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Abstract: Extracellular vesicles (EVs) are shed by all eukaryotic cells and have emerged as important
intercellular regulators. EVs released by osteoclasts were recently identified as important coupling
factors in bone remodeling. They are shed as osteoclasts resorb bone and stimulate osteoblasts to form
bone to replace the bone resorbed. We reported the proteomic content of osteoclast EVs with data
from two-dimensional, high resolution liquid chromatography/mass spectrometry. In this article, we
examine in detail the actin and actin-associated proteins found in osteoclast EVs. Like EVs from other
cell types, actin and various actin-associated proteins were abundant. These include components of
the polymerization machinery, myosin mechanoenzymes, proteins that stabilize or depolymerize
microfilaments, and actin-associated proteins that are involved in regulating integrins. The selective
incorporation of actin-associated proteins into osteoclast EVs suggests that they have roles in the
formation of EVs and/or the regulatory signaling functions of the EVs. Regulating integrins so that
they bind extracellular matrix tightly, in order to attach EVs to the extracellular matrix at specific
locations in organs and tissues, is one potential active role for actin-associated proteins in EVs.

Keywords: exosome; microvesicle; microfilament; integrins; bone remodeling; myosins; actin-related
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1. Introduction

Extracellular vesicles (EVs) are 30-150 nm in diameter vesicles that are released by eukaryotic cells
and function in intercellular signaling [1,2]. The term EVs encompasses exosomes and microvesicles
(Figure 1) [3]. Exosomes develop as inward buds into endocytic compartments, which pinch off into
the lumen of the compartment, resulting in the formation of multivesicular bodies. Multivesicular
bodies can then fuse with the plasma membrane to shed the exosomes from the cell. Microvesicles
bud off directly from the plasma membrane. The two types of EVs have similar size, composition,
and regulatory functions and are difficult to distinguish in extracellular vesicle populations, although
some articles suggest that microvesicles may be on average larger and may have some differing
components [4]. In addition, some non-vesicular particles are probably often isolated in EV preps,
including exomeres and lipoproteins [5]. Unless the type of vesicle being studied is known, which is
usually not the case at the present time, the term EVs is preferred [3].
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Figure 1. Extracellular vesicles include exosomes which are derived from multivesicular bodies (MVB)
and microvesicles (ectosomes) which bud directly from the plasma membrane. Both may bind surface
receptors of target cells to stimulate signaling pathways, or to fuse with the plasma membrane or
membranes of endocytic compartments. Fusion releases their luminal contents into the cytosol of the
target cell, and membrane proteins into either the plasma membrane or endocytic membrane.

Exosomes were first identified and characterized due to their role in the removal of the transferrin
receptor from reticulocytes as they differentiated [6,7]. For many years, exosomes were mostly thought
of as “garbage bags”, although evidence that EVs could present antigen appeared during the 1990s [8].
In 2007, landmark articles showed that exosomes carried mRNAs and microRNAs, and could fuse
with target cells to introduce the functional RNAs into the cytosol [9,10]. The concept of EVs being
able to regulate target cells acting at different regulatory levels stimulated the EV field. Subsequently,
much evidence has accumulated that by transferring microRNAs, EVs modulate target cell protein
expression. For example, two groups reported that microRNA 214-3p is found in EVs from osteoclasts,
and is transferred to osteoblasts, where it inhibits osteoblast formation by reducing the expression of
regulatory proteins [11,12]. Despite the plethora of articles supporting the hypothesis that microRNAs
in EVs are crucial to their regulatory function, some studies have cast doubt on whether sufficient
numbers of microRNAs are present in EVs to suppress mRNA translation [13].

For EVs to bind and stimulate a target cell, either from the outside through traditional signal
transduction pathways, or after fusing, the EVs must interact with the cell. Osteoclast EVs serve as a
model for the sorts of interactions and regulation that have been found in EVs in general.

In osteoclasts, three potential modes of interaction have been identified, namely semaphorin
4D in EVs binding plexin-B1 on osteoblasts [11], ephrin-B2 in EVs binding ephB4 [12], and receptor
activator of nuclear factor kappa B (RANK) in EVs binding RANK-ligand (RANKL) [14]. Semaphorin
4D and ephrinB2 were reported to be osteoclast-derived signaling factors, before their detection in
EVs [15,16]. Both were found to tether EVs to the surface of osteoblasts prior to the fusion that delivers
microRNA-214-3p from the EVs lumen to the cytosol of the osteoblast.

