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Since our discovery in 2013 that genetic defects in PLS3 lead to bone fragility, the
mechanistic details of this process have remained obscure. It has been
established that PLS3 variants cause syndromic and nonsyndromic
osteoporosis as well as osteoarthritis. PLS3 codes for an actin-bundling protein
with a broad pattern of expression. As such, it is puzzling how PLS3 specifically
leads to bone-related disease presentation. Our review aims to summarize the
current state of knowledge regarding the function of PLS3 in the predominant
cell types in the bone tissue, the osteocytes, osteoblasts and osteoclasts. This is
related to the role of PLS3 in regulating mechanotransduction, calcium
regulation, vesicle trafficking, cell differentiation and mineralization as part of
the complex bone pathology presented by PLS3 defects. Considering the
consequences of PLS3 defects on multiple aspects of bone tissue metabolism,
our review motivates the study of its mechanism in bone diseases which can
potentially help in the design of suitable therapy.

KEYWORDS

PLS3, bone cells, mechanotransduction, calcium regulation, osteogenesis,
bone diseases

1 Introduction

PLS3 (plastin 3) is a cytoskeletal actin-binding protein encoded by the PLS3 gene
located on the X chromosome (1), whose main function is to participate in the bundling of
F-actin to form parallel aligned F-actin bundles that mediate cell migration (2), endocytosis
(2, 3), DNA repair (4) and membrane trafficking (5). PLS3 is commonly expressed in solid
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tissues; as such, it is also found in cells that directly influence bone
development including osteoblasts, osteocytes, osteoclasts, as well as
immune and angiogenic cells (1).

PLS3 is essential for the dynamic regulation of the actin
cytoskeleton in the skeletal system which can adapt to gravity or
mechanical stress changes through mechanotransduction.
Mechanotransduction is the translation of mechanical signals into
cellular responses, and its dysregulation is closely associated with
bone-related diseases. Abnormalities in PLS3 have been suggested
to be associated with nonsyndromic osteoporosis (6), osteogenesis
imperfecta(OI) (7) and osteoarthritis (OA) (8-10). More
specifically, alteration of PLS3 expression or function due to PLS3
variants have been shown to cause osteoporosis and OI (7, 8). In
contrast to osteoporosis and OI, studies have found increased levels
of PLS3 in chondrocytes of patients with OA (8-10). Overall, a
decrease or increase in PLS3 expression can lead to an imbalance in
bone homeostasis and thus to the development of bone disease.

This review aims to specifically shed light on the bone-
regulatory role of PLS3 by providing an overview of its function
in the key player cells of the bone tissue. The role and function of
PLS3 in these cells are examined in relation to mechanosensitivity,
calcium regulation, bone mineralization, osteoclastogenesis, vesicle
trafficking and immunity. We also aim to motivate the exploration
of the unique pathological mechanism of PLS3, which can be
expected to generate new insights in the molecular events leading
to bone disease.

