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Abstract
An emerging concept in intercellular communication in mammals is that communication can be mediated by exchange 
of genetic material, mainly in the form of RNAs. In this review, we discuss recent studies that describe the trafficking of 
genetic material with a focus on bone cell communication. Three major carriers are discussed: gap junctions, protein-binding 
complexes, and genetic material exchange mediated by extracellular vesicles. While protein-level exchange has been well 
documented, no review has summarized the novel paradigm of cell-to-cell communication by genetic information exchange 
in bone tissues or its biological relevance in terms of bone homeostasis and bone-related diseases. The purpose of this review 
is to promote further understanding of this novel discovery regarding bone cell communication and provide references for 
further investigations.
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Introduction

Cell-to-cell communication is crucial for cell differentiation, 
growth, and function as well as morphogenesis. It represents 
one of the main characters in the multidimensional opera of 
physiology. Classic cell-to-cell communication is mediated 
by several methods that fall under either direct or indirect 
communication; direct communication includes autocrine 
(self-self) and juxtacrine (between neighboring cells) com-
munication, while indirect communication includes parac-
rine and synaptic (local and exercised over a short distance) 
and endocrine (exercised over a longer distance) signaling. 
Generally, cell-to-cell communication—direct or indirect—
involves receptor–ligand interaction, which leads to the acti-
vation or suppression of intercellular signaling pathways in 

target cells [1]. This conventional, largely protein-based 
(involving growth factors, cytokines, and chemokines, etc.), 
model has long been considered necessary and sufficient to 
explain coordinate tissue and organism function.

The exchange of genetic material between eukaryotic 
cells is a more recently discovered concept [2]. When 
eukaryotic cells encounter double-stranded RNA (dsRNA), 
genes carrying a matching sequence are silenced through 
RNA interference (RNAi). Through experiments involving 
the injection of dsRNA into C. elegans, researchers observed 
that dsRNA can be spread throughout the organism, allow-
ing the same gene to be specifically silenced in cells that 
had not encountered the primary dsRNA [3]. Similarly, in 
plants, research shows that when a leaf is infected with a 
plant virus, mobile signals that confer resistance to the virus 
can be transmitted to other leaves [4]. Furthermore, beyond 
the virus-induced movement of silencing RNAs (siRNAs), 
the mobility of endogenous small RNAs (sRNAs) through 
the plants guiding patterning of leaves and roots has also 
been demonstrated [5, 6] These findings reveal a new para-
digm that cells have a method of communication other than 
the protein-level information; cells can directly exchange 
genetic material. Exchange of genetic material can occur 
through intimate membrane contacts between parental and 
target cells or, for long-distance communication, through 
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extracellular vesicles (EVs) that contain genetic material 
and travel via body fluids [7–11]. With growing interest and 
research in the field, the biological significance of cell-to-
cell communication through exchange of genetic material is 
becoming gradually illuminated.

Bone is a dynamic, homeostatic organ that is constantly 
remodeled by the balanced and coupled activities of the 
cells including osteoblasts, osteocytes, and osteoclasts, 
among others. Closely regulated mechanisms of intercellu-
lar communication that permit the cells to sort and migrate, 
synchronize activity, regulate hormonal responses, and dif-
fuse locally generated signals are crucial [12]. In addition to 
the classic information exchange methods, both direct and 
indirect, bone cells can also communicate via an exclusive 
approach. Research has found that osteoclasts can resorb 
bone matrix while releasing the growth factors (such as 
TGF-beta) that are deposited in it, therefore, stimulating 
osteoblasts and osteoblast precursors [13]. A group of osteo-
blasts and osteoclasts that cooperate during bone remodeling 
is referred to as a “basic multicellular unit” (BMU) or “bone 
remodeling compartment” (BRC). Protein-level information 
exchange happens mainly within BRCs among cells such 
as osteoblasts, osteoblast precursors, osteoclasts, osteoclast 
precursors, osteocytes, microvascular epithelial cells, and 
neuron sprouts. This information exchange regulates bone 
resorption, bone formation, and vascular and nerve inner-
vation. Other molecules such as lipids and ions are also 
transported across cells to participate in the aforementioned 
processes [14].