RANK is part of the central signaling pathway in bone remodeling [17,18]. RANKL, which
is found on osteoblasts and osteocytes, binds RANK on the surface of osteoclasts to stimulate a
signaling pathway, resulting in the activation of nuclear factor kappa B and nuclear factor of activated
T cells 1 signaling. These pathways are required for osteoclasts to differentiate from multipotent
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hematopoietic precursors to osteoclasts, and for the bone resorbing activity by mature osteoclasts. A
third protein, osteoprotegerin, is a soluble protein secreted by osteoblasts that binds RANKL and serves
as a competitive inhibitor of binding between RANKL and RANK. The detection of RANK-containing
EVs (RANK-EVs) suggested immediately the possibility that they might function like osteoprotegerin
as competitive inhibitors of binding between RANKL and cellular RANK. Consistent with this idea,
when added to calcitriol-stimulated mouse marrow, in which calcitriol stimulates the coordinated
differentiation of osteoblasts, which produce RANKL, and osteoclasts, RANK-EVs reduced osteoclast
formation [14]. Quantitative assessment of the data, however, suggested that there were likely too few
RANK-EVs to trigger the observed reduction in osteoclast numbers by simple competitive inhibition,
and another regulatory mechanism was likely in play [19].

A solution was presented when it was shown that RANK-EVs stimulate a reverse RANKL signaling
pathway through mammalian target of rapamycin and runt-related transcription factor 2, which drive
cells of the osteoblastic lineage toward bone formation [20]. This idea is also consistent with findings
that osteoblasts and osteoclasts are rarely in direct contact in vivo. In addition, increasingly strong
evidence shows that osteocytes, terminally differentiated cells of the osteoblastic lineage which are
buried in the bone, are the source of most of the RANKL that stimulates bone resorption in vivo [21-24].
Hence, RANK-EVs produced by osteoclasts in vivo would be free to bind RANKL on osteoblasts to
stimulate bone formation, thus providing an elegant mechanism for coupling bone resorption to bone
formation [20].

Although this provides a satisfying explanation for regulation by RANK-EVs, it leaves open the
question of whether these EVs fuse with osteoblasts and whether other components, like microRNAs,
may be present in RANK-EVs. Another crucial question regarding RANK-EVs is how their shedding
is regulated. More RANK-EVs were shed from osteoclasts resorbing bone compared with dentine
or when they were quiescent on plastic [25]. Understanding the function of regulatory EVs from
osteoclasts requires more complete knowledge of their composition.

2. Proteomics Show that EVs Shed by Osteoclasts Are Rich in Actin and Actin-Associated
Proteins

We performed two-dimensional, high resolution liquid chromatography/mass spectrometry of
EVs isolated from osteoclasts resorbing bone, dentine or quiescent on plastic [25]. The morphology of
osteoclasts on bone and dentine was indistinguishable, while those on plastic lacked actin rings and
ruffled membranes. The quantitative and qualitative data we obtained identified actin as the most
abundant protein of EVs resorbing bone, and various actin-associated proteins as being very abundant.
The levels of actin associated proteins referred to in the manuscript, except integrins, which will be
presented separately, are shown in Figure 2. These numbers are normalized to actin in EVs from bone
resorbing osteoclasts.

