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Abstract: 

microRNAs have evolved as important regulators of multiple biological pathways essential for 

bone homeostasis, and microRNA research has furthered our understanding of the mechanisms 

underlying bone health and disease. 

This knowledge, together with the finding that active or passive release of microRNAs from 

cells into the extracellular space enables minimal-invasive detection in biofluids (circulating 

miRNAs), motivated researchers to explore microRNAs as biomarkers in several pathologic 

conditions, including bone diseases. Thus, several exploratory studies in cohorts representing 

various types of bone diseases have been performed. 

In this review, we first summarize important molecular basics of microRNA function and 

release and provide recommendations for best (pre-)analytical practices and documentation 

standards for circulating microRNA research required for generating high quality data and 

ensuring reproducibility of results. Secondly, we review how the genesis of bone-derived 

circulating microRNAs via release from osteoblasts and osteoclasts could contribute to the 

communication between these cells. Lastly, we summarize evidence from clinical research 

studies that have investigated the clinical utility of microRNAs as biomarkers in various 

musculoskeletal disorders. While previous reviews have mainly focused on diagnosis of 

primary osteoporosis, we have also included studies exploring the utility of circulating 

microRNAs in monitoring anti-osteoporotic treatment and for diagnosis of other types of bone 

diseases, such as diabetic osteopathy, bone degradation in inflammatory diseases, and 

monogenetic bone diseases. 
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1. Introduction  

1.1. Circulating microRNAs 

The discovery of the first microRNA (miRNA), lin-4, in 1993 by the Ambros and Ruvkun 

groups in Caenorhabditis elegans [1,2] revolutionized the field of molecular biology and led to 

the recognition of a novel group of regulatory molecules partaking in fundamental signaling 

pathways. MiRNAs are short, non-coding RNA molecules that regulate gene expression. The 

canonical mature miRNA is 21 or 22 nucleotides in length and processed within the nucleus by 

RNA endonucleases drosha, DGCR8 from a primary miRNA (pri-miRNA) transcript into a 

precursor miRNA (pre-miRNA) encoded in intergenic or intronic regions of the genome. Dicer 

then removes the stem loop from the pre-miRNA forming a double stranded miRNA. While 

most miRNAs are “Dicer-dependent”, for some miRNAs such as miR-451a it was shown that 

this step can be bypassed [3]. One of the two strands, the guide strand, is then incorporated into 

the RNA-induced silencing complex (RISC), while the passenger strand is degraded. When 

incorporated into RISC, the mature miRNA binds to target sequences in other RNA molecules 

that exhibit a certain degree of complementarity [4]. Interaction between RISC and mRNAs 

results in post-transcriptional silencing and down-regulation of encoded proteins.  

To date, altogether 2654 human miRNAs have been reported [5]. Although many of these are 

ubiquitously expressed in most tissues and cell types, some are cell type and cell condition 

specific, tissue‐specific (20‐fold higher expression than the mean expression in other tissues) 

or tissue‐enriched (mature miRNA expression is higher than in other tissues but less than 20‐

fold) [6]. Both the sequences and the cell-type specific expression patterns of miRNAs are 

highly conserved across a wide variety of organisms [7,8], underlining the importance of this 

evolutionarily conserved regulatory mechanism [9]. 

Besides their presence in cells, miRNAs have also been isolated from various cell-free matrices 

such as blood (serum and plasma), saliva, urine, cerebrospinal fluid (CSF), feces, follicular 

fluid, synovial fluid, pancreatic juice, bile, gastric juice, and other bodily fluids [10], all 

showing vast differences in their small RNA compositions. Contrary to cellular RNA species, 

extracellular miRNAs are highly stable, resisting RNase digestion as well as under harsh 

conditions including boiling, multiple freeze–thaw cycles, and high (pH=13) or low (pH=1) pH 

[11]. This unusual stability in ‘liquid biopsies’ is considered to stem from protection against 

ubiquitous, extracellular RNAses by either of two protecting mechanisms [12]. One is lipid 

membrane based ensheathing of miRNAs within extracellular vesicles (EVs) such as exosomes, 

microvesicles, or apoptotic bodies [12,13], while the other is by being complexed with proteins 
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and protein particles, especially AGO2 [12], high-density lipoprotein (HDL) [14,15] or 

nucleophosmin 1 (NPM1) [16–18].  

  

In view of miRNAs and their 1) important regulatory roles, 2) their cross-species conservation, 

3) tissue-specificity, and 4) presence in biofluids, they have been investigated as highly 

promising biomarker candidates in various disease areas, either as single miRNAs, miRNA 

signatures, or in combination with another known biomarker. 

One prominent example is miR-122-5p, which is a liver-specific miRNA with important 

regulatory functions in cholesterol metabolism and hepatocyte differentiation. Significant 

increases in miR-122-5p plasma or serum levels have been observed in metabolic diseases such 

as diabetes [19], and it was since found to serve as a sensitive and specific biomarker for liver 

dysfunction resulting in validated clinical applications of miR-122-5p for the diagnosis of drug-

induced liver injury [20], and prediction of liver dysfunction [21] in combination with miR-

151a and miR-192. Another well-advanced clinical application of circulating miRNAs is as 

biomarkers in cardiovascular disease. Platelet-enriched miRNAs such as miR-223-3p can be 

applied to monitor platelet function in vivo, specifically in the context of monitoring anti-

platelet therapy response [22], while muscle-enriched miRNAs (myomiRs) have been shown 

to serve as specific and sensitive biomarkers of cardiomyocyte injury as a consequence of 

ischemic events [23]. 

Here, we aim to summarize the technical challenges associated with circulating miRNA 

research, the present status of research investigating communication of bone cells via 

extracellular miRNAs, as well as the potential use of circulating miRNAs as biomarkers in bone 

diseases, especially in rare or secondary forms of osteoporosis. 

 

1.2. Circulating miRNA as biomarkers – technical challenges 

Following the initial excitement about the promise of circulating miRNA biomarkers it was 

observed that not all results could be reproduced in cohorts independent from the original 

discovery cohorts, even within the same laboratories [23]. This was in part based on several 

technical challenges related to the methods used for analyzing circulating miRNAs: 

1) miRNA concentration in biofluids are significantly lower than in cells or tissues. Therefore, 

assays must be validated for their capability to detect and quantify extracellular miRNAs. 

2) RNA composition in biofluids can be influenced by sample collection procedures and is 

therefore sensitive to pre-analytical variability and bias. 
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3) although stability of miRNAs in biofluids is presumably high, sample quality, such as the 

presence of enzyme inhibitors or contaminating cells, can easily confound circulating miRNA 

data. 

Data variability has therefore been a long-standing issue and several studies have attempted to 

address sources of variability by investigating the effects of pre-analytical, analytical and 

biological variation, especially in blood-based samples, recapitulated in Table 1. 

 

Table 1: Types, sources and mitigation of pre-analytical variability of cell-free miRNA 

quantitation using serum or plasma 

Source of variability  Mitigation strategy Report on References 

Sample type: serum collection 

refers to collection of fluid after 

blood coagulation, which results 

in release of platelet-stored 

miRNAs; plasma collection 

refers to collection of blood in the 

presence of an anticoagulant. 

Importantly, high molecular 

weight heparin (as used in 

Lithium-heparin plasma tubes) 

inhibits PCR analysis and is not 

suitable for miRNA analysis. 

Plasma is recommended over 

serum due to reduced platelet-

bias, but tubes containing heparin 

must be avoided. Serum can be 

used for studying miRNAs that 

are low abundant or not present 

in platelets. Specify and maintain 

the same cell-free blood sample 

type throughout a biomarker 

development project, or perform 

systematic testing of the impact 

of changing sample type. 

Exact 

definition of 

the sample 

type used in 

the study. 

[24,25]  

Sample processing: 

centrifugation steps impact the 

purity of plasma, i.e. depletion of 

platelets and other cell types prior 

to the collection of supernatants. 

Centrifugation is intended to 

separate cells from fluid. Lower 

g-forces do not remove platelets, 

i.e. will yield platelet-rich plasma 

(PRP), which is not cell-free. 

Double-centrifugation has been 

shown to result in removal of 

platelets (platelet poor plasma; 

PPP) and is therefore considered 

ideal for cell-free miRNA 

analysis in blood. 

Exact 

definition of 

each 

processing 

step including 

sample 

incubation 

times, 

temperatures 

and g-force 

(not rpm). 