After evidence for genetic information exchange was dis-
covered in eukaryotic cells, concepts such as the potential 
physiological relevance of this type of information exchange 
and whether bone cells could utilize it became topics of dis-
cussion. However, given the complexity of the extracellular 
environment such as great variance in pH and abundance of 
enzymes, genetic material such as RNA was ruled out from 
being able to transfer signals outside of cells because of its 
high susceptibility to degradation. Of note, the recent dis-
covery that RNAs can be shuttled by extracellular vesicles 
that protect them from degradation supports the notion that 
this form of exchange of genetic information may exist in 
bone tissues [9]. Subsequently, further research found that 
certain cell-to-cell direct contact structures such as gap junc-
tions, which are common in bone tissue, can also transfer 
genetic information [15]. These findings convey the intrigu-
ing idea that exchange of genetic material may represent a 
new paradigm in bone cell communications.

Protein-level exchange has been well documented. How-
ever, no prior review has summarized the novel paradigm of 
cell-to-cell communication by genetic information exchange 
in bone tissues or its biological relevance in terms of bone 
homeostasis and bone-related diseases. Accordingly, in this 
review, we discuss recent studies that describe the trafficking 

of genetic material between bone cells, focusing on EVs and 
the diverse structures that cells utilize for communication. 
The purpose of this review is to promote further understand-
ing of this novel discovery regarding bone cell communica-
tion and provide references for further investigations.

Genetic transfer in EVs

Since the discovery of EVs containing functional mRNA, 
microRNA (miRNA), and DNA molecules, they have 
emerged as important vehicles for cell-to-cell communica-
tion [16]. EVs also contain other molecules such as lipids, 
proteins, and ions, but for the purpose of this review, reports 
on EVs-mediated cell-to-cell transfer of nucleic acids are of 
particular interest. EVs also contain other molecules such 
as lipid, proteins, ions, but for the purpose of this review, 
reports on EVs-mediated cell-to-cell transfer of nucleic acids 
are of particular interest. Depending on their origin and the 
size, EVs are categorized as exosomes, shedding vesicles 
or apoptotic bodies (Fig. 1) [17]. Exosomes (diameter of 
30–100 nm) correspond to the intraluminal vesicles (ILVs) 
that originate from the late endosomal trafficking machin-
ery. Exosomes are gathered into multi-vesicular bodies 
(MVBs) inside the cell and ultimately released as a result of 
MVB fusion with the plasma membrane. Ectosomes (also 
called shedding vesicles), membrane particles, nanoparti-
cles, matrix vesicles, and microvesicles (MVs)—are cell 
surface-derived EVs that are typically larger than exosomes 
(with the diameter of 100 nm–1 μm), originating from direct 
budding from the plasma membrane. Apoptotic bodies are 
larger than ectosomes or exosomes (> 1 μm in diameter) 
and are released as blebs of apoptotic cells. They are char-
acterized by phosphatidylserine externalization and contain 
fragmented DNA.

EVs as cell‑to‑cell communication tool

Strictly speaking, to fulfill the definition of cell-to-cell com-
munication, genetic material must be (1) selectively pack-
aged into vectors and (2) retain functionality to exert bio-
logical effects in recipient cells. Exosomes can serve as an 
example of these attributes. First discovered nearly 30 years 
ago, exosomes were initially considered little more than 
cellular garbage cans acting to discard unwanted molecular 
components. In 2007, Jan Lötvall et al. first described the 
presence of mRNA and miRNA inside the exosomes [18]. 
Additionally, in a comparison of the mRNAs in exosomes 
with those in their parental cells, the identified mRNA in 
exosomes accounted for approximately 8% of the mRNA 
detected in the parent cells. The gene profile analysis of 
these mRNAs displayed critical differences in the level of 
mRNA transcripts in exosomes versus their parental cells. 
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Significantly, the most abundant transcripts in the exosomes 
were generally different from the most abundant transcripts 
in the parental cells. A subset of some specific targeting 
mRNA sequences was controllably enriched in the released 
vesicles. Such observations rule out the now-outdated idea 
that the presence of mRNA in exosomes results from random 
contaminations.

miRNAs are endogenous ~ 22-nucleotide noncoding 
small RNAs that cause mRNA cleavage or suppression of 
protein synthesis by binding to the 3′-untranslated region 
(3′-UTR) of the target mRNAs [19]. Current evidence also 
suggests that the export profile of miRNAs in exosomes is 
not representative of the parent cell and is distinct in terms 
of both abundance and content [20–22]. Additionally, the 
exosome repertoires of miRNA patterns are associated with 
cellular processes, reflecting the nature and even the state 
of the parental cells [23–25]. Given these findings, a sort-
ing mechanism must exist that provides exosomes with a 
unique subset of RNA. Some developments have been 
made in elucidating these mechanisms: certain pathways 
such as sumoylated heterogeneous ribonucleoprotein A2B1 