Osteoclasts are highly specialized to resorb bone [26]. To do this, they form resorption
compartments, each composed of an actin ring and a ruffled plasma membrane, or ruffled border
(Figure 3). Actin rings are composed of arrays of podosomes (also called invadopodia) [27]. These
dynamic structures are very similar to the podosomes found in other cell types [28], but to meet
the needs of resorbing osteoclasts, they are joined by interconnecting actin filaments to form the
cohesive actin ring [29]. The actin ring is associated with a very tight contact between the osteoclast
membrane and bone, the sealing zone, which segregates an extracellular resorption compartment.
The ruffle plasma membrane is surrounded by the actin ring and is packed with vacuolar H*-ATPase
(V-ATPase), which pumps protons out of the cell into the resorption compartment [30,31]. This lowers
the pH to about 5.0, which solubilizes bone mineral, and provides an environment where the acid
cysteine proteinase, cathepsin K, which is secreted by the osteoclasts, degrades the organic matrix of
the bone [32,33]. Because of the prominent role of the actin cytoskeleton in osteoclasts, it is perhaps not
surprising that EVs would be loaded with abundant actin and associated proteins. Nevertheless, to
understand extracellular vesicles, the potential roles of the most abundant components, which include
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actin and associated proteins, must be addressed. Even if they have no functional role, that too must
be understood, and that would be a clue regarding the formation of EVs and their functions. As a first
step in this process, in this article we will discuss what is found, and what is not found, in EVs and the
questions that are raised.
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Figure 2. The relative abundance of the actin associate proteins discussed in the current manuscript.
These numbers are normalized to actin in extracellular vesicles from conditioned media form osteoclasts
resorbing bone at Days 4-7. The raw Day 4-7 data were published previously [25]. Abbreviations:
MYH (myosin heavy chain), MYO (myosin), ACTN (alpha-actinin), TAGLN (transgelin), CAP (capping
protein). Statistical analysis was performed from Z-scores as described in reference 25. Proteins with
Z-scores greater than 1.65 or smaller than 1.65 were considered significantly different. The following
symbols are used; # indicates different from bone; % indicates different form plastic; * indicates different
from dentine.
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Figure 3. Osteoclasts are highly specialized cells that migrate through mineralized tissue.
(A) A schematic of a resorbing osteoclast from the side. (B) Schematic of cell from side.
(C) Immunofluorescence micrograph of actin rings stained with Texas Red-phalloidin (red).
(D) Immunofluorescence micrograph of same cells stained with a rabbit polyclonal anti-E-subunit of
V-ATPase antibody followed by an Alexa 488-tagged anti-rabbit IgG secondary antibody to detect
ruffled plasma membranes (green). Arrows show examples of actin rings and ruffled membranes, with
arrows pointing to same cells in the two panels. The scale bar for the micrographs is 25 um.

In the discussion that follows, we will assume that actin and associated proteins are evenly
distributed among EVs. This is unlikely to be the case. However, this simplification makes it easier
to organize the quantitative data and given that actin and associated proteins are very abundant in
EVs from various sources, it may be a reasonable approximation. It is possible that these proteins
are concentrated in a subset of EVs, for example, into microvesicles and not exosomes. As we go
through the different types of actin-associated proteins found in osteoclast EVs, we will provide a brief
review of their known functions in cells and discuss how the specific proteins may be involved in the
formation and/or function of EVs.

3. Possible Roles for the Actin Cytoskeleton in the Formation of EVs

As EVs form from the budding of a membrane either into an endocytic compartment or from
the plasma membrane, the actin cytoskeleton may play a role in the process, and indeed may be
included in EVs due to its role in EV formation. There is some data supporting this idea for the
formation of microvesicles (also called ectosomes) [34]. The actin cytoskeletal protein filamin A was
shown to be involved in regulating the incorporation of tissue factor into EVs [35,36]. It remains
uncertain, however, whether elements of the actin cytoskeleton are required for EV formation. The
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endosomal sorting complexes required for transport (ESCRT) complex [37], Rab27 [38], and neutral
sphingomyelinases [39,40] have all been implicated in EV formation.

At least three ways can be envisioned by which the actin cytoskeleton could be involved in EV
formation. Actin filaments may be involved by pushing against the membrane, harnessing the force
generated by actin polymerization to form a bud [41-43]. Myosin mechanoenzymes could move
components to sites where EVs are forming [44]. Actin-myosin contraction could be involved in
sealing buds that form [45] (Figure 4).

A B C

Actin polymerization Myosin contraction Cargo transport

Figure 4. Three ways that the actin cytoskeleton might be involved in extracellular vesicle (EV)
formation. (A) Microfilaments may push against membranes using force generated by polymerization
of actin. (B) Myosin motors may materials to the site of EV formation for packaging. (C) Myosin
contraction may play a role in the scission of the EV. In each of these cases, elements of the actin
cytoskeleton may be trapped in the EVs as the result of the cytoskeleton’s involvement in the EV
formation process. Arrows denote the direction filaments push into membrane in actin piloymerization,
or the direction of cargo transport.

Crawling motility is powered by force generated by actin polymerization to push against
membranes [46], so the notion of actin polymerization pushing against membranes to facilitate
bud formation is plausible. Likewise, myosins for delivering materials [47] and for the scission of
membranes, as in cytokinesis where myosin II works in conjunction with elements of ESCRT [48], is
well established. In addition, myosin contraction, downstream of ADP-ribosylation factor 6 (ARF6)
signaling, has been implicated in the formation of microvesicles [49]. A conventional myosin II and
ARF6 are detected in osteoclast EVs [25].