[27] 

Sample quality: sample quality 

can be impaired by 

contaminations with cells or 

impurities that inhibit assay 

performance. Besides platelets 

(see above), red blood cells 

represent a common 

contamination in the form of 

Avoid: drawing blood from a 

hematoma; probing a traumatic 

venipuncture; drawing the 

plunger back too forcefully, if 

using a needle and syringe; small 

needles 

 

Assess sample 

hemolysis 

using 

recommended 

methods and 

include the 

data as 

[28,29]  
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hemolysis (lysis of red blood 

cells during phlebotomy). 

Hemolysis results in the release 

of red blood cell–enriched 

miRNAs into the cell-free fluid. 

Negatively affects both serum 

and plasma. 

Make sure the venipuncture site 

is dry.  

supplementary 

information.  

Sample storage: Prolonged 

incubation times prior to sample 

processing and storage can result 

in miRNA release due to platelet 

activation or decrease due to 

degradation. 

Effects of incubation on miRNAs 

cannot be generalized, since they 

depend on the origin of miRNAs. 

Standardize and document 

sample incubation prior to 

processing using standard 

operating procedures (SOPs). 

Sample 

storage 

conditions 

prior to the 

analysis. 

[26] 

 

Sampling time and circadian 

rhythm: cell-free blood levels of 

a subset of circulating miRNAs 

have been shown to undergo a 

day/night rhythm with changes of 

up to 1 Cq-value (100%; miR-

375). In addition, there is 

evidence that food intake can 

alter circulating miRNAs levels. 

Especially in bone biomarker 

research, where daytime 

dependent effects are usual, 

sampling should be standardized. 

We recommend collecting 

samples between 8 and 10am 

after an overnight fast. 

Time of 

sample 

collection and 

fasting/non-

fasting state. 

 [29,30] 

Analytical variability: analysis of 

circulating miRNAs in 

serum/plasma is usually a multi-

step process with potentially 

higher analytical variability. In 

addition, there might be 

unknown factors present in blood 

(e.g. pharmaceuticals) that might 

impact the analytical 

performance. 

Several studies have reported the 

addition of synthetic spike-in 

controls to the sample matrix at 

each step of the workflow to 

monitor analytical variability and 

presence of inhibitors. 

Assess 

analytical 

variability 

using spike-in 

controls and 

report the 

results. 

[26] 

Normalization strategy: there is 

not yet a common standard for 

the normalization of circulating 

miRNA experiments. Most 

studies have either used synthetic 

spike-in controls or endogenous 

RNAs (housekeeping RNAs) to 

account for analytical variability. 

In screening experiments, where 

a large number of RNAs is 

analyzed, so-called “global 

Normalization strategy and 

rational need to be defined prior 

to the data collection and 

described in detail in the methods 

section. 

Normalization 

strategy must 

be described. 
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mean” normalizations can be 

applied, which are based on the 

hypothesis that the overall 

amount of spike-ins is constant. 

 

In order to increase reproducibility and meaning of circulating miRNA studies, we highly 

recommend to standardize reporting of circulating miRNA studies and to develop criteria for 

minimal information on circulating miRNA experimentation (MICmiRE), as has been done in 

the fields of qPCR (MIQE;[30]) microarrays (MIAME; [31]), next-generation sequencing 

(MINSEQE; [32]), and EVs (MISEV;[33]). Scientific journals could be recommended to 

mandatorily ask for these specific details. As a basis for MICmiRE, Table 1 might be 

considered. 

 

2. Why miRNAs are relevant to bone health and disease 

2.1. Importance of overall miRNA biogenesis for bone metabolism 

The high impact of miRNAs on bone biology was initially observed by deletion of Dicer, which 

results in loss of mature miRNA generation and, as Gaur et al  [34] observed, changes in the 

skeletons of mice after osteoblast-specific Dicer knock-out. Dicer ablation in fetal osteogenic 

mesenchymal cells using Col1α1‐Cre driven Dicerflox/flox caused a deformed skeleton and 

defective bone formation in the fetal pup and was lethal after embryonic day 14.5 (E14.5). 

Deletion of Dicer during the later stage of osteoblast differentiation, specifically in osteoblasts 

expressing osteocalcin (Ocn‐Cre; Dicerflox/flox), delayed bone mineralization at birth, which 

however was reversed one month after. At the age of three months, and uniquely due to an 

effect on mature osteoblasts, the cortical bone thickness in these mice increased significantly 

together with enhanced synthesis and/or deposition of collagen in the extracellular matrix. 

In similar studies, Bendre et al [35] observed that tamoxifen-dependent excision of Dicer1 in 

osterix+ preosteoblasts (Sp7‐Cre/ERT2;Dicerflox/flox) in both prepubertal and adult mice 

inhibited cortical but not trabecular bone development, corroborating the findings that Dicer-

processed miRNAs play a critical role in postnatal control of cortical bone homeostasis. 

Furthermore, Liu et al [36] demonstrated that Dicer ablation in Runx2+ osteoblast lineage cells 

(Runx2‐Cre;Dicerflox/flox) during postnatal development leads to significant growth retardation, 

decreased bone formation and low bone density. In addition, it was shown that Runx2 regulates 

the Dicer-mediated miRNA processing pathway during osteoblast lineage commitment [37]. 

Taken together, these clearly indicate that Dicer-processed miRNAs are critical for normal pre-

natal skeletal formation and post-natal regulation of bone growth. This appears especially 
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critical for osteogenesis and bone formation in early osteoprogenitors, whereas in mature 

osteoblasts Dicer-processed miRNAs have rather an anabolic effect. Conversely, a recent study 

[38] found that in vivo DGCR8 conditional deletion in Col1α1-expressing osteoblasts (Col1α1‐

Cre;DGCR8flox/flox) produces increased osteoblast bone formation in mice, indicating that in a 

Dicer-independent manner the DROSHA/DGCR8-mediated miRNA processing pathway may 

adversely affect osteoblast function and bone formation. These results suggest that bone 

homeostasis might be controlled through regulation of miRNA biogenesis rates via Dicer 

expression. 

Similar to osteoblasts, miRNAs appear to have a crucial role in osteoclast function as well. 

Sugatani and Hruska [39] identified that siRNA-mediated silencing of either DGCR8, Dicer or 

Ago in the macrophage/osteoclast lineage leads to suppression of osteoclastic transcription 

factors and their function in osteoclastic precursors, osteoclastogenesis and bone resorption. 

Their CD11b‐Cre/Dicerfl/fl mice were Dicer-deficient during early differentiation in CD11b+ 

osteoclast precursors and displayed a moderate phenotype of osteopetrosis induced by impaired 

bone resorption and diminished osteoclast number associated with a decrease in the expression 

of the receptor for the osteoclastogenic mediator M-CSF (M-CSFR).  

Consistently, a regulatory role for Dicer-dependent miRNAs in mature osteoclasts was proven 

by excision of the Dicer-gene by crossing with mice having Cre under regulation of the 

cathepsin K (CTSK) promoter [40]. Ctsk‐Cre/Dicerfl/fl mice had increased bone mass due to a 

reduction in osteoclast development and in vivo bone resorption, as well as inhibited in vitro 

osteoclast function. Analogously, it was further observed by Sugatani and Hruska that Ctsk‐

Cre/DGCR8fl/fl mice with osteoclast-specific ablation of DGCR had inhibited osteoclast 

formation and bone resorption [150], leading to an in vivo decrease in bone development. 

Furthermore, they proved with in an in vitro experiment with cultured DGCR8fl/fl bone marrow 

macrophages infected with Cre-containing retroviruses that loss of DGCR8 inhibits osteoclastic 

phenotype-related genes and proteins during osteoclastogenesis. In summary, 

osteoclastogenesis and osteoclastic bone resorption essentially require both DGCR8-dependent 

and Dicer-dependent miRNA biogenesis. 

 

2.2. Examples of individual miRNAs regulating osteoblast and osteoclast function 

Several studies have shown the importance of single miRNAs for osteoblast differentiation and 

function in vitro and in vivo [41]. Below, we highlight only a few examples including 

microRNA families miR-34, miR-188, miR-21, miR-29, and miR-146a. 
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The miR-34 family members miR-34a, miR-34b, and miR-34c, can exert control over bone 

metabolism, specifically bone formation. Both, miR-34b and miR-34c suppress cell-

autonomous differentiation of osteoblasts in cell lines and primary cells by directly targeting 

several osteoblast-related factors such as Runx2, Satb2, Notch1, and Notch2. Likewise, 

osteoblast specific-deletion of miR34b/c increases bone formation and bone mass in vivo while 

miR-34b/c overexpression produces an osteoporotic phenotype due to decreased osteoblast 

function [42,43]. In addition, miR-34a has been shown to play a role in bone resorption [43], 

but the study showing this role has been recently retracted due to anomalies in the bone 

histomorphometry data. This study would have provided evidence of a function of miR-34a in 

osteoclasts, where it could target TGFB-induced factor homeobox 2 (Tgif2), thereby acting as 

a potential osteoclastogenic inhibitor. Given the uncertainty of these results, the function of the 

miR-34 family in osteoclasts requires further evaluations. 

miR-188 is a key regulator of the age-related switch between osteogenesis and bone marrow 

stem cell (BMSC) adipogenesis. In a study by Li et al [44] mice with miR-188-5p depletion 

displayed a substantial decrease in age-related bone loss and less bone marrow fat deposition. 