(hnRNPA2B1), annexin-2 have been reported to control 
RNA sorting [26–28]. The endosomal sorting complex 
required for transport (ESCRT) has been shown to play a 
role in sorting of proteins into exosomes, but the idea that 
the ESCRT has a similar function in the sorting of RNA 
is speculation at this point, if an attractive possibility [29].

Further research demonstrates that mRNAs present in 
EVs could be translated into functional proteins in target 
cells [30]. Other studies have found that DNA can be trans-
ferred from tumor cells to healthy ones through EVs, spread-
ing oncogenes such as c-myc [31]. These findings experi-
mentally confirmed that EV transportation is a method of 
genetic material exchange across cells.

Regarding exosome-mediated miRNA-based intercellular 
communication, the observations from Tewari et al. raise 
questions regarding whether there are enough microRNAs 
present in EVs to account for biological activity. In their 
study, less than one molecule of a given miRNA, even for 
the most abundant miRNAs (mean ± SD across six exo-
some sources: 0.00825 ± 0.02 miRNA molecules/exosome), 
was found per exosome, regardless of the source [32]. As 

Fig. 1   Three genetic exchange approaches including EVs (exosome, 
ectosome, and apoptotic body), gap junction, and RNA-binding com-
plex. Genetic material transferred through these approaches asso-
ciated with bone cells is present. A large amount of miRNAs and 
mRNAs have been shown to be associated with bone-derived EVs, 

here only those with reported biological activity are listed. For freely 
circulating miRNAs listed, prior study showed that these miRNAs are 
biomarkers for osteoporosis or low bone mass, however direct role in 
bone cell genetic information exchange has yet to be discovered
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commented by Théry et al., this finding suggested that either 
very few miRNA molecules are present within each small 
EVs or, more likely, that only a restricted subtype of EVs 
contain significant amounts of miRNA molecules and thus 
are capable of transferring miRNA-based information [10]. 
To delineate these mechanisms, the necessary technical 
advances and subsequent understanding of the various and 
fundamental roles of each type of EV is urgently required. 
Research by Alexander et al. also confirmed the low content 
of miRNA copy per exosome. In their study, approximately 
one copy of miR-146a per exosome was observed. However, 
it has also been witnessed that one bone marrow-derived 
dendritic cell (BMDC) produces ~ 500 exosomes after 24 h 
of culture, indicating that each cell is able to release at least 
hundreds of copies of miR-146a in exosomes to be delivered 
to recipient BMDCs, and is enough to exert physiological 
effects in recipient cells [33]. Thus, it seems that the large 
numbers of exosomes produced per cell allows for the load-
ing of low miRNA numbers per exosome to achieve func-
tional relevance.

Characterization of bone cell‑derived EVs

Most studies reporting transportation of EVs in bone focus 
on osteoblasts or osteoclasts [34]. This is due to the unique 
role of these cells in bone homeostasis as well as their 
frequent and dynamic interactions with each other. Jess 
Morhayim et al. applied a proteomics approach to char-
acterize EVs secreted by both mineralizing and non-min-
eralizing osteoblasts [35]. This study used a simian virus 
40-immortalized human osteoblast cell line (SV-HFO cells) 
established from normal human fetal calvarias. This study 
found classic vesicle proteins such as annexins (ANXA2, 
ANXA6), tetraspanins (CD9, CD81), and metabolic proteins 
(GAPDH, LDHA) as well as four uniquely detected proteins 
in EVs derived from non-mineralizing osteoblasts and 26 
uniquely detected proteins in EVs derived from mineralizing 
osteoblasts. Interestingly, the enzyme alkaline phosphatase, 
tissue-nonspecific isozyme (ALPL), was found to be con-
tinuously enriched in EVs in increasing abundance along 
with mineralization extension [35].