Testing these ideas is more difficult, since actin polymerization and myosins are involved in a
wide array of cell processes. To formally test this idea likely will require use of a cell-free model of
multivesicular body formation [50]. Ideally a model could be developed that incorporates a minimal
number of purified components, in a similar way to that in which the force generation mechanism of
actin polymerization has been characterized [51,52].

4. Are Microfilament Dynamics Possible in EVs?

Actin exists as either a 42 kD monomer or as polymers of the monomer called microfilaments [53].
Typically in cells, about half of the total actin is polymerized into microfilaments. Polymerization and
depolymerization in the cytosol occur constantly and are tightly controlled [54]. Is actin polymerized or
unpolymerized in EVs and do transitions between monomers and polymers occur? Filaments within
subpopulations of EVs leading to non-spherical EVs, and perhaps dynamics of the filaments have been
reported [55,56]. This provides some empirical support for the idea that dynamic cytoskeletal systems
may exist in at least some EVs. As we will discuss, some, but not all, of the components normally
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associated with actin dynamics are detected in EVs. However, cytoskeletal dynamics in the cytosol
of cells is tied to a high rate of adenosine triphosphate (ATP) hydrolysis [57]. There is evidence that
ATP can be generated by glycolytic enzymes in certain types of EVs, prostasomes, and seminal plasma
exosomes [58,59]. However, it has not been shown that the ability to generate ATP through glycolysis
occurs in the lumen of EVs in general.

Actin can bind either ATP, ADP-Pi, or ADP. ATP-actin polymerizes much better and is the species
that usually (or always) enters filaments in cells. Soon afterward, the actin-bound ATP is broken down,
first to ADP-Pi-actin, then ADP-actin. This occurs as a result of its presence in the microfilament [57].
When filaments depolymerize, ADP-actin typically is released and it is then recharged into ATP-actin
from the cytosolic free ATP pool by interaction with profilin, which binds actin monomers and causes
a change in conformation that accelerates nucleotide exchange [60]. This in practice means conversion
of ADP-actin to ATP-actin, since ATP is much more abundant in the cytosol than ADP.

EVs isolated by standard methods, including EVs from osteoclasts, have abundant glycolytic
enzymes [25]. However, recent evidence suggests that at least a portion of the glycolytic enzymes
normally detected in EV preparations are components of non-vesicular structures called exomeres [61].
Even if EVs are rich in glycolytic enzymes, no membrane transporters for glucose or other sugars were
detected in osteoclast EVs [25]. It is possible that such transporters are present at low levels, which may
be enough to supply glucose or other raw materials for glycolysis. Nevertheless, it has not yet been
demonstrated that osteoclast EVs, or most other EVs, have the energy producing resources to support
traditional actin dynamics. This also does not rule out some sort of non-traditional polymerization
scheme. For example, high concentrations of ADP-actin will polymerize [62]. However, unless a
mechanism for ATP generation or the import of ATP into EVs is identified, serious concerns about the
plausibility of actin dynamics in EVs are warranted.

Finally, isolated EVs are typically stored in media lacking ATP or free sugars. This would mean
the EVs that are usually studied by electron microscopy or nanoparticle tracking lack an energy
source. It may be worth studying EVs under conditions where ATP might be available or could be,
in principle, generated.

One mechanism by which actin polymerization is triggered in cells is through the action of a class
of proteins called formins [63]. None of this family were detected in EVs from osteoclasts.

The actin related protein 2/3 (Arp2/3) complex is the basis of the other general mechanism for
triggering actin polymerization in cells. It contains one copy each of seven different proteins including
Arp2 and Arp3, which are close relatives of actin [64—66]. Arp2/3 is activated to stimulate actin
polymerization by interactions with members of the Wiskott-Aldrich syndrome protein (WASP) family
of proteins [67]. WASP proteins are activated by Rho-class GTPases [54]. In osteoclast EVs, all of
the elements of the Arp2/3 complex are very abundant and, in the stoichiometry, expected for intact
complexes (Figure 2). We estimate about 1 copy per 7 actin monomers. Surprisingly, we only detected
traces of two members of the WASP family of proteins, WASP and WAVE2. It is not clear that the
abundant Arp2/3 complex could be activated to stimulate actin polymerization in EVs.