2 PLS3 reqgulates cell behavior by
actin dynamics

Plastin is an ancient and evolutionarily highly conserved family
of actin-binding proteins that are expressed in a tissue-specific
manner (1, 11). Three plastin isoforms are expressed in vertebrates:
PLS1 (I-plastin) is expressed in absorptive intestinal and kidney
cells (12), PLS2 (LCP, LCPI, or L-plastin) is predominantly found
in hematopoietic and cancer cells (1, 13, 14), while PLS3 (T-plastin)
is ubiquitously expressed in all solid tissues (1, 15). Interestingly,
about 5% of the general population shows increased PLS3
expression in blood (16). All three plastin isoforms have modular
structural domains, encompassing the N-terminal Ca®*-binding
regulatory domain (RD) and a core consisting of two actin-
binding domains (ABD1 and ABD2) (17) (Figure 1A). The RD
contains two EF-hands and a calmodulin-binding motif (CBM),
whereas each ABD is assembled from two tandem calponin-
homology (t-CH) domains (17). The ABD cores form a compact
and rather globular structure in an antiparallel arrangement
induced by the contact between the CH1 and CH4 domains at
the N- and C-terminal ends (11, 18). This conformational structure
seems to be highly dynamic and dependent on the presence of Ca**
(19). The conformational plasticity of CH2, within the structurally
polymorphic ABD1, influences the diverse functions of different
actin assemblies (20) (Figure 1B). Each ABD binds an individual
filamentous actin (F-actin) molecule (21). F-actin is a polymer
composed of monomeric globular subunits (G-actin) which is the
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major component of the cytoskeleton. Plastin is involved in the
formation of the actin cytoskeleton through the binding and
bundling of F-actin, which determines cell structure and behavior.
However, the exact mechanism by which ABD1 and ABD2 bind to
actin is unknown. It is currently thought that ABD1 is involved in
F-actin binding while ABD2 is involved in bundling (22). In vitro,
ABDI1 alone is sufficient to positively affect Arp2/3-based actin
dynamics (23). This can be potentially explained by the competitive
replacement of tropomyosin enabling a higher filament recycling
rate by cofilin (24), or the stabilization of filaments by competition
with cofilin (23). Moreover, although actin-bundling the structural
domains of both ABD1 and ABD2 are required for actin binding,
defects in ABD1 alone can still lead to osteoporosis (17). To date, it
is unclear whether plastin associates with the leading-edge of the
actin cytoskeleton through the F-actin binding mode of ABD1 or
the bundled mode of both ABD1 and ABD2 (17).

The cytoskeletal remodeling of actin plays a central role in
regulating multiple components of cell behavior, including its
morphology and motility. To control these functions, actin
filament networks must be assembled, maintained, and
disassembled at the correct time and place, through suitable
filament organization and dynamics (25). The regulation of the
actin networks has been largely attributed to the coordinated action
of actin assembly factors by signaling cascades (25). PLS3 is
involved in all cell processes dependent on F-actin dynamics such
as cell motility (24, 26), focal adhesion (17), cell division (27),
endocytosis (3), vesicle trafficking (3, 5), and motor axon outgrowth
(28), in which it appears to be particularly important for shaping the
actin cytoskeleton near the cell membrane (29). PLS3 strengthens
and stabilizes cell membrane protrusions and promotes cell
migration to enable bridging gaps in the extracellular matrix
(ECM) (30). The formation of the PLS3/plectin/cofilin complex
promotes cell migration and tube formation but weakens the
adheren of junction formation in Ang II-treated endothelial cells
(31). PLS3 is found to be associated with lamellipodia (17, 30) and
focal adhesions in fibroblasts and osteoblasts (17). In the skin, PLS3
influences basement membrane assembly (32). The plastin ortholog
in yeast (fimbrin) is localized almost exclusively in endocytic actin
patches and is essential for endocytosis (24). Improved endocytosis
has also been proposed to account for the role of PLS3 as a
protective modifier of spinal muscular atrophy (28, 33-35).
Furthermore, PLS3 mediates membrane trafficking in hypoxia (5)
(Figure 1C). All the cellular functions listed above are the result of
interactions between PLS3 and the actin cytoskeleton. Therefore,
the involvement of PLS3 in the binding and bundling of F-actin is
an essential part of cell structure and function.

3 PLS3 function in cells involved in
bone metabolism

Studies on PLS3 mutation-induced osteoporosis and related
animal models emphasize the importance of PLS3 in normal
skeletal development and the maintenance of healthy bone
homeostasis. But the specific mechanisms by which PLS3 affects

frontiersin.org


https://doi.org/10.3389/fendo.2023.1168306
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

10.3389/fendo.2023.1168306

Zhong et al.

A
B

F-actin

G-actin Active Inactive
© PLS3 and F
and F-actin
,// a | Lamellipodium
Cell - %7 Migration direction
Focal adhesion
ECM

Structure and function of PLS3. (A) Schematic diagram of the PLS3 protein domain structure. The N-terminus of PLS3 is linked with the Ca®*-binding
regulatory domain (RD), consisting of two EF-hand motifs and the calmodulin-binding motif (CBM). RD is followed by two actin-binding domains
(ABD) - ABD1 and ABD2, both of which include two tandem calponin-homology (t-CH) domains, CH1, 2 and CH3,4 respectively. (B) Actin
cytoskeleton remodeling by binding and bundling of PLS3. In the active state, when Ca®* ions are absent, PLS3 binds two filamentous actin (F-actin)

molecules, consisting of globular actin (G-actin) subunits. In the presence of Ca