Another group of researchers analyzed the exosomes from 
a mouse osteoblast cell line MC3T3, but this study did not 
provide unique protein markers for exosomes released from 
osteoblasts [36]. Using the stromal/osteoblastic cell line 
UAMS-32P, Deng et al. demonstrated that microvesicles 
shed from osteoblasts contain receptor activator of nuclear 
factor κ-B ligand (RANKL) and could transfer it to osteo-
clast precursors through receptor–ligand (RANKL–RANK), 
leading to the stimulation of RANKL–RANK signaling to 
facilitate osteoclast formation [37]. This observation was 
further confirmed by Cappariello et al., who found that oste-
oblast-derived EVs were enriched in RANKL protein and 

that RANKL levels increased further after treatment with 
parathyroid hormone (PTH) through use of primary osteo-
blasts [38]. RANKL is primarily a transmembrane protein 
expressed by osteoblasts and osteoclasts, and binds its recep-
tor, RANK, on the surface of osteoclasts and monocytes. 
The RANKL/RANK axis is a pivotal mediator of osteoclas-
togenesis, osteoclast function and osteoclast survival [38]. 
For osteoclast-derived EVs, Huynh et al. demonstrated that 
the exosome-associated markers CD63 and epithelial cell 
adhesion molecule (EpCAM) were enriched in the EVs 
while markers of Golgi and endoplasmic reticulum were 
not detected. Additionally, RANK was found to be enriched 
in osteoclast-derived EVs [39]. Similarly, study by Nikolett 
et al. identified two tetraspanins (CD9, CD63) and two cyto-
solic (syntenin-1, TSG-101) in EVs isolated from human 
CD14+ monocytes (recognized as osteoclast precursors) 
while the negative EXO marker, endoplasmic reticulum-
derived calnexin, was absent [40]. Still another group of 
researchers, Sun et al., demonstrated that osteoclast-derived 
exosomes specifically recognized osteoblasts through inter-
action between ephrinA2 and EphA2, a ligand/receptor pair 
originally found on the surface of osteoblasts [41, 42]. How-
ever, EphA2 is widely expressed on EVs derived from vari-
ous tumor cells, so it would be inaccurate to refer to EphA2 
as a unique marker for bone cell-derived EVs [43].

EVs in bone cells communication

Morhayim et al. carried out next generation sequencing to 
characterize human osteoblast (SV-HFO cells)-derived EV 
mRNAs under non-mineralizing status [44]. Results showed 
that the majority of mRNAs were shared between parent 
osteoblasts and EVs, but a small yet significant fraction of 
mRNAs is exclusive to either the osteoblasts (5.9%, 693 
mRNAs) or the EVs (5.2%, 608 mRNAs). To determine 
whether or not mRNAs are selectively packaged into EVs, 
distribution of mRNA abundance and biological signifi-
cance of the most abundant mRNAs were compared between 
parental cells and EVs. This study found that the top 100 
highly expressed genes account for 58.25% of all mapped 
EV mRNA read counts, but only account for 34.04% of 
mapped mRNAs in the parental cells. These results com-
bined with functional analysis indicated that even though 
most EV mRNA contents mirrors the transcriptome of its 
donor cells, EVs exhibit a unique set of mRNAs that may 
support intercellular communication. These findings clearly 
indicate that osteoblasts do not incorporate mRNAs into 
EVs randomly during vesicular trafficking and extracellu-
lar release but selectively sort mRNAs into EVs. Moreover, 
this study also found that osteoblast-derived EVs contain 
49 unique mRNAs that have not been previously detected 
in the EVs secreted by other cells or present in body fluids.
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Study on miRNA-containing osteoblast-derived EVs 
found that five miRNAs (miR-199b, miR-218, miR-148a, 
miR-135b, and miR-221) were differentially expressed 
depending on the stage of osteogenic differentiation. These 
differentially expressed miRNAs are involved in RNA deg-
radation, mRNA surveillance pathway, Wnt signaling path-
way, and RNA transport pathway, all of which play impor-
tant roles in osteoblast differentiation [45]. This information 
not only implies that miRNAs are selectively sorted into 
EVs by their parental cells, but that EV-mediated genetic 
information transfer may be a form of autocrine signaling. 
Unfortunately, no previous studies have reported mRNA or 
miRNA characterization for bone cells such as osteoclast- 
and osteocyte-derived EVs.