In principle, Arp2/3 complex could enter EVs independent of actin, associated with the
“slow-growing” end of actin filaments, or as part of a branched actin network. The incorporation of the
Arp2/3 complex into branched actin networks can involve interactions with cortactin and n-WASP
(one of the WASP family) [68]. Cortactin is upregulated as osteoclasts differentiate, is expressed at high
levels in mature osteoclasts, and it is required for the formation of actin rings [69-71]. However, it was
not detected in osteoclast EVs, even in trace amounts.

Three isoforms of coronin were abundant in osteoclast EVs [72]. Coronin binds and locks Arp2/3
into an inactive complex in the absence of preexisting filaments, but links Arp2/3 to existing filaments,
and can either protect them from or enhance the activity of cofilin [73], a protein that binds to the
side of actin filaments, disassembles filaments and binds actin monomers. It is abundant in osteoclast
EVs (Figure 2). Coronin binds ATP-actin with 47-times higher affinity that ADP-actin. It protects
microfilaments from cofilin when it is bound to ATP-actin but does not protect ADP-actin. As discussed
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above, it seems likely that most of the actin in EVs is ADP-actin. Therefore, although EVs may have
initially have had polymerized actin in them, for example, if actin polymerization has a role in EV
formation, very soon microfilaments would be expected to be disassemble, aided by the activities
of cofilin, gelsolin, and profilin [74,75], which are abundant, unless they are protected by stabilizing
proteins. Coronin may associate with Arp2/3 to maintain it in the inactive state. In this scenario,
ADP-actin would be unlikely to spontaneously polymerize as it requires a higher concentration
to polymerize than ATP-actin, and the abundant profilin and cofilin, which sequester actin from
polymerization, would bind ADP-actin monomers and keep the free actin concentration low. It is
worth considering that if such an EV was to fuse with a target cell, many of the necessary raw materials
for actin polymerization would be locally enriched, requiring only the abundant free ATP in the
cytosol, and a WASP family member to trigger rapid local polymerization. Such an event could
mechanistically help explain the observation that EVs can contribute to persistent cell movement
through extracellular matrix [76,77]. The fusion of EVs associated with the matrix with the migrating
cell could provide concentrated packages of cytoskeletal components at the leading edge, in addition
to signaling molecules.

Molecule interacting with CasL (Mical) catalyzes redox reactions using microfilaments as a
substrate [78]. This makes the filaments more susceptible to depolymerization by cofilin [79]. Micall is
present in osteoclast EVs.

Based on this analysis, it seems unlikely that actin assembly/disassembly cycles occur in EVs in
the manner of the cytosol, at least in most EVs, most of the time. There is probably neither the ATP
to support polymerization nor the regulatory proteins to promote polymerization. In addition, any
new filaments assembled would be rapidly disassembled by depolymerizing proteins, unless they
were protected and stabilized. As we will see, proteins that could protect and stabilize filaments are
present. It is therefore possible that microfilaments enter EVs as the EVs are formed and are stabilized
to remain polymerized in the EVs.

5. Stable Microfilaments in EVs?

Before examining whether stable microfilaments might exist in osteoclast EVs, it is worth
considering the possible length of a microfilament that could be contained in an osteoclast EV, which
are on average about 50 nm in outside diameter. Structurally, each monomer in a microfilament is
associated with an increase in length of about 3 nm, and microfilaments do not bend very much [53].
This constrains the possible length of microfilaments in most osteoclast EVs to be no more than
about 30 nm in length (10 monomers). Even in a large, 150 nm-diameter EV, the size limit is about
50 monomers. In cells, microfilaments often achieve lengths of a micron or more, and contain hundreds
of monomers Unless microfilaments deform the EVs, only relatively short microfilaments are physically
possible in EVs.

In cells, subsets of microfilaments are stable, depolymerizing slowly or not at all [41]. These
microfilaments are bound by proteins that interact with ADP-actin in filaments and protect the filaments
from the actions of depolymerizing proteins like cofilin. Proteins also stabilize microfilaments by
reducing depolymerization through the binding of free filament ends and blocking actin dynamics at
that end. Osteoclast EVs contain a number of abundant proteins from this category.

