice (99). In a clinical study serum and 
bone tissue of patients with osteoporotic fractures was 
investigated regarding dysregulated miRNA expression. 
Five miRNAs were identified that were overexpressed in 
both bone and serum. miR-21, miR-23a, miR-24, miR-25, 
miR-100 and miR-125b (100). In a comparison to healthy 
controls patients with a recent low impact hip fracture 
showed significantly different expression levels of miR-22-
3p, miR-328-3p and let-7g-5p in serum. This is particularly 
interesting as the same miRNAs are known to have an effect 
on bone metabolism in vitro (100). In vitro data support the 
correlation studies from Weilner et al., since all of the de-
regulated miRNA species affected osteogenic differentiation 
of human MSCs. 

Vascular calcification is a disease with similarity to bone 
formation and miRNAs play a critical role. Our group 
has shown that miRNAs related to bone are dysregulated 
during chronic kidney disease, a status that coincides with 
vascular calcification and demineralization of bones. Kidney 
transplantation has been shown to reverse this effects (101) 
(Table 1). 

miRNAs in bone therapy

Since miRNAs harbour widespread functions in bone 
development and in the context of disease progression, 
miRNAs could be a possible target for novel therapies. 
Especially anti-miRs (miRNA inhibitors) and miRNA-
mimics (synthetic miRNAs) are of interest in terms of their 
pharmacological and therapeutic use. Still, researchers have 
to carefully look at potential therapeutic applications of 
miRNAs, especially in terms of a systemic administration, 
because one miRNA can affect several targets and distinct 
tissues. As an example, miR-29a showed increased 
expression during osteoblast differentiation and regulates 

the differentiation process through the Wnt signalling 
pathway (102). MiR-29a protected bone formation from 
glucocorticoid-associated decrease in rats. Administration of 
miR-29a was able to prevent bone loss under glucocorticoid 
treatment (103). However, other studies identified miR-
29a as an oncogenic factor that can be involved in tumour 
development. It increases the metastatic potential of 
colorectal cancer (104). A therapeutic use of miRNAs 
therefore has to be critically examined and the effect of the 
potential miRNA application or the knockdown of miRNAs 
with anti-miRs has to be checked by their characterization 
in different tissues. 

miRNAs are key players in various aspects of bone 
metabolism. Several studies demonstrated the importance 
of miRNA regulation for osteoblast and osteoclast 
differentiation. Dysregulated miRNA expression in both cell 
types is involved in the development of bone disease such 
as osteoporosis. Since significant amounts of miRNAs (and 
other non-coding RNAs) can be found in the circulation, 
they provide unique potential for novel biomarkers: they 
show specificity for certain diseases and are easy accessible 
and stable molecules. Therefore, investigating miRNA- 
patterns in liquid biopsies represents a promising new avenue 
to early detection of osteoporosis and other bone diseases.
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