It has been shown that mRNA that remains in the 
exosomes and can be translated into proteins in target cells 
in many tissues. However, most studies on the effects of 
RNA from EVs on recipient cells have focused on miRNA 
function. A landmark event in the field came in 2016 when 
two research groups, Sun et al. and Li et al., both reported 
that osteoclast-derived miR-214 was transferred to osteo-
blasts through exosomes and inhibit osteoblast activity 
[41, 46]. These studies found that miR-214 can negatively 
impact osteoblastic bone formation by directly targeting the 
3′-UTR in the mRNA of an important osteogenic transcrip-
tion factor called cyclic AMP-dependent transcription factor 
(ATF4). This cell-to-cell communication was accomplished 
through exosomes recognizing recipient osteoblasts via the 
aforementioned ephrinA2/EphA2 axis. Notably, miR-214 
has previously been reported to use autocrine signaling to 
affect osteoclast differentiation. It also plays a crucial role 
in osteoclastogenesis of bone marrow-derived macrophage 
(BMM) cells through the PI3K/Akt pathway [47]. How-
ever, it is not known whether or not this autocrine effect 
also involves EVs.

Davis et al. performed a mouse study on EVs in bone 
cell-to-cell communication and found that even though the 
size and concentration of bone cell-derived EVs was com-
parable between young and aged mice, the miRNA contents 
differed between the two age groups. Specifically, nine miR-
NAs (miR-183-5p, miR-96-5p, miR-182-5p, miR-335-5p, 
miR467e-5p, miR-291a-3p, miR-10b-5p, miR-196a-5p, and 
miR-155-5p) are found to be consistently upregulated in 
EVs of aged mice [48]. Further investigation demonstrated 
that miR-183-5p suppresses bone marrow stromal (stem) 
cell proliferation and induces stem cell senescence. Given 
that hydrogen peroxide (H2O2) treatment of bone marrow-
derived stem cells (BMSCs) increases levels of miR-183-5p 
in BMSC-derived EVs, this particular form of EV-mediated 
communication may also have an autocrine effect. Further 
research is required to determine whether or not this is true. 
Noticeably, a large number of miRNAs are found to exist 
in bone cells such as osteoblasts and osteoclasts, and these 

miRNAs coordinate these two types of cells to maintain 
bone homeostasis under different conditions [49, 50]. Many 
of these miRNAs, including miR-503-3p, for example—
have recently been found in bone cell-derived EVs [51]. It 
would follow that at least some of these miRNAs may also 
be involved in EV-mediated cell-to-cell genetic material 
exchange and thereby play a role in coordinating bone cell 
communication.

Genetic material transfer through direct 
cell‑to‑cell contact

Gap junctions

Gap junctions are formed by hexameric connexin oligom-
ers that directly connect adjacent cells, forming a direct 
cell-to-cell communication channel that allows transfer 
of small molecules such as ions, second messengers, and 
other small metabolites. Gap junctions are regulated gates 
that rest in either an open or closed state. Their status is 
regulated by post-translational modifications of connexins 
(such as redox-mediated regulation or phosphorylation) or 
variations in transmembrane physical–chemical conditions 
(such as transmembrane voltage, pH, and extracellular cation 
concentration). As mentioned previously, the proteins that 
form gap junctions are part of a family called connexins (or 
Cxs). So far, twenty-one members of the Cx family have 
been cloned and sequenced from mammalian tissues. Cxs 
can be classified based on their predicted protein molecular 
weights from corresponding cDNA sequences. For instance, 
a gap junction protein of 46 kDa was named “connexin46” 
or “Cx46” [11, 15].

Although gap junction-mediated signal transfer and the 
crucial role of Cx family in this process have long been 
known, gap junction-mediated transfer of genetic mate-
rial—mainly through the action on miRNAs—is an emerg-
ing field. Research by Valimas et al. tested whether or not 
a specific siRNA for DNA polymerase β (pol β) can move 
from one cell to another via gap junctions and inhibit gene 
expression in the recipient cell [52]. By introducing fluores-
cently labeled oligonucleotide probes into one cell of a pair 
using a patch pipette, they found that these probes can move 
from one cell to another through gap junctions which consist 
of connexin 43 (Cx43). They also discovered that the rate of 
transfer declined as the length of the oligonucleotide probe 
increased. Further quantitative analysis of the co-culture of 
pol β knockdown cells with wild-type cells showed that gap 
junction-transferred siRNAs can function in recipient cells, 
causing a significant reduction in pol β levels in WT cells 
[52].