2* jons PLS3 is inactive and the actin filament is released. (C) PLS3

and cell motility. As a component of the cytoskeleton involved in F-actin dynamics, PLS3 participates in cell migration through the extracellular
matrix (ECM), focal adhesions, and actin cytoskeleton shaping near cell membranes. ABD1, 2, actin-binding domain 1, 2; CH1, 2, 3, 4, calponin-
homology domain 1, 2, 3, 4, CMB, calmodulin-binding motif; ECM, extracellular matrix; EF, EF-hands domain; F-actin, filamentous actin; G-actin,
globular actin; RD, regulatory domain. Figures were created with BioRender.com.

osteogenesis and bone disease development remain unknown.
Recently, the bone-regulatory role of PLS3 was demonstrated in
some animal models. Knockout of pls3 in zebrafish led to severe
craniofacial abnormalities and muscle damage, as well as to
malformed body axis and tail, which was reversed by restoring
PLS3 expression (7). Pls3 knockout mouse models display impaired
cortical thickness with decreased osteoblast mineralization capacity
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and defects in the development of the epidermal basal membrane
(36). This contrasts with the bone thickening observed in PLS3-
overexpressing mice which confirmed the key role of PLS3 in bone
homeostasis, particularly in relation to osteoclast function (37).
PLS3 knockout rat model demonstrated an osteoporotic phenotypes
with thinner cortices, significant low yield load, maximum load, and
breaking load of femora (38). PLS3 protein was also found
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differentially expressed in dental pulp stem cells from deciduous
teeth (SHED) during osteoblast development (39). Furthermore,
based on the high expression of the PLS3 homolog fimbrin in
chicken osteocyte dendrites (40, 41) and the significance
of osteocyte dendrites for mechanosensing (40), it is tempting
to hypothesize that PLS3 variants cause loss of osteocyte
mechanosensitivity, leading to osteoporosis.

PLS3 is known to be expressed in the three main bone cell types
responsible for bone homeostasis, the osteocytes, osteoblasts and
osteoclasts. However, PLS3 is the main plastin isoform expressed in
osteoblasts and osteocytes (40, 42) whereas PLS2 is the main plastin
isoform in osteoclasts (43). There are currently three hypotheses
postulated about the mechanism of osteoporosis in patients with
PLS3 variants (1): dysregulation of osteocyte mechanosensing
leading to misbalance between bone resorption and formation, (2)
osteoblast mineralization insufficiency (44) and (3) increased
osteoclast bone resorption (37). Elucidating the function of PLS3
in these three cell types will undoubtedly help us obtain a better
understanding of PLS3 regulation in bone metabolism (7).

3.1 PLS3 in osteocytes

3.1.1 Mechanosensory function of osteocytes

A substantial amount of evidence suggests that bone formation
and bone resorption are coordinated by osteocytes buried within
the mineralized bone (45) where they exert their unique
mechanosensory function (46). Osteocytes are terminally
differentiated osteoblasts located in osteocyte lacunae; their cell
body contains 50-60 dendritic processes which radiate into the
canalicular space. In this position, they are well-connected with
neighboring osteocytes, osteoblasts, osteoclasts, blood vessels, nerve
cells, and bone marrow, forming a complex osteocyte lacuno-
canalicular system (47). Mechanical loading of bone triggers
interstitial fluid flow through the lacuno-canalicular system,
which causes shear stress to the osteocyte dendrites ultimately
generating cellular signals (48, 49).

PLS3 is particularly enriched in the dendrites, specifically at
their branching points (40, 42). In the mechanosensing dendrites,
PLS3 is a critical component of the actin cytoskeleton, which
facilitates osteocyte response to mechanical stimuli and their
translation to signaling cascades (50); chemical depolymerization
of actin results in dendrite retraction and a decrease in overall cell
body size which demonstrates the dependence of osteocytes to actin
organization for the maintenance of cytoskeletal integrity (41). In
response to mechanical stimuli, nitric oxide (NO), prostaglandins
(PGs) and within milliseconds ATP are released by osteocytes,
which affects many other cellular signaling pathways including
interleukin-6 (IL-6), receptor activator of nuclear factor xB
ligand/osteoprotegerin (RANKL/OPG), Wnt/B-catenin and
calcium signaling pathways (51, 52).