Vice-versa in vivo overexpression of miR-188-5p in osterix+ osteoprogenitors accelerated age-

related bone loss and accumulation of bone marrow fat compared with control wildtype mice.   

miRNAs also regulate the two main osteogenic signaling pathways Wnt/β‐catenin and BMP. A 

study by Kapinas et al [45] showed that inhibitors of the Wnt signaling pathway, including 

Dikkopf‐1 (DKK1), Kremen2, and secreted frizzled-related protein 2 (sFRP2), were directly 

targeted and suppressed by Wnt-enhancing miR‐29a [45]. On the other hand, Sun et al showed 

that transfection of miR‐375‐3p represses two Wnt signaling mediators LRP5 and β‐catenin, 

and thereby inhibits osteogenesis and cell apoptosis [46]. 

Furthermore, miR-214-3p is expressed both in osteoblasts and osteoclasts and activates the 

PI3K/AKT signaling pathway by suppressing phosphatase and tensin homologation (PTEN) 

and subsequently inducing osteoclast differentiation [47]. In line with the results from in vitro 

experiments, in vivo osteoclast-specific overexpression of miR-214 simultaneously stimulated 

bone resorption while also decreased osteoblast number and function leading to reduced bone 

formation [48]. As we will describe in the next section, Li et al showed that extracellular 

vesicles released from osteoclasts and carrying miR-214-3p can be taken up by local or distant 

osteoblasts, which explained this double effect of miR-214 in osteoclasts and osteoblasts.  

In a different study, Sugatani et al [49] showed that miR-21 was activated by RANKL-induced 

c-Fos and, after being re-expressed, miR-21 rescued impaired RANKL‐induced 

osteoclastogenesis in DGCR8- or Dicer-deficient mouse bone marrow–derived 
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monocyte/macrophage precursors (BMMs) [50]. They later demonstrated that estrogen-induced 

down-regulation of miR‐21 biogenesis consequently enhanced the miR-21 target FasL, leading 

to increased osteoclast apoptosis [49]. In vivo, miR‐21 global knockout mice confirmed the 

miR‐21 pro‐osteoclastogenic effect [51]. Finally, miR-21 also influences alveolar socket 

healing and morphometry of the skull in mice [52]. 

In several studies, controversial results from the manipulation of miR‐29a/b/c (miR-29 family) 

or miR‐29a indicated the independent regulatory role in osteoclasts of each miR‐29 family 

member. For instance, Wang et al [53] observed an in vivo reduction in osteoclast surface, ex 

vivo osteoclast differentiation, and RANKL expression due to a gain of miR‐29a function, and 

a consequent increase in in vivo osteoclast resorption and cortical bone porosity and fragility 

due to miR‐29a/b/c knockdown. However, using miR‐29a/b/c inducible knockdown 

Franceschetti et al  [54] demonstrated that by mRNA targets, miR-29a/b/c is an inductor of 

osteoclast migration and differentiation. Consistently, among its direct targets are the mRNAs 

of cytoskeletal organization–associated molecules, macrophage lineage–associated proteins 

and the osteoclast survival and resorption regulator Ctr (calcitonin receptor). 

Recently, it was observed that miR-146a-/- mice showed a strong and significant increase in 

trabecular bone volume with increasing age up to 16 months, while the wild-type mice 

experienced peak bone mass at months 3–4 followed by continuous bone loss [55]. It was 

further observed that the expression of miR-146a in total bone as well as osteoblasts increased 

with age in wildtype animals. Vice-versa, the loss of miR-146a expression in knockout mice 

increased osteoblast number and activity (but not osteoclast activity) resulting in increased 

levels of Wnt1 and Wnt5a and consequently Wnt signaling. Loss of miR-146a protected mice 

from OVX-induced bone loss, suggesting that silencing of miR-146a could be a novel strategy 

to counteract age-dependent bone loss. 

In summary, there is accumulating evidence that miRNAs directly regulate bone physiology 

and homeostasis. The fact that compared to small molecules or biologics, which commonly 

only interfere with a single target, miRNAs produce their effect by interacting with multiple 

gene targets, has already established them as targets for therapeutic intervention in many disease 

areas such as cancer, inflammation or metabolic disease. Several ongoing clinical trials have 

provided evidence for the feasibility of modulating miRNA activity through administration of 

miRNA mimics [56,57] and antisense oligonucleotides (antagomiRs) that balance miRNAs' 

levels [58,59]. Thus, it seems plausible that miRNAs could also be targeted for the treatment of 

bone-related disorders [60]. 
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3. Bone-derived circulating miRNAs: signaling and cell communication between 

osteoblasts and osteoclasts via miRNAs 

The biological effects of miRNAs on osteoblasts and osteoclasts raise the question of whether 

these regulatory molecules serve as communicators between bone cells (as occurs with the 

information exchange at the protein level), producing physiological effects within the recipient 

cells, and affecting bone remodeling and homeostasis [61]. Recent papers have reported that 

the transmission of information via extracellular vesicles (EVs) or exosomes may provide a 

novel interaction mechanism between distant and different types of bone cells. 

In the case of osteoblasts, Cui et al reported 43 miRNAs that were found highly abundant in 

mineralized exosomes of MC3T3-E1 pre-osteoblast cells [62] and are linked to osteoblast 

function and differentiation. They also showed in a coculture experiment that those osteogenic 

miRNAs contained in MC3T3-E1-derived exosomes can facilitate osteoblast differentiation of 

ST2 recipient cells and alter their miRNA expression levels not only indirectly but also directly 

by direct transference from the exosomes to the ST2 recipient cell content. Since this study 

reports the potential role of miRNA-containing exosomes in osteoblast–osteoblast 

communication, it also raises the possibility of osteoblast–osteoclast communication following 

a similar mechanism in which miRNAs contained in osteoblast lineage–derived exosomes 

could target key osteoclast differentiation factors, acting as a mechanism of intercellular 

communication between different bone cell types. In a later study following this hypothesis, the 

presence of miR-125b-5p was confirmed in osteoblast-derived vesicles, and was shown to be 

present in bone matrix, where it suppresses bone resorption in mice and plays a crucial role in 

osteoblast–osteoclast interactions [63]. Similarly, miR-503-3p from mineralized osteoblast-

derived exosomes may inhibit RANKL-induced osteoclast differentiation by regulating RANK 

expression [64]. 

Regarding the potential role of EVs in the regulation of osteocytes, Sato et al demonstrated that 

osteocytes produce miRNA-containing exosomes by in vitro culture of MLO-Y4 osteocytic 

cells. In the same study, selective osteocyte ablation in vivo in mice also demonstrated that 

osteocytes generate and release miRNA-containing exosomes into systemic circulation [65]. 

Despite these, the extent to which miRNAs control osteocyte function, the exact downstream 

impacts on bone homeostasis and remodeling, and whether osteocyte-derived miRNAs could 

act in a paracrine manner on adjacent bone cells are still incompletely known [66]. 

Recent studies have shown that osteoclasts can communicate with osteoblasts via fusion of 

miRNA-containing exosomes [67]. By directly incubating osteoclast-related exosomes with 

osteoblast, Sun et al [68] and Li et al [69] have recently suggested that osteoclast-derived miR-
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214 can be transmitted via exosomes and inhibit osteoblast activity. In vivo injection of 

exosomes obtained from the osteoclast supernatant drastically reduced bone formation [48]. 

These findings suggest that EVs derived from osteoclasts may be effective intercellular 

messengers controlling bone homeostasis and osteoclast–osteoblast communication to reduce 

osteoblastic bone formation. 

In their miR-214 study, Sun et al also showed that the recognition and transfer of osteoclast 

exosomes to osteoblasts is facilitated by ephrinA2–EphA2 interaction [68]. Research by Wang 

et al [70] showed that miR‐214 inhibits osteoblast activity by targeting ATF4, while their 

subsequent studies showed that miR‐214 enhances osteoclastogenesis through the PI3K/Akt 

pathway [47]. Hence miR-214-containing osteoclast exosomes could play several functions that 

support bone degradation. These studies provide the first support for the hypothesis that 

functional genetic information may be transmitted between osteoblasts and osteoclasts via 

exosomes, although more research is required to validate these findings in humans [61]. 