The following proteins that bind to, and block the fast-growing ends of filaments are abundant in
osteoclast EVs, gelsolin, the alpha and beta subunits of capZ and capG [80]. The slow growing end of
actin filaments has a higher critical concentration [53]. It is possible that capped stabilized filaments
could be incorporated into EVs and stabilized as short filaments. Such short filaments would fit in
the lumen of EVs and might be appropriate for stabilizing protein complexes that interact with and
regulate the binding state of integrins, as will be discussed in more detail below. Vasodilator-stimulated
phosphoprotein (VASP) is an end tracking protein that has also been reported to protect microfilaments
from depolymerization by gelsolin [81]. It is detected in EVs with modest abundance.
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Tropomyosins bind the sides of microfilaments and protect them from degradation by cofilin [82].
Different isoforms of tropomyosin provide differing levels of protection [83]. Three tropomyosins are
detected in osteoclast EVs though none are abundant. Tropomyosin 3 is the most abundant of the three
and provides the greatest protection against cofilin severing. Plastins, including r-plastin, which is
abundant in the EVs, compete with tropomyosins and cofilin for binding the microfilaments. They
synergize with cofilin, under some conditions, to displace tropomyosin [82].

Transgelin-2 is a microfilament-binding protein that protects microfilaments from cofilin-mediated
depolymerization, and it is a tumor-suppressor [84-88]. This small protein is abundant in EVs, and in
principle could be involved in stabilizing a significant amount of the actin as microfilaments. Little is
known about transgelin-2 in osteoclasts or EVs.

6. Myosins in EVs

By far the most abundant myosin in osteoclast EVs is the conventional non-muscle myosin Ila
(MYH9). This is a common myosin to be found in EVs from other sources and was identified as a
potential exosomal biomarker for inflamed trigeminal satellite glial cells [89]. In osteoclasts, both
myosin Ila and myosin IIb are expressed, and myosin Ila is associated with the actin rings. Myosin IIb
is associated with the non-actin ring actin cytoskeleton and was detected in trace amounts in EVs from
osteoclasts resorbing bone [90].

The unconventional myosin 1E was the second most abundant myosin detected. It has not been
studied in osteoclasts but was recently identified as a regulator of phosphatidylinositol signaling
and actin polymerization in posodomes in mouse embryonic fibroblasts [91]. Several other myosin I
isoforms (myosin 1B, myosin 1D, myosin 1C, myosin 1F, and myosin 1G) were found in trace amounts.
Likewise, traces of myosin Va, myosin IIb, myosin XIV, myosin XVIIIA, myosin XV, and myosin
VIIB were detected. Myosins are large proteins. We detected 50-80 peptides from myosin Ila in our
proteomic analysis. We only detected only 2—4 peptides from the trace myosins, usually in only one
sample [25].

As with the discussion of actin dynamics, a major limiting factor of potential myosin activity in
EVs is whether ATP for the motor would be present. If not, it would likely be locked in ATP-free rigor.
The presence of abundant myosin Ila could implicate it in EV formation. It will be important to test
whether myosin contraction is required for exosome or microvesicle formation.

7. Integrins and Regulators of Integrin Binding in EVs

Integrins in EVs have garnered considerable attention for their ability to connect EVs to specific
sites in the extracellular matrix [92-95]. The activity of integrins in EVs has been linked to promoting
metastasis of cancer cells and to pulmonary tissue destruction [76,96,97]. More generally, it is thought
that integrins are at least partially responsible for observed organotropism [98,99]. For example,
EVs collected from osteoclasts in cell culture, then injected into the tail vein of mice, were shown to
preferentially hone to bone, and EVs from other types of cells to hone preferentially to their organ of
origin [11]. An important mechanistic concern remains to be addressed. Integrins, which are composed
of an alpha and beta subunit, in the plasma membrane can exist in three conformations, only one of
which binds the extracellular matrix with high affinity [100]. These conformational states are regulated
by proteins that bind directly or indirectly to the cytosolic (or in the case of EVs luminal) domain of the
integrins. These include talin, filamin, vinculin, and r-plastin, which are all abundant in osteoclast EVs.