Some studies mention that PLS3 variants may potentially
interfere with the mechanosensing function of osteocytes, which
leads to bone homeostasis imbalance (53, 54). This is plausible
considering that PLS3 regulates the dynamic organization of the
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actin cytoskeleton on which the osteocytes rely for their
mechanosensory function. PLS3 defects may affect the
mechanosensory process not only by the dendritic processes but
also by the primary cilia on the osteocyte cell body (55). It can be also
expected that focal adhesions participate in the PLS3-mediated
cytoskeleton machinery for mechanosensing (56, 57). Focal
adhesions are macromolecular complexes consisting of multiple
actin-associated proteins, such as paxillin, vinculin, connexin-43,
integrins, and talin that serve as physical linkages between the cell’s
cytoskeleton and the ECM. Deletion of specific integrin subunits (1
or B3) leads to attenuated mechanosensitivity in osteocytes in vitro
but does not lead to a complete loss of mechanosensing in vivo (56).
The distribution of paxillin in the skull and fibula is reported to be
different in osteocyte cell bodies in situ due to different external
mechanical loading patterns; thus the mechanical loading pattern
likely determines the orientation of the osteocyte actin cytoskeleton
which may be disrupted in PLS3 defects (58) (Figure 2A).

3.1.2 Calcium regulation in osteocytes

Ca®" oscillation in osteocytes is a key regulator of their
mechanotransduction function (59). Loading-induced Ca**
oscillation in osteocytes triggers the release of downstream
signaling molecules, e.g., NO (60), prostaglandin E2 (PGE2) (61),
matrix extracellular phosphoglycoprotein (MEPE), insulin-like
growth factor-1 (IGF-1) (62), and B-catenin (63), which modulate
bone metabolism. Ca®* levels in osteocytes and osteoblasts
determine bone metabolism regulation and the rise of
cytoplasmic Ca*" is linked to bone development via calcineurin/
NFAT57 and noncanonical Wnt53 pathways (42).

PLS3 mutations were observed to lead to abnormal Ca®*
regulation in U20S human osteosarcoma cells and OCY454
osteocytic cells (17). Cell behavior was investigated in five OI
variants that are expected to produce full-length PLS3 protein;
these included 2 variants in the loop between the two CH domains
of ABDI, one variant in the second CH domain of ABD1 and 2
variants in the first CH domain of ABD2. Interestingly, one of the
ABDI loop variants led to Ca**-hyposensitivity whereas the other
variants showed Ca**-hypersensitivity. The variant in the second
ABD1 CH domain conferred Ca**-hyposensitivity whereas of the
other two variants in the ABD2 domain, one caused Ca?
"-hyposensitivity and the other was the only one abolishing actin-
bundling ability (18). This study also reported that in the Ca*
"hypersensitive cells, mutant PLS3 localized exclusively at the focal
adhesions/stress fibers, which displayed reinforced morphology.
However, in the Ca2+-hypersensitive cells, mutant PLS3 was
restricted to lamellipodia, while chelation of Ca®" caused its
redistribution to focal adhesions (29). In striking contrast, wild-
type PLS3 was distributed between the lamellipodia and focal
adhesions, co-localizing with the F-actin-rich elements at the cell
edge, focal adhesions, and stress fibers of osteoblasts and osteocytes.
Although further conclusions cannot be made about the
mechanism of the different ABDs in actin regulation, it can be
deduced that part of the PLS3 OI mechanism entails the disruption
of Ca®" regulated plastin activity and localization across cytoskeletal
structures (18) (Figure 2A).
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) oscillation in osteocytes. As a component of the mechanosensing actin cytoskeleton which is located in osteocyte