Recent reviews [61,71] have noted that in addition to osteoclast-derived exosomes that can bind 

to the membrane of the recipient cell to deliver their content or to induce intracellular signaling 

though receptor interaction, also microvesicles released by osteoclasts and even osteoclast 

apoptotic bodies may have similar physiological and pathological functions in intercellular 

communication. However, more research is needed to verify that, for one, the transmission of 

miRNAs between bone cells can occur in vivo, and, secondly, that the physiological importance 

of this genetic transmission via exosomes is in fact comparable to protein-level communication, 

particularly in specific tissue or biological processes [72]. Newly developed methods for vesicle 

tracing can be used for this purpose such as imaging methods for extracellular vesicles using 

fluorescent lipid dyes [73] or bioluminescence tagging and others [74]. These methods will 

prove useful in studying the mechanisms and physiological roles of in vivo miRNA 

transmission via extracellular vesicles between different bone cell types. 

Regarding the capability of miRNAs to mediate bone cell communication in the bone marrow 

niche, Davis et al showed an increase in miR-183-5p levels with age in bone-derived 

extracellular vesicles in the bone marrow, and that miR-183-5p is able to inhibit proliferation 

of BMSCs and promote stem cell senescence [66].  

As pointed out by Xie et al and Yin et al [61,75] in their recent studies, the content of bone-

derived exosomes, including proteins, mRNAs and miRNAs, changes from one donor cell to 

another. Different miRNAs contained within specific bone-derived exosomes are able to target 

many of the main factors controlling osteoclasts and osteoblasts, such as RUNX2, BMPs, and 

sclerostin [76]. Furthermore, exosomal miRNAs from the same parent cells may have opposing 
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roles with respect to osteoclast differentiation and osteoblast activity. Variations in miRNA 

levels found in the recipient cells do not match the amount of miRNA in the donor exosomes, 

indicating that in addition to miRNAs also other components of bone-derived exosomes can 

affect the recipient cell miRNA profile [62]. Interestingly, the impact that one specific type of 

miRNA may have on osteoblasts and osteoclasts can also be variable and even opposing 

between the two cell types [77].  

Combined with the results mentioned earlier, these studies suggest that intercellular 

communication within the bone niche could occur through selective transmission of EVs and 

miRNA cargos. Thus, this type of communication might be a source of novel biomarkers that 

could be measured with minimal invasiveness in the peripheral blood. 

 

4. Circulating microRNA biomarkers in osteoporosis 

In vitro experiments have provided valuable insights into the regulation of bone metabolism 

through miRNAs (section 2), and evidence for the release of miRNAs from bone cells as part 

of intercellular communication (section 3). Together, these findings justify translational and 

clinical research to investigate the utility of circulating miRNAs as bone biomarkers. Based on 

the incidence of primary osteoporosis, and the lack of sensitive and specific biomarkers to 

support (prophylactic) treatment decision, it is with good reason that most research to date has 

been performed in the context of postmenopausal osteoporosis. Most studies have focused on 

diagnostic or prognostic application of microRNAs biomarkers in osteoporosis. Their 

application for monitoring treatment response has received comparatively little attention so far. 

In this section we provide a summary of clinical microRNA biomarker studies in the context of 

postmenopausal osteoporosis (4.1.) and monitoring of anti-osteoporotic treatment (4.2). 

4.1.Circulating microRNAs as biomarkers for fracture risk in postmenopausal osteoporosis 

Osteoporosis is a systemic skeletal disorder characterized by increased risk of bone fracture due 

to increased skeletal fragility, reduced bone mass and muscle weakness (sarcopenia). Fractures, 

particularly hip fracture, are a major health care concern due to the associated morbidity and 

mortality, mainly in elderly and postmenopausal women [78,79]. Therefore, fracture-risk 

screening in this group of patients is key to identify high risk individuals that could benefit from 

anti-osteoporotic treatment. In terms of population-based screenings, blood-based biomarkers 

have the advantage that they can be analyzed locally in central and basic laboratories, making 

their analysis scalable, cost-effective, and not requiring patient travel. A cost-utility analysis on 

an Austrian cohort showed that blood-based miRNA screening for fracture-risk assessment 

could lead to a significant improvement in health (reduced fracture-rates) while lowering the 
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economic burden stemming from fracture-care, if a prognostic performance (AUC = 0.85) can 

be met [80]. 

The search term “microRNA AND osteoporosis AND fracture AND (blood OR serum OR 

plasma) AND biomarker” in PubMed identified altogether 25 studies between the first study 

by Seeliger et al. in 2014 and November 1st in 2020. Of these, 18 provide original data on 

circulating miRNAs in the context of bone diseases (Table 2), while the other seven are reviews 

or non-human studies. We evaluated the level of information provided on pre-analytical and 

analytical methods and found that eight studies provided complete information, six sufficient 

(lacking for instance exact centrifugation parameters), while four studies did not provide any 

detailed information about sample collection. The majority of studies (14/18) have used serum 

for the analysis of circulating miRNAs. Two out of three studies using plasma described double-

centrifugation and usage of EDTA as anticoagulant. One study used both serum and plasma, 

but on or no? details on comparability were given. Thirteen out of 18 studies reported the use 

of spike-ins to monitor RNA extraction and RT-qPCR performance, and 11 studies evaluated 

the degree of hemolysis (6 of which using the ratio of miR-23a/451a). 

Predominately in early studies, published until 2018, so-called “discovery platforms” such as 

qPCR arrays that can cover between 96 to 768 different miRNAs [79,81,82] were applied to 

enable biomarker candidate selection, while subsequent studies have mostly relied on targeted 

RT-qPCR assays to measure up to 32 miRNA candidates per sample. All of the identified 

studies have used cross-sectional study designs comparing circulating miRNAs levels between 

controls or disease groups with specific fracture types. Half of the studies had recruited more 

than 100 samples for their analysis and used targeted RT-qPCR analysis of 1-32 miRNA 

candidates, which were selected based on literature as well as target prediction analysis.



Table 2 Pubmed search results for "microRNA AND osteoporosis AND fracture AND (blood OR serum OR plasma) AND biomarker" (excluding 

review articles) 

Title 
Year-
Month 

Primary 
Outcome 

Population 
Sample 

Size 
Technology 

Platform 

Number 

of 
miRNAs 

Sample 
Type 

Pre-

analytic

al 
protocol

s 

Hemolysi
s controls 

Spike-In 
controls 

Norm-
alization 

Main Finding Ref 

miR-27a-3p 

negatively 

regulates 

osteogenic 

differentiation of 

MC3T3 E1 

preosteoblasts by 

targeting osterix. 

2020-09 
Bone 

mass 

Women 

(definition is 

lacking) 

137 
RT-qPCR 

(unknown) 
1 Serum - No No 

Not 

specified 

miR-27a-3p levels 

decreased during 

osteogenic 

differentiation and 

increased in the serum 

of patients with 

osteoporosis. 

[83]  

Serum microRNAs 

as novel 
biomarkers for 

osteoporotic 

vertebral fractures. 

2020-01 

Vertebral 
factures 

Bone 

mass 

Postmenopau

sal women 
126 

RT-qPCR 

(LNA) 
21 Serum +++ 

Yes 
(miR-

23a/451a) 

Yes Spike-Ins 

Seven significantly 

up-regulated miRNAs 

were identified in 
patients with VerFx 

and low BMD 

compared to low 

BMD and healthy 

individuals. 

[84]  

Selected serum 

microRNA, 

abdominal aortic 

calcification and 

risk of osteoporotic 

fracture. 

2019-05 

Abdomina

l aortic 

calcificati

on and 

risk of 

fracture 

Postmenopau

sal women 
434 

RT-qPCR 

(TaqMan) 
3 Serum +++ 

Yes 

(macrosc

opic) 

Yes 

Endogenous 

miRNAs 

(miR- 

191-5p, 

miR-222-3p 

and miR-

361-5p) 

miR-26a-5p, -34a-5p 

and -223-5p are not 

significantly 

associated with 

incident fracture and 

AAC aggravation. 

[85]  

Evaluation of 
circulating 

miRNA-208a-3p, 

miRNA-155-5p 

and miRNA-637 as 

potential non-

invasive 

2020-03 
Bone 

mass 

Pre- and 

Postmenopau

sal women 

140 
RT-qPCR 

(miScript) 
3 Serum + No No 

Endogenous 

small RNA 

(Snord68_1

1) 

Differential expression 

suggests association 

with osteoporosis 

pathogenesis. 

[86]  
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biomarkers […] 

pre- and 

postmenopausal 

osteoporotic 

females. 