Shuttling of miRNA through gap junctions has further 
been reported to occur between various cells, including 
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cardiac cells [53, 54], bone marrow stromal and tumor 
cells [55], and glioma cells [56, 57] and that the delivery 
of miRNA from a donor cell to the recipient cell, through 
Cx43 gap junctions can affect the function of a target gene. 
For instance, a study by Lim et al. demonstrated that transfer 
of appropriate miRNAs targeting stromal cell-derived factor 
1 (CXCL12) from BMSC to breast cancer cells resulted in 
an inhibition of cell division in the breast cancer cells [55]. 
Additionally, research by Aucher et al. showed that human 
macrophages can transfer miRNAs to hepatocarcinoma cells 
(HCCs) through gap junctions [58]. Two miRNAs—miR-
142 and miR-223—that are both endogenously expressed 
in macrophages but not in HCCs were transferred efficiently 
between these cells. These miRNAs influenced the post-tran-
scriptional regulation of proteins in HCCs and successfully 
inhibited proliferation of these cancerous cells. Furthermore, 
in light of the fact that the resultant gap junctions exhibit 
specific charge and size permeability as a result of the com-
position of the Cx proteins, Zong et al. performed a study 
in which they compared differences in Cx proteins in terms 
of permeability to miRNAs. In the tested connexin family 
members, the permeability to miRNAs was found to be as 
follows: Cx43 > Cx26/30 > Cx26 > Cx31 > Cx30 = Cx-
null with Cx43 having highest permeability and Cx30 with 
lowest permeability to microRNAs [59].

All of these observations suggest a novel function of gap 
junctions in mediating direct cell-to-cell communication. 
This function is the direct transfer of genetic information in 
the form of miRNAs and other nucleic acids at a level suf-
ficient to elicit a biological response in recipient cells. This 
effect can be aborted through action of dominant negative 
mutant forms of Cx43 that prevent transfer of the delivery 
molecule or an application of a gap junction channel uncou-
pler such as carbenoxolone or octanol.

Gap junction plays a critical role in the coordinated func-
tion and activity of nearly all skeletal cells. Its function in 
bone physiology has been widely discussed and summarized 
elsewhere [60, 61]. To summarize, gap junctions play a sig-
nificant role in signal transduction that affects bone mod-
eling and remodeling processes. These signal transduction 
pathways are ordinarily stimulated by mechanical stresses, 
but can also occur in response to changes in parathyroid 
hormone (PTH) levels. The bone modeling and remodeling 
processes are crucial to bone development, maintenance of 
bone homeostasis, fracture healing, and other physiological 
and pathological processes.

Expression of three connexins has been observed in bone 
and bone cells, with Cx43 being the most prominent in both 
expression levels and functionality. The other two, Cx45 
and Cx26, are also expressed in bone, but their functions 
have not been elucidated. As mentioned above, Cx43 has 
the highest permeability to miRNAs, and as such, existing 
studies in gap junction-mediated miRNA transfer report on 

this isoform more than other members of the Cx family. It 
has been reported that BMSCs, the osteoblast progenitors, 
are able to target CXCL12 expression in target cells through 
transfer of miRNAs such as miR-127, -197, -222, and -223 
via gap junctions [55]. CXC chemokine ligand 12 (CXCL12) 
has broad effects on cell proliferation and differentiation, 
and also acts as a chemotactic agent to direct cell migration 
[62]. Research by Mohammad Shahnazari et al. showed the 
chemoattractant effect of CXCL12 on osteoblast migration 
as well as on osteoclast precursor populations, influencing 
osteoblast/osteoclast recruitment and translocation to the 
functional site of bone surface [63]. These observations 
may imply that gap junction-mediated miRNA transfer may 
represent a means of cell-to-cell communication between 
BMSCs on an autocrine level and between BMSCs and OB/
OC on a paracrine level.

Moreover, as mentioned earlier, Aucher et al. used periph-
eral blood monocytes (PBMCs) to demonstrate that miR-142 
and miR-223 can be transferred via gap junctions, resulting 
in inhibition of HCC proliferation [58]. PBMCs are a known 
progenitor of osteoclasts. Addition of sRANKL (30 ng/
mL) and M-CSF (25 ng/mL) to PBMC culture medium has 
stimulated osteoclast differentiation [64]. Noticeably, miR-
142 was reported to promote osteoblast differentiation by 
modulating Wnt signaling and overexpression of miR-223 
in osteoclast promotes osteoclastogenesis [65, 66]. There-
fore, genetic material may also be transferred through gap 
junctions among osteoclasts and between osteoclasts and 
osteoblasts. As of now, direct evidence supporting cell-to-
cell movement of siRNA or miRNA through gap junctions 
between bone cells—especially during certain physiologi-
cal or pathological processes such as bone remodeling—is 
scarce. Fortunately, evidence from other tissue cells lays 
groundwork for the basic theory and methodology that can 
be applied to bone cells; for instance, use of dual whole 
patch clamps and fluorescent or radiolabeled probes to inves-
tigate gap junction-mediated genetic material transfer may 
be beneficial to further study of bone cell communication.