dendrites, PLS3 reacts to mechanical stimuli activating a cascade of intracellular biochemical signals. Mechanical loading-induced Ca2+ oscillation
triggers downstream signaling molecules of extracellular signaling pathways of bone metabolism. (B) Mechanical loading and PLS3 effects on
osteoblasts and extracellular matrix mineralization. Mechanical stress in osteoblasts activates the production of signal molecules and growth factors
similar to osteocytes, inducing the mineralization of the extracellular matrix. (C) TPLS3 in osteoclasts. PLS3 regulates osteoclast activity via the NFxB
signaling pathway. DKK1, Dickkopf WNT Signaling Pathway Inhibitor 1; FGFs, fibroblast growth factors; FGF23 - fibroblast growth factor 23; MEPE,
matrix extracellular phosphoglycoprotein; Nftacl, nuclear factor activated T cells c1; NKRF, NFxB-repressing factor; NO, nitric oxide; OPG,
osteoprotegerin; PGs, prostaglandins; PLS3, t-plastin; RANK, receptor activator of nuclear factor kB; RANKL, receptor activator of nuclear factor kB
ligand. Solid lines indicate pathways with solid evidence. Dashed lines indicate pathways with emerging evidence. Figures were created with

BioRender.com.

Another study identified the binding of PLS3 to PLS2 which
facilitates the Ca®" release upon cell demand; a variant in the first EF-
hand domain of PLS3 disrupts this interaction which weakens the
regulation of intracellular Ca®>" in hFOB 1.19 cells (37), potentially
contributing to osteoporosis. In conclusion, mechanical stimuli
regulates the cytoplasmic Ca*" rise in these cells which is essential

for their translation to a cell response (64). PLS3 variants may lead to
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the disruption of intracellular Ca®" homeostasis which may have
consequences not only directly on the function of PLS3 itself but also

on other Ca®"-dependent signal transduction pathways.
3.1.3 Signaling proteins produced by osteocytes

High serum concentrations of Dickkopf WNT Signaling
Pathway Inhibitor 1 (DKK1) have been found in patients with
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PLS3 variants (65), which is accompanied by hypomineralization of
their bone matrix. Interestingly, no variations were observed in
sclerostin and FGF23 in these subjects. Recently, a Finnish group
found that lipocalin-2 is associated with FGF23 in 14 osteoporotic
patients with PLS3 pathogenic vairants. Although comparison was
made for FGF23 levels between in PLS3 patients and healthy
subjects (66). DKKI1, sclerostin, an inhibitor of the WNT
signaling pathway, and FGF23 are primarily secreted by the
osteocytes (67, 68). Drug-induced disruptions in the actin
cytoskeleton and focal adhesion signaling have been reported to
impact DKK1 mRNA levels in tumor cells (69). Thus, a possible
explanation for the increased DKK1 production and secretion in
PLS3 OI can be the cytoskeletal changes and osteocyte dysfunction
induced by PLS3 variants or other unknown pathways (65). On the
contrary, serum microRNA profiles from 15 members of Finnish
families with four different PLS3 variants associated with
osteoporosis, showed variation in the regulation of seven
miRNAs; of these 2 upregulated miRNAs targeted DKK1 (70),
and they promoted osteogenic differentiation by blocking DKK1
(71). These seven miRNAs were also observed to be enriched in the
WNT pathway (70). It has been suggested that patients with WNT1
and PLS3 variants may share similar mechanisms in osteoporosis
development (72). The specific mechanism of how PLS3 variants
interact with DKK1 and other components of WNT1 signaling to
affect signal transduction pathways in osteocytes for the synthesis
and secretion of related proteins needs to be further investigated.

Impaired osteocyte function leading to disruption of osteocyte-
associated signaling protein production is known to lead to bone
disease, including rare bone diseases (73, 74). Osteocyte-specific
release of signaling molecules is disturbed during long-term
unloading, such as when it occurs in astronauts during space
travel and long-term bed rest (48). In particular, the production
of sclerostin and the osteoclast stimulator RANKL by OCY454
osteocytes is upregulated in the absence of loading (75).
Physiological loading has been shown to block osteocyte
apoptosis (76), in contrast to reduced mechanical loading in a rat
tail suspension model that increased osteocyte apoptosis (77). Data
acquired from five PLS3 variant carriers showed increased levels of
apoptotic osteocytes together with abnormal gene expression of
osteocyte-related genes including FGF23, DMPI, sclerostin and
phosphorylated (phospho-) b-catenin (78) (Figure 2A). Thus, we
can speculate that PLS3 variants disrupt the mechanosensory
function of osteocytes equivalently to unloading, by interfering
with the release of relevant signaling proteins by osteocytes and
shifting the bone homeostasis balance to catabolism that results in
the poor bone mass in patients with PLS3 OL