Aberrant 

Expression of 

miR-100 in Plasma 

of Patients with 
Osteoporosis and 

its Potential 

Diagnostic Value 

2019-09 
Osteoporo
sis 

Postmenopau
sal women 

240 
RT-qPCR 
(unknown) 

1 Plasma - No No 
Not 

specified 

miR-100 was 

abnormally increased 
in the plasma of 

osteoporotic patients 

[87]  

Lack of 

Association 

Between Select 

Circulating 

miRNAs and Bone 

Mass, Turnover, 

and Fractures: 

Data From the 

OFELY Cohort.  

2019-06 

Bone 

Mass 

Bone 

Turnover 

Fractures 

Pre- and 

Postmenopau

sal women 

682 
RT-qPCR 

(LNA) 
32 Serum +++ 

Yes 

(macrosc

opic) 

Yes 

Spike-Ins 

and Global 

Mean 

No evidence that 32 

preselected miRNAs 

were not associated 

with BTMs, BMD, 

microarchitecture, and 

or fragility fractures. 

[88]  

Circulating miR-
103a-3p and miR-

660-5p are 

associated with 

bone parameters in 

patients with 

controlled 

acromegaly.  

2019-01 

Acromega

ly 

(ACRO) 

Male/fema

le patients 

and controls 

54 
RT-qPCR 

(LNA) 
20 Serum - 

Yes 

(miR-

23a/451a) 

Yes 
Global 

Mean 

Circulating miR-103a-

3p and miR-660-5p 

are differentially expre 

ssed in controlled 

ACRO patients. 

[89]  

Correlation of 

plasma 

microRNA-21 

expression and 

bone turnover 
markers in 

postmenopausal 

women. 

2018-12 

Bone 

turnover 

markers 

and bone 
minearl 

density 

Thai 

postmenopau

sal women 

195 
RT-qPCR 

(TaqMan) 
1 

EDTA-

Plasma 

(2x) 

+++ No Yes 
Not 

specified 

No significant 

correlation between 

plasma miR-21-5p 

expression and BTMs. 

Higher expression of 
miR-21-5p in low 

BMD participants. 

[90]  
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Serum miRNAs 

miR-140-3p and 

miR-23b-3p as 

potential 

biomarkers for 

osteoporosis and 

osteoporotic 

fracture in 
postmenopausal 

Mexican-Mestizo 

women.  

2018-12 

Bone 

mass 

Fractures 

Postmenopau

sal women 
40 + 97 

RT-qPCR 

(TaqMan) 
754 Serum + 

Yes 

(OD414n

m) 

No 

Endogenous 

small RNA 

(RNU6) 

Differences between 

osteopenic, 

osteoporosis and 

fracture patients 

observed for miR-23b-
3p and miR-140-3p. 

 [91] 

Circulating 

microRNAs as 

potential 

diagnostic 

biomarkers for 

osteoporosis 

2018-05 

Osteopeni

a/ 

Osteoporo

sis/ 

Fracture 

Male/female 

40y+ 

21 + 

139 

(serum) 

134 

(plasma) 

RT-qPCR 

(miScript) 
370 

Serum 

or 

plasma 

+ No Yes 

Endogenous 

small RNA 

(SNORD96

A,  RNU6) 

Circulating hsa-miR-

122-5p and hsa-miR-

4516 could be 

potential diagnostic 

biomarkers for 

osteoporosis. 

[92]  

Bone-related 

Circulating 

MicroRNAs miR-

29b-3p, miR-550a-
3p, and miR-324-

3p and their 

Association to 

Bone 

Microstructure and 

Histomorphometry

.  

2018-03 

Bone 

Histo-

morph-

ometry 

Male/female 

cohort with 

bone biopsies 

36 
RT-qPCR 

(LNA) 
19 Serum + 

Yes 

(miR-

23a/451a) 

Yes Spike-Ins 

Bone-related 

circulating miRNAs 

miR-29b-3p, miR-
550a-3p and miR-324-

3p are associated to 

dynamic processes of 

bone, reflected by 

bone 

histomorphometry. 

[93]  

MiR-148a the 

epigenetic 

regulator of bone 

homeostasis is 

increased in 
plasma of 

osteoporotic 

postmenopausal 

women.  

2016-12 
Osteo-

porosis 

Postmenopau

sal women 
74 

RT-qPCR 

(miScript) 
9 

EDTA-

Plasma 
(2x) 

+++ 

Yes 

(not 
specified) 

Yes 

Endogenous 

miRNAs 

(let-7a-5p 
and miR-

16-5p) 

Expression of miR-

148a-3p was 

significantly higher in 

the osteoporotic 
patient group 

compared to the 

controls. 

 [94] 
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Expression of 

microRNAs that 

regulate bone 

turnover in the 

serum of 

postmenopausal 

women with low 

bone mass and 
vertebral fractures.  

2017-02 

Bone 

mass and 

vertebral 

fracture 

Postmenopau

sal women 
70 

RT-qPCR 

(miScript) 
14 Serum +++ No Yes 

Endogenous 

small RNA 

(SNORD95

, 

SNORD96

A,  RNU6) 

Differential expression 

of miR-21-5p in the 

serum of women with 

low BMD and VFs. 

 [95] 

Circulating 

microRNA 

Signatures in 

Patients With 

Idiopathic and 

Postmenopausal 

Osteoporosis and 

Fragility Fractures. 

2016-11 
Osteo-

porosis 

Pre- and 

Postmenopau

sal women 

and men 

75 
RT-qPCR 

(LNA) 
187 Serum + 

Yes 

(miR-

23a/451a) 

Yes 
Global 

Mean 

Specific serum 

miRNAs are 

differentially 

expressed in 

osteoporosis. 

 [81] 

Serum miRNA 

Signatures Are 

Indicative of 

Skeletal Fractures 
in Postmenopausal 

Women With and 

Without Type 2 

Diabetes and 

Influence 

Osteogenic and 

Adipogenic 

Differentiation of 

Adipose Tissue-

Derived 

Mesenchymal 
Stem Cells In 

Vitro.  

2016-12 Fracture 

Postmenopau

sal women 

with/without 

type-2 

diabetes 

74 
RT-qPCR 

(LNA) 
375 Serum +++ 

Yes 

(miR-

23a/451a) 

Yes Spike-Ins 

Circulating miRNAs 

are linked to fragility 

fractures in T2D 

postmenopausal 

women and are 

different to that linked 

to non-diabetic women 

with fractures. 

 [82] 

Serum Circulating 

MicroRNAs as 

Biomarkers of 

Osteoporotic 

Fracture.  

2015-11 Fracture 
Postmenopau

sal women 
27 

RT-qPCR 

(LNA) 
179 Serum + 

Yes 

(OD414n

m) 

Yes 

Endogenous 

miRNAs 

(miR-93-

5p) 

miR-21-5p may be a 

biomarker of bone 

fracture. 

[78]  
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Differentially 

circulating 

miRNAs after 

recent osteoporotic 

fractures can 

influence 

osteogenic 

differentiation. 

2015-10 

Recent 

bone 

fracture 

Postmenopau

sal women 
37 

RT-qPCR 

(LNA) 
175 Serum +++ 

Yes 

(miR-

23a/451a) 

Yes 
Global 

Mean 

Recent osteoporotic 

fractures are reflected 

by specific serum 

miRNA patterns. 

Changes could affect 

bonemetabolism or 

bone healing 

processes. 

 [96] 

Five freely 
circulating 

miRNAs and bone 

tissue miRNAs are 

associated with 

osteoporotic 

fractures.  

2014-08 

Fracture 
with low 

BMD vs 

fracture 

with 

normal 

BMD 

Female and 

male patients 
20 + 60 

RT-qPCR 

(miScript) 

not 

provided 
Serum - No No 

Endogenous 

small RNA 

(SNORD96

A,  RNU6) 

The first study to 

investigate circulating 

miRNAs in the 

context of bone 

fractures. 

[79]  

 



A panel of 20 miRNAs and five controls, referred to as osteomiR, has emerged from these 

studies. These miRNA bone biomarker candidates have been used as individual biomarkers in 

the context of low bone mineral density (BMD) and vertebral fractures [86] as well as in 

combined fashion using a multivariate model (that returns a fracture-risk score) to assess the 

prognostic performance for fracture-risk in older people [86]. Several of these osteomiRs have 

been described above in sections 2 and 3 (miR-214, miR-188, miR-133). In addition, miR-

203a-3p should also be highlighted, as it has been identified to be elevated in serum of fracture 

patients [82], and induced in the bone and serum of ovariectomized rats [97]. In vitro data 

further supports a relevant role for this miRNA in bone pathology as it is induced by 

dexamethasone and silenced by BMP-2 signaling [98],  and its up-regulation results in reduced 

osteogenesis via down-regulation of its direct targets DLX5 [99], RUNX2, and Smad [100]. 