The most abundant integrins found in osteoclast EVs are alphaV beta3, alphaM beta2, and alpha2
betal [25]. The proteomic experiment performed was designed to compare osteoclasts resorbing
bone or dentine and osteoclasts quiescent on plastic. AlphaV beta3 was more abundant on EVs from
osteoclasts resorbing bone than on those resorbing dentine, while the reverse was true for alphaM beta2
(Figure 5). Our data suggest that there is more beta2 than alphal, it is likely that very small amounts
of alphalL and/or alphaX, other partners of beta2, are also present, but too little to detect. AlphaM/X/L
beta 2 have all been reported to be present in osteoclasts or in osteoclast precursors [101-105]. It is
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possible that EVs containing these integrins are from precursor cells in the culture and are being shed
during osteoclast differentiation.
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Figure 5. The relative abundance of the integrins (ITGB is integrin beta; ITGA is integrin alpha) found
in osteoclast extracellular vesicles. AlphaV beta3 were found at higher levels in EVs from osteoclasts
resorbing bone, compared with dentine or quiescent osteoclasts. Beta2 was found at higher levels in
EVs from dentine. Our data suggest that betal integrin is found at higher levels in EVs from dentine.
Alpha2 betal is probably found in all samples, although alpha2 was not detected in the EVs from
dentine it was not detected in Day 7 dentine. Alpha4 betal may be found at higher levels in osteoclasts
resorbing dentine and alphab betal may be more prominent in osteoclasts resorbing bone. Statistical
analysis was performed from Z-scores as described in reference 25. Proteins with Z-scores greater than
1.65 or smaller than —1.65 were considered significantly different. The following symbols are used; #
indicates different from bone; % indicates different form plastic; * indicates different from dentine.

Three binding partners for betal integrin were found, alpha2, which was most abundant, alpha4
and alphab. Interestingly alpha4 was more prominent in EVs from osteoclasts resorbing dentine while
alpha5 was more prominent in EVs from osteoclasts resorbing bone. The binding specificity for the three
partially overlaps but has key differences. Alpha2 betal binds collagen, laminin, and thrombospondin.
Alpha4 betal binds thrombospondin, osteopontin, fibronectin, and mucosal vascular addressin cell
adhesion molecule (MAdCAM). MAdCAM is a ligand found on mucosal endothelial cells to direct
cells into inflamed tissues [106]. Alpha5 betal binds fibronectin and osteopontin.

The roots of deciduous teeth are resorbed physiologically during normal tooth. Pathophysiologic
root resorption usually involves resorption of the roots of permanent teeth [107]. One example is root
resorption associated with orthodontic force application [108]. During orthodontic procedures a small
amount of root resorption often occurs, but not enough to cause short- or long-term difficulties with
tooth retention. In some patients, for reasons that are not clear, the application of mechanical force
triggers massive root resorption that endangers the health and retention of the tooth. Although dentine
and bone are both mineralized matrices with similar compositions, our study showed that there are
subtle differences in the response of the osteoclasts to bone versus dentine. A crucial difference was the
shedding of RANK-containing EVs, which occurred at lower levels from osteoclasts resorbing dentine
compared with bone [25].
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The difference in the predominant integrins being shed may also be illuminating. AlphaM/L/X
beta2 binds fibrinogen, Factor X, iC3b, and intercellular adhesion molecules, which are soluble ligands
associated with inflammation or cell surface receptors of cell-cell interactions [109]. It is possible
that the beta2 integrin containing EVs could play anti-inflammatory roles by competitively inhibiting
interactions between pro-inflammatory ligands with the integrins on the cell. The relative abundance
of alpha4 in EVs from osteoclasts resorbing dentine, could support the idea that these EVs may be
acting in an anti-inflammatory manner, competitively inhibiting integrin interactions that are involved
in inflammatory responses. AlphaV beta3 is important for osteoclast activation and binds denatured
collagen, like that present during bone resorption [110-114]. It will be of great interest to determine if
alphaV beta3 integrins are found in EVs that also carry RANK. If so, this could be a mechanism for
targeting the RANK EVs to the sites where new bone formation is required. We believe that studies to
determine the composition of EVs with different integrins are of vital importance. We hypothesize
that specific EVs will have one type of integrin and that regulatory factors will be associated with
specific EVs.

As described above, there is considerable evidence for integrins targeting EVs to specific locations
in the organism. Integrins serve as an information conduit. When they bind an external ligand, not
only does it serve, in some cases, as a means to secure adhesion with the extracellular matrix, or in
some cases, another cell, but it also triggers signaling within the cell. A complex of proteins that
bind the cytosolic region of the integrin accumulate, recruit the actin cytoskeleton and trigger signal
transduction pathways [115]. Integrins also serve as a conduit for inside-out signaling [116-118].
To bind external ligands with high affinity, the integrin must be in a specific conformation. This is
accomplished by the binding of specific actin-associated proteins (Figure 6). For integrins in EVs
to bind extracellular matrix, as has been described, it must be in a conformation that enables that
binding, and that is achieved by the interaction with proteins including filamin. Likewise, other
binding proteins of the cytosolic (luminal) domain of integrins can lock them into a conformation
where they cannot bind their ligands in the outside world.