3.2 PLS3 in osteoblasts

A relation between osteoblast-induced bone mineralization and
PLS3 has been postulated (44, 79). In healthy bone conditions, PLS3
abundance increases upon osteoblast differentiation (44, 53, 65, 80).
However, in some patients with PLS3 variants, matrix
mineralization and osteoblast numbers are decreased and
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significant hypomineralization of the bone matrix is observed.
Fahiminiya found that in vitro differentiation of cultured mouse
cranial MC3T3- E1 osteoblasts correlated with increased expression
of PLS3 (44), indirectly suggesting that PLS3 may be involved in
bone mineralization. Regulation of intracellular vesicles in late
osteoblasts transitioning to early osteocytes is thought to drive
bone mineralization (81, 82). PLS3 is recognized as a regulator of
vesicle trafficking (3, 5) and it is upregulated in matrix vesicles and
microvilli of osteoblasts upon mineralization (79, 83). Ex vivo PLS3-
deficient primary osteoblasts were found to display moderately
impaired mineralization capacity (36). In these cells, the
expression of Sfrp4, a gene associated with bone cortical
formation or remodeling, was significantly reduced (36);
interestingly, SFRP4 variants lead to Pyle disease, a bone disorder
characterized by thinning of the cortex (84). Here it is also
important to state that no major abnormalities in Pls3-deficient
osteoblasts were observed in terms of morphology, adhesion or
migration assays (36). Other studies have shown that osteoblasts
rely on high Ca** concentrations, which may in part be regulated by
the interaction of the Ca2+-binding proteins PLS3 and PLS2; bound
Ca®" is released to increase the intracellular Ca®" level when the
extracellular Ca®" level is low (85) (Figure 2B). Variants in the Ca**
binding domains (EF-hands) of PLS3 weaken the interaction of
PLS3 with PLS2 and thus might contribute to the osteoporotic
phenotype. Future research can be anticipated to delineate the
specific molecular mechanism of PLS3 affecting osteoblast-
induced bone mineralization.

Osteoblasts can also respond to mechanical loading to stimulate
bone modeling and remodeling (86). Pulsating fluid flow can trigger
osteoblasts in vivo to produce a series of signaling molecules and
growth factors, such as Wnt (87), NO (88), transforming growth
factor B (89) and FGFs (90). Osteoblasts may stimulate bone
formation either through the production of signaling molecules
affecting neighboring cells or through mechanical stimulus-
mediated osteogenic differentiation, for example by cytoskeletal
alterations (91) (Figure 2B). In addition, it has been suggested
that specific cortical bone phenotypic defects in PLS3-deficient mice
may be due to the disruption of the specific cytoskeletal
rearrangement, which interferes with the alignment of osteoblasts
on the cortical bone surface (36), although the underlying molecular
mechanism remains unclear.

As stated earlier, PLS3 variants are known to disrupt the actin
cytoskeletal integrity by impacting its ability to bind and bundle F-
actin. This may affect the mechanical loading perception of
osteoblasts which in turn can affect the production of osteocalcin
(92) and FGFs (93), involved in calcium homeostasis and
bone mineralization.