Using a standardized assay and a panel of circulating miRNA enhances the comparability of 

results and increases the likelihood that results can be reproduced, ultimately resulting in the 

selection of few miRNA biomarker candidates to be used in large population-based studies to 

evaluate diagnostic and prognostic performances.  

 

4.2.Effect of osteoporosis treatment on circulating miRNA levels 

The follow-up of osteoporosis is currently done by monitoring BMD with dual energy X-ray 

absorptiometry (DXA) and measuring bone turnover markers (BTM) such as procollagen 

type-1 aminoterminal propeptide (P1NP) and carboxy-terminal telopeptide of type-I collagen 

(CTX). These, however, have proven insufficient in adequately reflecting bone health, disease 

progression or treatment response. For one, it has to be noticed that an increase in BMD only 

partly reflects the fracture risk reduction under anti-resorptive therapy [101] and does not mirror 

the magnitude of changes in bone organic matrix, mineral content or bone microstructure under 

osteoanabolic therapy [102]. Moreover, BMD changes during treatment are generally small and 

slow [103]. Consequently, short-term follow-up measurements by DXA are insufficient.  

Evaluation of BTMs is a common and an establish practice for monitoring treatment response. 

Typically BTMs show a distinctive course in response to treatment with antiresorptive agents, 

such as bisphosphonates or denosumab, as well as osteoanabolic agents, such as teriparatide 

[104]. These changes in BTMs are also much faster and greater than changes in BMD [105].  

The utility of circulating, bone-related miRNAs for the follow-up of osteoporosis and their 

response to anti-osteoporotic therapy is not fully known. Presently, only a few studies have 

investigated the effects of bisphosphonate treatment on miRNAs. The influence of alendronate 

(ALN) on miR-182-5p was examined by Pan et al. miRNA-182 is a regulator of osteoblast 

differentiation and apoptosis via the Rap1/mitogen-activated protein kinase (MAPK) signaling 
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pathway, targeting the adenylyl cyclase isoform 6 (ADCY6)–gene. OVX in rats resulted in a 

significant up-regulation of miR-182-5p, when compared to sham-operated rats. ALN led to a 

down-regulation of miR-182-p5 and consequently to an up-regulation of ADCY6 and the 

Rap1/MAPK signaling pathway [106].  

Li et al investigated the role of ALN on miRNAs and osteoclastogenesis by inducing osteoclast 

differentiation in bone marrow-derived macrophage-like cells (BMMs) with RANKL and M-

CSF. Results showed a significant decrease in miR-101-3p during osteoclastogenesis, whereas 

ALN led to a significant increase in miR-101-3p. TRAP positive osteoclasts were inhibited by 

both miR-101-3p and ALN. Furthermore, in an in vivo OVX mouse model, injection of miR-

101-3p led to an inhibition of RANKL and the RANKL/OPG (osteoprotegerin) ratio. These 

data suggest, that ALN regulates the miR-101-3p/Rap1b (Ras-related protein) signaling 

pathway and thereby osteoclast differentiation [107].  

Studies on serum miRNAs in osteoporosis patients have found numerous miRNAs to be up-

regulated in patients with vertebral fractures, when compared with patients with low BMD 

without fractures or with healthy controls. In a subgroup of patients with vertebral fractures 

receiving ALN or risedronate (RIS), serum levels of miRNAs, such as miR-335-5p and miR-

30e-3p, were slightly lower than in untreated patients [84]. 

The effect of zoledronic acid (ZOL) on miRNA expressions was investigated in breast cancer 

cells. In total, 21 miRNAs were differentially regulated by ZOL in comparison to untreated 

cells. Of these, miR-455, a regulator of osteoblast cell proliferation, apoptosis and oxidative 

stress via the HDAC2-Nrf2/ARE signaling pathway [108], was one of the most up-regulated 

miRNAs following ZOL treatment [109]. A similar effect was observed in our OVX-model 

[97]. Moreover, ZOL treatment also resulted in down-regulation of miR-133 in our animal 

model on postmenopausal osteoporosis, indicating a positive effect on RUNX2 and 

consequently on bone formation [97].  

The influence of denosumab (DMAB), a monoclonal antibody to RANKL, on 16 circulating 

miRNAs was observed in postmenopausal women with low bone mass. Surprisingly, no 

significant change in the miRNA signature was seen after three or 12 months of DMAB therapy 

[110]. Recently, we initiated the MiDeTe-study (microRNA Levels Under Denosumab and 

Teriparatide Therapy in Postmenopausal Osteoporosis) in order to get more information on 

circulating miRNAs during DMAB therapy (ClinicalTrials.gov Identifier: NCT03472846). The 

follow-up period was set to 24 months with six clinical visits and timepoints for miRNA 

analysis. 
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Recently published investigations give evidence of an increased risk for vertebral fractures after 

discontinuation of DMAB therapy [111]. This might be due to increased bone turnover after 

the treatment period, reflected by an increase in BTMs such as CTX and PINP. Anastasilakis 

et al examined circulating miRNAs in three groups of women: postmenopausal women with 

vertebral fractures 8–16 months after the last administration of DMAB, DMAB-discontinuer 

without fracture, and treatment-naïve women with fracture. Results showed down-regulation in 

miR-222 and miR-503 in the DMAB-discontinuation group, with even lower levels for DMAB 

discontinuer with fracture. The mRNAs of RANK, which is negatively regulated by miR-503, 

and cathepsin K, which is negatively regulated by miR-222, were up-regulated, indicating an 

increased osteoclast formation after DMAB discontinuation [112]. 

Teriparatide (TPTD), a recombinant human parathyroid hormone–fragment (rhPTH1-34), is a 

potent osteoanabolic agent for treatment of severe osteoporosis. TPTD therapy is known to 

increase BMD and improve bone microstructure. Although, the exact mechanisms of PTH are 

incompletely known, PTH acts via different pathways including MAP kinase, phospholipase A 

and D, IGF-I and WNT, and thus stimulates osteoblastic signals, targets the extra- and 

intracellular regulators, influences osteoblast differentiation and prevents osteoblast apoptosis 

[113].  

While the treatment response to TPTD is usually measured by evaluating BMD and BTMs, a 

few studies have also focused on the effect of teriparatide on miRNAs. Twelve months of TPTD 

treatment in postmenopausal women with osteoporosis resulted in a differential expression of 

several miRNAs [110]. After three months of treatment, six out of 16 miRNAs were differently 

regulated, and after one year two miRNAs significantly changed. miR-33-3p, a regulator of 

DKK1, and thereby of the WNT pathway, reached statistical significance after three months of 

therapy, and miR-133a-3p, an inhibitor of RUNX2 and thereby a key player in 

osteoblastogenesis, was significantly reduced after one year of therapy, reflecting the anabolic 

capacity of TPTD [110]. 

A recent study investigated the influence of TPTD on osteogenic differentiation of human 

marrow mesenchymal cells (hMSCs) with or without miR-375 overexpression. Higher levels 

of miR-375 were found in blood from osteoporosis patients, when compared with healthy 

controls. TPTD resulted in up-regulation of alkaline phosphatase (ALP) or RUNX2. In contrast, 

miR-375 overexpression led to down-regulation of the mentioned mRNAs. These data indicate 

a potential role for the miR-375/RUNX2 pathway in TPTD-induced osteogenic differentiation 

[114]. 
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We have recently conducted an animal study on postmenopausal osteoporosis and tested the 

effects of anti-resorptive and osteoanabolic therapy on bone-related miRNAs [97]. Rats first 

underwent OVX or sham-operation and were then randomized to either ZOL, TPTD or placebo 

treatment. OVX led to significant changes in bone microstructure and miRNA transcription in 

bone. In total, 46 miRNAs were regulated by TPTD and ten by ZOL. Anti-osteoporotic 

treatment reversed the OVX-effects in untreated animals. The most promising miRNA 

candidate identified was miR-203a, which was up-regulated due to OVX, and rescued by TPTD 

and ZOL treatment. miRNA-203a is involved in the differentiation of mesenchymal stem cells 

and promotes osteogenic differentiation. miR-203a inhibits Dlx5 and thus the transcription 

factors Runx2 and Osx [99]. The significant correlation between miRNA-203a in bone tissue 

and serum supports its potential clinical utility as a bone biomarker for osteoporosis. 

Of note, a similar pattern was also observed for miR-20a-5p, which was up-regulated following 

OVX and down-regulated after TPTD treatment [97]. miR-20a-5p promotes osteoblast 

differentiation and thus bone formation via Runx2, BMP2 and PPARγ [115]. 