Tomonemm o m
biceteeteeictn  ceoe cceceece

Microfilaments

Bent (Low affinity for Extended (Intermediate Extended Open (High
external ligands) affinity for external ligands) affinity for external ligands

Figure 6. Integrins can take on multiple conformations. In the bent conformation the integrin does not
bind external ligands. In extended conformation, integrins bind ligands with intermediate affinity. In
the extended open conformation integrins bind ligands with high affinity. Attachment of talin to the
cytosolic (luminal) domain of the beta3 integrin can promote the high affinity bonding conformation.
In the schematic, alpha integrins are on the left, beta integrins are on right. As described in text, filamin
and other integrin—associated proteins can regulate the conformation of integrins by associating with
the cytosolic domain.
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For EVs to utilize integrins for targeting, they must also have elements necessary to maintain
them in their high affinity binding conformation. Our proteomic analysis of osteoclast EVs suggests
that the proteins necessary to maintain active integrins are present, and so the idea of a membrane
cytoskeleton of actin-associated proteins in EVs is plausible. Experiments are crucial to identify the
binding state of integrins in EVs and the overall compositions of those EVs. Affinity isolation of the
EVs using the integrin-ligand interaction has been accomplished for EVs from B-cells [92].

When the fusion of EVs with target cells is considered, it is usually thought of as delivering
luminal components, like microRNAs, to the cytosol of the target cell [119,120]. Another consequence
of the fusion of EVs is the delivery of membrane components, including integrins [121,122]. In a series
of studies, data has been presented that suggests that EVs deliver integrins from a cell of origin to a
target cell, and that this is an element of the machinery that allows cancer cells to precondition the
local environment of a site of metastasis [93,121]. With osteoclast EVs, both alphaV beta3 and alpha2
betal integrins have been shown to have critical regulatory functions in osteoblasts [123-125]. It is
plausible that fusion of osteoclast EVs, containing these integrins with osteoblasts could enhance
signaling responses that are intrinsic to osteoblasts. This is particularly intriguing in the scenario
where integrins first attach EVs, with signal like RANK on their surface, to areas where bone has
been resorbed, then contact and fuse with osteoblasts. This could both stimulate osteoblastogenesis
through reverse RANKL signaling and enhance the response by donating integrins that would increase
adherence and adherence based signaling in the osteoblasts.

8. Summary

Actin and various actin-associated proteins are among the most abundant components that make
up EVs, including EVs shed by osteoclasts. It is not known whether these proteins are present because
they were part of the mechanism by which EVs are made, or whether they are involved in the regulatory
function of EVs. Although EVs likely lack sufficient ATP to support dynamic filaments, and key
elements of the machinery that stimulate actin polymerization are missing, it is possible that as EVs
fuse with target cells, and the incorporation of concentrated cytoskeletal components could enhance
cellular responses like directed cell movement. Integrins have been reported to be vital for targeting
EVs to the extracellular matrix. Actin-associated proteins, and perhaps microfilaments in EVs may
function to maintain integrins in the conformation that binds the extracellular matrix tightly. EVs have
only recently emerged as important agents of intercellular signaling. Understanding the roles of the
abundant actin cytoskeletal proteins is crucial for the long-term goal of fully understanding signaling
by EVs and making use of that understanding to develop new therapeutic approaches.
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Abbreviations

EV Extracellular vesicle

RANK Receptor activator of nuclear factor kappa B

RANKL Receptor activator of nuclear factor kappa B-ligand
ESCRT Endosomal sorting complexes required for transport
ATP Adenosine triphosphate

ADP-Pi Adenosine diphosphate with attached phosphate group

ADP Adenosine diphosphate
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WASP Wiskott-Aldrich syndrome protein

Mical Molecule interacting with CasL

MadCAM Mucosal addressin cell adhesion molecule

ITGB Integrin beta

ITGA Integrin alpha

MYH Myosin heavy chain

MYO Myosin

ACTN Alpha actinin

TAGLN Transgelin

CAP Capping protein
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