3.3 PLS3 in osteoclasts

Osteoclasts are known for their bone resorption function, and
their hyperfunction or decline can lead to bone-related diseases by
affecting directly or indirectly the behavior of other bone cells.
Although the main plastin isoform in osteoclasts is PLS2, the
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precense of PLS3 in mice osteoclasts has been also proven (29).
Recent work has proposed that PLS3 regulates osteoclast activity
through the NFkB signaling pathway (37). NFxB signaling is a
master regulatory pathway in osteoclastogenesis; it is initiated by
the binding of NFxB ligand (RANK-L) to the RANK receptor on
the surface of osteoclasts to activate the transcription of nuclear
factor activated T cells c1 (Nfatcl), a key transcription factor
regulating osteoclastogenesis (94). Nfatcl expression is negatively
regulated by the NF«B-repressing factor (NKRF). PLS3 inhibits
osteoclastogenesis by binding to NKRF. PLS3 KO leads to
insufficient inhibition of NKRF1 nuclear translocation, which
results in increased osteoclast differentiation (37). Osteoclast
resorption activity, migration, and adhesion are dependent on the
formation of large actin filaments containing ring structures known
as podosomes (95). These structures are impaired under the lack of
PLS3 expression potentially due to F-actin depolymerization,
leading to cytoskeletal instability (37). Compared with PLS3 KO,
PLS3 overexpression may lead to increased transport of NKRF to
the nucleus, thereby inhibiting Nfatcl transcription and thus
inhibiting osteoclastogenesis (37). Importantly, similarly to PLS3
KO, defects in podosome formation were also detected in PLS3
overexpressing mice, which may be caused by the reduced
degradation of F-actin (37). This suggests that a certain level of
PLS3 is critical for osteoclast structure and function. However, other
studies have shown that PLS3 does not affect osteoclastogenesis
(44). Osteoclast number was unchanged in the PLS3 KO mice (36).
In the mean time, in transiliac bone biopsies from two patients with
PLS3 mutation-induced osteoporosis, no osteoblasts or osteoclasts
were detected and the erosion surface was reduced (53).

Similarly to other bone cell types, Ca** is also a contributing
factor in osteoclast function. As previously stated, a relatively high
concentration of Ca®' is essential for the differentiation of
osteoblasts, while high extracellular Ca?" inhibits osteoclast
formation by acting on the calcium-sensing receptor of osteoclast
precursor cells (96); this clearly suggests different expression
profiles and roles for PLS3 in osteoblasts compared with
osteoclasts (85) (Figure 2C).

4 PLS3-related bone disorders

Based on the above, it is clear that maintaining a precise balance
of PLS3 in cells is essential for the health of the skeletal system (97).
PLS3 variants have been found to cause osteoporosis and OI (6, 7),
while abnormally high levels of PLS3 have been associated with OA
(8-10). Considering the wide expression pattern of PLS3 in the
body, PLS3 also affects the presentation of other pathology
types. PLS3 overexpression plays a protective role in several
neurodegenerative diseases associated with decreased F-actin
levels (16, 98-100), whereas S-nitrosylation of PLS3 is linked to
thoracic aortic dissection (31). Moreover, PLS3 is involved in cancer
development and it has been identified as an important predictor of
the effectiveness of chemotherapeutic agents (101-103). However,
this review aims to exclusively focus on PLS3-related bone diseases,
including O], osteoporosis, and OA.
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4.1 Ol and osteoporosis due to
PLS3 variants

In 2013 we discovered variants in PLS3 in five families as a cause
of osteoporosis and fractures (7). Since then more families, with a
total of 30 PLS3 variants, have been discovered (https://
www.LOVD.nl/PLS3), but the specific mechanism leading to
disease development is limitedly deciphered. The severity of
clinical manifestations in OI does not appear to be directly
associated with specific PLS3 variants, varying greatly from the
absence of physical symptoms to severe early-onset osteoporosis
and deformity (104). Although PLS3 variants were initially
described as a cause of monogenic nonsyndromic osteoporosis,
recent reports have suggested that they can also cause OI (7).
Syndromic extraskeletal OI manifestations have been reported in OI
patients with PLS3 pathogenic variants, however, these reports are
still scarce or describe subclinical manifestations, so there is some
discrepancy as to whether PLS3 is a bone fide OI gene (105).
Recently two OI patients with PLS3 pathogenic variants were found
in a comparative study of 140 Turkish OI families (106).
Considering that PLS3 is a relatively newly discovered gene, we
believe that the full extent of its phenotypic spectrum may not be
clear yet. Future studies are also expected to shed light on the
underlying defect of syndromic OI characteristics, such as the blue
sclera which is typically attributed to collagen defects in OI (107).