Genetic material transfer 
through RNA‑binding proteins

In addition to EVs and gap junctions transfer, some proteins 
such as Argonaute-2 (Ago2), nucleophosmin 1 (NPM1), and 
high-density lipoprotein (HDL) are also evidenced to carry 
genetic material—mostly RNAs—between cells. These pro-
teins form complexes with RNAs and protect them from 
degradation (Fig. 1). NPM1 was considered the first protein 
responsible for miRNA transport, having been implicated in 
this role by the research of Wang et al., who incubated miR-
122 with NPM1; this resulted in miR-122 being protected 
from RNase A [67]. Subsequently, HDL was also found to 
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participate in cell-to-cell communication involving the trans-
port and transfer of miRNAs [68]. The knowledge of when 
and where the HDL–miRNA complex is formed in vivo has 
not yet been elucidated.

The protein argonaute2 (Ago2) can also assist in the 
transport of RNAs between cells. Ago2, a key effector com-
ponent of miRNA-mediated silencing complex that medi-
ates mRNA repression, forms circulating ribonucleoprotein 
complexes with miRNAs. The miRNA–Ago2 complex is 
the main component of RNA-induced silencing complex 
(RISC) [69]. Since the discovery of RISC in blood plasma 
by Arroyo et al. attention has been increasingly drawn to 
this putative method of gene transfer as it is possible that 
cells release a functional miRNA-induced silencing com-
plex [70]. These RNA–protein complexes have been found 
to circulate in the body fluids. While the physiological 
significance of these complexes is still being investigated, 
they may represent potential biomarkers for certain diseases 
[69]. While a number of miRNA–protein complexes—par-
ticularly the miRNA–Ago2 complex—have been reported 
to play an important role in intracellular bone cell commu-
nication, it is not yet known whether or not these complexes 
are involved in intercellular bone cell communication. In 
addition, investigation in blood (both serum and plasma) 
from patients with osteoporosis or low bone mass showed 
that a variety of freely circulating miRNAs are associated 
with bone homeostasis [71–76].

Conclusion/perspective

Evidence is mounting that genetic material, primarily in the 
form of regulatory RNAs, can be exchanged between cells 
as a form of information transfer. Extracellular vesicles, gap 
junctions, and RNA-binding proteins have been named as 
three major players in this form of cell-to-cell communi-
cation. While direct exchange of genetic information is an 
exciting new paradigm in the field of intercellular commu-
nication between bone cells, major questions still remain 
regarding its biological significance, exact mechanism, and 
bone tissue-specific characteristics.

In vitro experiments involving overexpression of mRNA 
and miRNA have shown that both these forms of RNA are 
functional in recipient cells. The exact role and significance 
of this form of communication remain unclear in many 
physiological and pathological processes. As such, the out-
standing challenges of elucidating the role of genetic mate-
rial transfer are to determine (1) whether or not it occurs at 
endogenous levels in vivo and (2) its physiological impor-
tance. These challenges are particularly pressing in light 
of the fact that protein-mediated intercellular information 
transfer is much better understood. For example, it is well 
known that EVs contain not only genetic information but 

also proteins and lipids. A large number of studies have dem-
onstrated that these EV-derived molecules affect biological 
responses. As such, a direct demonstration that functional 
EV-mediated RNA transfer—not EV-mediated protein/lipid 
transfer—is the exclusive relevant mechanism in certain bio-
logical processes is necessary and requires further research. 
Additionally, as mentioned above, question on whether there 
are enough microRNAs present in EVs to account for bio-
logical activity requires the necessary technical advances in 
EV isolation and detection, and subsequent understanding 
of the various and fundamental roles of each type of EV.