 

5. Circulating miRNAs as emerging biomarkers for secondary, monogenic, and rare 

bone diseases 

Secondary, monogenic, or rare forms of musculoskeletal disorders offer a unique platform for 

surveying miRNA regulation in relation to specific signaling pathways and unusual pathologic 

conditions. They also help clarify and expand our understanding on the underlying 

pathomechanisms in these diseases which, despite the rise in identified causative genes and 

contributing genetic loci, remains limited. From a clinical standpoint, miRNAs offer an 

innovative avenue for novel diagnostic means since 1) currently available metabolic markers 

are often normal in affected patients, despite severe osteoporosis or skeletal pathology 

[116,117], 2) the tools for diagnosing and monitoring disease progression or treatment response 

are limited for patients with rare and/or monogenic skeletal diseases; and 3) many of the 

molecular pathways and mechanisms that cause bone fragility in rare and/or monogenic 

diseases are still incompletely understood, and post-transcriptional regulation through miRNAs 

might provide insight and novel targets for therapeutic intervention. 

 

5.1. Diabetic osteopathy  

It is estimated that one in 11 people worldwide has diabetes (International Diabetes Federation 

2017), correlated with increased morbidity, death, and health care costs [118]. Both type 1 

(T1DM) and type 2 diabetes mellitus (T2DM) are associated with reduced bone strength and 

decreased risk of fracture [119,120] due to poor bone turnover. The pathways causing bone 
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fragility in diabetes mellitus are complex, and significantly different between type 1 and type 2 

diabetes. 

T1DM affects bone health more severely and leads to decreased BMD already in puberty, at a 

period of rapid skeletal development, leading to low peak bone mass [116]. As a result, the 

bone is weakened at a younger age and the negative effects during aging become much more 

severe. Bone regeneration is also poor in T1DM patients due to decreased bone formation and, 

to a lesser degree, bone resorption [121]. This is most likely attributed to impaired osteoblast 

function due to low concentrations of both insulin (caused by an almost complete β-cell failure) 

and insulin growth factor 1 (IGF-1) [122,123]. Other co-factors leading to decreased bone 

formation include bone microarchitecture changes, increased bone marrow fat content, low-

grade inflammation, osteocyte dysfunction, and aggregation of advanced glycation end 

products (AGEs) in collagen due to hyperglycemia [124]. 

T2DM is much more common than T1DM and, due to the epidemic of obesity, its prevalence 

has further gradually increased in the recent years. T2DM affects bone health at the later stages 

of the disease, with less severe bone mass reduction and risk of fracture compared to T1DM 

[118]. In contrast to T1DM, BMD is not consistently reduced in patients with T2DM [125], 

linking the problem of decreased bone strength to degradation of bone microarchitecture. 

Degradation of bone microarchitecture is primarily attributed to hyperglycemia, and the 

subsequent accumulation of AGEs [126]. Nevertheless, the specific pathophysiological causes 

are unclear as obesity is very prevalent in T2DM patients and is itself linked to increased 

fracture risk. 

Other causes behind bone fragility in T2DM include renal dysfunction, vitamin D deficiency, 

hypogonadism and systemic inflammation caused by fat-derived factors such as pro-

inflammatory cytokines and adipokines, WNT pathway repression and, likely, bone 

microvascular dysfunction. These together contribute to impaired mechanostatic activity of 

osteocytes, bone turnover and bone matrix properties, leading to diminished bone strength. 

Fracture risk is further increased due to other diabetic complications, such as visual 

deterioration and neuropathy [127]. 

 

Many studies have shown that miRNAs and alterations in their expression patterns can be 

involved in the pathophysiology of osteoporosis and reduced fracture healing in both T1DM 

and T2DM. In a study by Takahara et al [128] using diabetic rats (with a T1DM induced by 

streptozotocin injection) with fractured femur, post-fracture microarray analysis revealed 17 

miRNAs with more than two-fold change in the newly generated tissue at the fracture site when 
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compared to controls. Five miRNAs (miR-140-3p, miR-140-5p, miR-181a-1-3p, miR-210-3p, 

and miR-222-3p) were selected based on literature review and analyzed by real-time PCR 

analysis to confirm changing patterns of expression during fracture healing in their diabetic rat 

model. 

In a similar study using the same diabetic rat model, Tang et al [100] reported changes in a 

distinct signature of miRNAs in the diabetic rat mandibles compared to controls. The authors 

observed an overlap between these miRNAs and miRNAs identified by in vitro analysis of 

BMSCs cultured under different concentrations of glucose, including miR-181a-5p, miR-345-

5p and miR-872-5p. However, other miRNAs did not overlap, indicating that high-glucose 

culture may not fully replicate diabetic conditions. As a result, they concluded that miR-203-

3p can serve as a putative biomarker for diabetic bone loss, being up-regulated in the jaw bones 

of diabetic rats and in high-glucose cultured cells, and acting as a suppressor of osteogenesis 

by inhibiting the BMP/Smad pathway through Smad1 targeting. 

A study by Heilmeier et al [82] evaluated the circulating miRNA profiles of 80 postmenopausal 

women with and without T2DM and osteoporosis to investigate the association between T2DM 

bone fracture and circulating miRNAs. With 48 significantly differentially expressed miRNAs, 

T2DM patients with fractures exhibited stronger shifts in circulating miRNAs relative to T2DM 

controls without fractures or the non-diabetic study arm (23 differentially regulated miRNAs). 

Interestingly, only a small overlap in the relative miRNA changes in T2DM and non-T2DM 

patients with fractures was observed (n=6); miR-382-3p, miR-1908, and miR-369-3p were 

down-regulated in both diabetic and non-diabetic fractured patients, while miRNA-203a-3p, 

miRNA-330-3p, and miRNA-550a-5p were up-regulated. The study also examined the impact 

of miR‐550a‐5p and miR‐382‐3p on bone metabolism by in vitro functional experiments, and 

discovered that miR‐550a‐5p hindered both adipogenic and osteogenic differentiation of human 

adipose-derived mesenchymal stem cells (hASCs), while overexpression of miR-382-3p 

enhanced osteogenic differentiation, but not adipogenic differention of hASCs. 

So far, only one study has investigated circulating miRNA levels in T1DM patients. Grieco et 

al analyzed six miRNAs (miR-21-5p, miR-148a-5p, miR-24-3p, miR-27a-3p, miR-214-3p, and 

miR-375-3p) in 15 T1DM patients and 14 non-diabetic and age-matched controls. They found 

that miR-21-5p and miR-148a-5p were up-regulated in T1DM subjects, and correlated to 

markers of bone strength and metabolism [129]. 

Other studies have focused on the above-mentioned role of hyperglycemia in diabetic 

osteoporosis and bone fracture. You et al discovered that, by targeting CASP3 and inducing the 

PI3K/Akt pathway, miR-378 overexpression attenuates the high glucose-inhibition of 
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osteogenic differentiation. As mentioned before, hyperglycemia leads to the formation of 

AGEs, another co-factor for diabetic bone loss. AGEs have also been associated in DM patients 

or in vitro with miRNAs such as miRNA-146a [130], miRNA-214 [131] and miRNA-223. Of 

these, miRNA-233 has been proposed as an effective marker for antagonizing the AGE-induced 

damage to osteoblasts in DM by Qin et al [132], as they found that the AGE-promoted apoptosis 

in osteoblasts is induced by miR-223 via down-regulation of insulin-like growth factor 1 

receptor. 

 

5.2.Circulating miRNAs as biomarkers for bone degeneration in inflammatory disease 

Several rheumatic diseases are known to affect bone metabolism. In seropositive rheumatoid 

arthritis (RA), the presence of Anti-citrullinated protein antibodies (ACPA) is associated with 

greater radiological joint damage and bone loss. However, no such biomarkers are available for 

spondyloarthropathies and other seronegative diseases, for which circulating miRNAs could 

offer a potential mean.  

RA is a chronic systemic autoimmune disease characterized by inflammation of predominantly 

peripheral joints as well as local and systemic bone loss [133]. Dysregulated miRNA signatures 

in RA, their role in pathogenesis of the disease and their potential role in the development of 

autoimmunity have been elucidated repeatedly [134–137]. Studies have found elevated serum 

levels of miR-22, miR-38 and miR-486 in ACPA-positive subjects eventually developing RA 

[138]. Also, miRNA signatures of early RA patients showed lower levels of miR-16 and miR-

223 compared with healthy controls [139], and miR-223 was reported to affect osteoclast and 

osteoblast differentiation, reflecting disease activity and treatment response in RA [140,141]. 