It is also worth reiterating that the exact mechanism for 
RNA transfer remains unknown. As more attention has been 
paid to the field of EV-mediated intercellular communica-
tion, the mechanism has gradually been illuminated. The 
understanding of RNA transfer at gap junctions is still in its 
infancy. Further studies are needed to determine the specif-
ics of the molecular pathways regulating the movement of 
RNA through gap junctions. For circulating RNA–protein 
complexes, the major question lies in understanding how 
and why these proteins interact more frequently with certain 
miRNAs than others. This should lead to better understand-
ing of how RNA–protein complexes cause specific biologi-
cal effects in recipient cells.

Additionally, even though involvement of the described 
miRNA is generally well-supported, direct demonstration 
that functional EV-mediated miRNA transfer is the rel-
evant mechanism is still difficult to achieve. One major 
concern is that all EVs isolation techniques potentially 
co-isolate other RNA-binding structures, such as afore-
mentioned miRNA–Ago2 complex [77]. Thus, there is a 
discussion on whether miRNAs that are actually carried 
inside the vesicles or those co-isolated with the exosomes 
on RNA-binding proteins account for the biological activ-
ity. Facing such concern, in 2013, the International Soci-
ety for Extracellular Vesicles (ISEV) recommended in the 
position paper that treatment of RNA nucleases (RNase) 
may somehow help discriminate EV-RNA species from 
extracellular RNA not associated with EVs [78]. Since 
EV-RNA should be protected from nucleases activity in 
the environment by the EV lipid bilayer, RNase treatment 
has, therefore, been used to degrade RNAs co-isolated 
with the EVs. However, as mentioned in the position 
paper, it should be noted that some RNA-binding com-
plexes is not RNase-sensitive (such as aforementioned 
NPM1 protecting miR-122 from RNase A). Additionally, 
proteins on the surface of EVs may bind and protect RNA 
from degradation. Thus RNase treatment may be effective 
in removing contaminating RNA molecules that are pas-
sively released by dead cells and which may non-specifi-
cally stick to EVs in environments that are low in nuclease 
content. Subsequently, in 2014, the other position paper 
by ISEV highlighted that additional steps of separation of 
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EVs from other structures, e.g., by floatation into density 
gradients or by immuno-isolation via specific antibod-
ies, are necessary before claiming specific EV-mediated 
miRNA transfer [79] In addition, knockdown or inhibition 
of sphingomyelinases (SMases) by small-molecule inhibi-
tors, which results in impaired ceramide formation, has 
often been used to inhibit exosome/EV secretion. There-
fore, making use of such systematic negative controls 
to provide insights into the “background” extracellular 
miRNAs’ functional activity or signal may possibly help 
distinguish the proportion of functional “activity” present 
in the soluble versus that present inside of EVs [80]. How-
ever, the specificity of this effect for EV secretion remains 
unclear, as opposed to other secretions including RNA-
binding complex.

Finally, in terms of bone and bone cells, some of the 
means of genetic information exchange—for instance, 
RNA–protein complexes—still require further verification. 
Furthermore, it remains unknown whether or not there are 
novel forms of genetic information transfer that are exclu-
sive to bone tissue and cells. For instance, previous studies 
have demonstrated that bone cells can communicate by 
releasing molecules that are deposited in the bone matrix, 
and the possibility that genetic material can be transferred 
through such a mode of communication merits further 
investigation. In conclusion, more effort is still required 
to solve the specific puzzle of this new paradigm in bone 
cell communication.

Potentially clinical significance

As a result of advances in next generation sequencing tech-
nology, diseases such as cancer, Parkinson’s, rheumatoid 
arthritis, and Alzheimer’s etc. have all had many of their 
genetic components revealed, bringing us closer than ever to 
‘personalized medicine’. Thus far, investigation in capturing 
the genetic messages shared by cells has been adapted for 
diagnostic use. For instance, the so-called “liquid biopsy” 
into circulating RNA has been adapted into a useful diag-
nostic tool in tumors. Kits or microfluidic chips designed 
for diagnosing certain disease have been merchandized and 
benefit both doctors and patients in point-of-care situation. 
The knowledge in this area also has shown the potential in 
therapeutic application. Nonetheless, it still has a long way 
to go before fully being translated to pharmaceutical inter-
ventions addressing certain diseases. Specifically, as for 
bone diseases, the topic is still new and progresses are mak-
ing in assembling the puzzle of genetic information com-
munications across the bone cells.
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