Furthermore, in vitro experiments showed that overexpression of miR-223 leads to an increased 

secretion of proinflammatory cytokines [142], while lentivirus-mediated silencing of miR-223 

decreased the severity of arthritis, inhibited osteoclastogenesis and subsequent formation of 

bone erosions in collagen-induced arthritis [143]. Lastly, increased levels of miR-223 in vitro 

reduced osteoclastogenesis in inflamed synovia of RA patients [144] 

WNT signaling plays a crucial role in bone homeostasis and on the osteoblast–osteoclast axis. 

The chronic inflammatory state in RA leads to an imbalance of this axis, resulting in increased 

bone resorption [145]. Analysis of inflamed synovia in RA patients showed a differential 

expression of 12 miRNAs participating in bone metabolism, specifically in osteoblast and 

chondrocyte differentiation via the WNT and BMP pathways [146]. For one, down-regulation 

of miR-133a, miR-145a and miR-204a affected RUNX2 and Osterix positively. Secondly, miR-

145 was elevated in peripheral blood mononuclear cells (PBMCs) and synovium, favoring 
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osteoclastogenesis and aggravated bone erosions in collagen-induced arthritis [147]. Lastly, 

miR-99b-5p, miR-143-3p and miR-145-5p were also found to discriminate patients with and 

without bone erosions. While miR-99b-5p was an independent predictor of erosion progression, 

the combination of all three miRNAs had the highest accuracy [148]. 

 

Spondylarthropathies (SpA), including axial SpA (axSpA) and psoriatic arthritis (PsA), are 

characterized by local and systemic bone loss, deterioration of bone microstructure and new 

bone formation [149–151]. The pathophysiological role of the IL-23-Th17 axis in 

spondyloarthritis has been addressed in several studies [152]. For one, miR-155-5p, miR-210-

3p and miR-10b have been reported to be up-regulated in Th17 cells of axSpA patients [153]. 

Zou et al investigated miR-21 in axSpA patients and correlated the findings to radiographic 

changes, BMD of lumbar spine and femoral neck. Results showed axSpA patients to have 

higher levels of miR-21 expression compared with controls. miR-21 correlated positively with 

more pronounced radiographic damage and negatively with BMD of lumbar spine and femoral 

neck [154]. The proinflammatory cytokine TNF-α has been reported to lead to impaired bone 

formation in vivo and in vitro, accompanied with suppression of miR-21-5p [155]. In vitro 

experiments on miR-21-5p showed that its expression and osteogenic activity were augmented 

with low TNF-α concentration and depressed with higher concentrations. Further, intravenous 

injection of miR-21-5p led to new bone formation and elevated expressions of STAT3, JAK2 

and IL-12 in mice with proteoglycan-induced arthritis (PGIA). Therefore, miR-21-5p may be a 

potential mediator of new bone formation in axSpA [156] by promoting Th17 cell 

differentiation stimulated by IL-17 and IL-22, both of which are considered to lead to bone loss 

and new bone formation in AS [157,158].  

Secondly, axSpA patients with pronounced radiographic damage showed nine differentially 

expressed miRNAs, of which six (miR-19a-3p, miR-24-3p, miR-27a-3p, miR-106a-5p, miR-

223-3p, and miR-374a-5p) were associated with WNT-mediated bone formation [159]. miR-

19a has been described as a negative regulator and miR-374a as an activator of WNT signaling 

pathway [160]. Further, overexpression of miR-24 is associated with an inhibition of osteogenic 

differentiation in osteoblastic cells [161], and miR-27 promotes osteoblast differentiation by 

modulation of WNT signaling and its expression is negatively regulated by RUNX2 [162].  

Lastly, A differential expression of miRNAs was also found in PsA patients, differentiating 

between active and non-active diseases [163]. A higher expression of miR-146a-5p was found 

in PsA patients compared with both psoriasis patients and controls, and the increase resumed 

by successful clinical treatment after 28 weeks. The expression of miR-146a-5p was associated 



28 

 

with CRP level and osteoclast number, but not with the presence of enthesitis or the skin 

Psoriasis Area and Severity Index–score (PASI). [164] 

 

5.3.Monogenetic bone disorders  

While miRNAs are well-established in postmenopausal, and to a certain extent in secondary 

forms of osteoporosis, studies in monogenic forms remain scarce. We have previously 

conducted two studies in two types of monogenic osteoporosis, of which first was a survey in 

autosomal dominant WNT1 osteoporosis [116]. WNT1 is a ligand to the WNT/beta-catenin 

pathway in bone and heterozygous mutations in its encoding gene WNT1 result in early-onset, 

low-turnover osteoporosis with reduced BMD, multiple peripheral and vertebral compression 

fractures, and subsequent increased thoracic kyphosis and loss of adult height [165,166]. We 

screened a custom-designed panel comprising 192 common miRNAs in a cohort of 12 subjects 

with a heterozygous missense mutation p.C218G in WNT1 and distinguished a unique miRNA 

expression profile in the WNT1 mutation-positive subjects with altogether nine differentially 

expressed miRNAs [116]. Of these, two were up-regulated (miR-18a-3p, miR-223-3p) and six 

down-regulated (miR-22-3p, miR-31-5p, miR-34a-5p, miR-143-5p miR-423-5p, miR-423-3p) 

and for three of them (miR-22-3p, miR-34a-5p, and miR-31-5p) binding sites in the 3’UTR of 

WNT1 mRNA were bioinformatically predicted [116].  

 

Following this, we profiled miRNA concentrations in 15 subjects with another form of 

monogenic osteoporosis—X-linked PLS3 osteoporosis [117]. Aberrant function of Plastin 3 

(PLS3), arising from mutations in its encoding gene PLS3, results in severe and childhood-

onset osteoporosis with multiple peripheral and compression fractures and markedly reduced 

BMD [167,168]. Due to its X chromosomal inheritance, PLS3 mutation-positive males are 

typically more severely affected, while the phenotype in affected females varies from 

asymptomatic to osteoporosis with fragility fractures (5,6). With a similarly designed study 

setting and a pre-selected set of 192 miRNAs, we identified altogether seven statistically 

significantly differentially expressed miRNAs in the PLS3 mutation-positive subjects with 

three up-regulated (miR-301b-3p, miR-181c-5p, miR-203a-3p) and four down-regulated (miR-

532-3p, miR-590-3p, miR-93-3p, miR-133a-3p) miRNAs [117]. Two of these (miR-181c-5p 

and miR-203a-3p) have bioinformatically predicted targets in PLS3 3’UTR, which we further 

demonstrated for miR-181c-5p by in vitro analyses [117]. 
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In neither cohort, the identified differentially regulated miRNAs correlated with age, subfamily 

division, type of mutation, or prior or ongoing osteoporosis medication [116]. There was also 

no overlap between the two studies, further underlining their specificity to the pertinent gene 

defects and disrupted molecular pathways. Studies in rare monogenic bone diseases are limited 

by small cohort sizes and clinically heterogenous phenotypes and, as in our studies, by their 

cross-sectional and exploratory natures lacking longitudinal data on dynamic changes in 

response to disease progression or therapeutic treatment. Although altered miRNA levels do 

not directly infer function, we hypothesized that the differentially regulated miRNAs mirror the 

interrupted signaling pathways in bone, elucidating yet unresolved underlying pathogenic 

mechanisms. Further investigations in larger cohorts and utilizing functional means are 

encouraged to delineate their functional roles and translate them into clinical and therapeutic 

applications.  

 

 

6. Concluding remarks 

MicroRNAs are important regulators of bone homeostasis and involved in the control of bone 

formation and resorption. Controlled release of miRNAs from bone cells suggests that miRNAs 

partake in cell communication between osteoblasts and osteoclasts. Blood levels of bone-

derived miRNAs could therefore be used as biomarkers reflecting bone health and disease. 

Importantly, laboratory methods for the analysis of circulating miRNAs require careful 

optimization of pre-analytical and analytical procedures and certain standards for reporting 

circulating miRNA data, to ultimately enhance the reproducibility of results. 

Clinical research studies investigating circulating miRNA levels in patient populations with 

different types of bone diseases have shown that onset and progression of bone diseases lead to 

changes in circulating miRNA patterns. In monogenetic diseases, such as WNT1 or PLS3 

osteoporosis, this pattern could reflect a molecular response to dampen the effects of aberrant 

gene expression. In primary and secondary forms of osteoporosis these circulating miRNA 

patterns might reflect the (complex) multifactorial nature of these disease involving not only 

bone but also other tissue types. Moving forward it is greatly encouraged for this research field 

to progress from exploratory studies to large, ideally population-based validation studies, to 

obtain clear evidence for or against the clinical utility of circulating miRNAs as clinical decision 

support tools. 
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