Regarding the nature of PLS3 variants that have been reported
in these patients, these include missense and nonsense variants, but
also partial or total deletions (80, 108) and partial gene duplication
(109). Reported pathogenic PLS3 variants are summarized in the
LOVD OI variant database (https://www.LOVD.nl/PLS3) (110).
Our study determined that PLS3 variants are loss of function,
causing either PLS3 deficiency or functional defects (7).
Considering the ubiquitous expression of PLS3 in solid tissues,
equally puzzling to the presence of the phenotype in the bone tissue
is its absence in unaffected tissues. Tissue-specific dependency or
functional redundancy in these healthy tissues may account for this.
A remaining question is to which extent other plastins can
compensate in the absence of functional PLS3. A study found that
the abnormally high level of PLS3 Ca®" sensitivity leading to
osteoporosis is nearly identical to the physiological sensitivities of
PLS2 and PLSI (22). Another study on spinal muscular atrophy
(SMA) showed that PLS2 was able to perform the same role as PLS3
in motor axons, thereby substituting for PLS3, albeit less efficiently,
while PLS1 showed no ability to rescue these defects even though
PLS1 could also bind and bundle actin (34).

Regarding the bone properties of patients with PLS3 variants,
bone biopsy studies have helped to provide some clues about the
mechanism mediating the presentation of this type of osteoporosis.
In a recent study of Kdmpe et al., two children with disease-causing
PLS3 variants showed multiple peripheral and spinal fractures and
low bone mineral density (BMD); iliac crest bone biopsies
confirmed low-turnover osteoporosis in both patients (80). In
another study one of the patients showed low bone turnover and
low osteoid formation (105); in sharp contrast, children with OI
type I tend to have elevated indices of bone formation and
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resorption (111) that were definitively not observed in the present
case. However, the decreased trabecular bone volume and the
abnormally high mineral content of the bone matrix are
consistent with the characteristics of patients with PLS3-related
OI (111). It is suggested that the increased matrix mineralization in
this patient results primarily from a long history of very low bone
turnover (105). Interestingly, the highly trabeculated cortical
envelopes observed in this patient, indicated that bone modeling
remains active, which may suggest that the ongoing cortical bone
formation possibly represents a compensatory mechanism to
counteract the lack of an adequate trabecular bone amount (105).
It was recently reported that the PLS3-deficiency in mice
predominately affects the early stage of cortical bone formation
(36). Furthermore, a study demonstrated that children with WNT1
or PLS3 variants had heterogeneous bone matrix mineralization,
consistent with bone modeling during growth. Bone matrix
mineralization was homogenous in adults and increased
throughout the age spectrum (112). We hypothesize that the
unique function of PLS3 in different stages of skeletal
development and the existence of compensatory mechanisms for
the counteraction of the low bone quality caused by PLS3 variants
may lead to some heterogeneity in bone tissue biopsy analyses from
these patients. Due to the wide variety of PLS3 variants and the
limitations posed by the early age of onset and invasiveness of
biopsies, clarifying the genotype-phenotype correlation of bone
material properties in OI patients is challenging. Overall, the very
low and still undetermined prevalence of PLS3 variants, their
diversity, and the complexity of the genetic and clinical
phenotypes add a degree of complexity in fully understanding the
specific role of PLS3 in bone metabolism.

In addition to monogenic osteoporosis, PLS3 is also implicated
in multifactorial age-related osteoporosis. Our study identified the
rare PLS3 variant rs140121121 which is associated with a risk of
fracture among elderly heterozygous women; this was two times as
high as that among noncarriers (7). Another study with a
postmenopausal Chinese women cohort also demonstrated the
association of PLS3 variants with osteoporotic fractures
supporting a role for PLS3 also in bone fragility with a polygenic
etiology (113). Thus, delineating the role of PLS3 in monogenic
osteoporosis might help toilluminate the path toward
understanding the very prevalent age-related osteoporosis.

4.2 PLS3 in osteoarthritis

OA is a multifactorial disease characterized by predominantly
articular cartilage damage and altered homeostasis within the
extracellular matrix (114), an important component of articular
cartilage function that is implicated in cartilage mechanotransduction.
The molecular mechanisms involved in the development of OA remain
obscure. It has been shown that osteoarthritic hypertrophic
chondrocytes are primarily involved in the biological processes of
cytoskeletal rearrangement, cell-cell and cell-kECM interactions during
disease progression (115). Tsolis et al. found overexpression of PLS3 in
chondrocytes in knee cartilage samples from patients with primary OA
(115). A recent study showed that patients with inversion-induced OA
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had an increased number of PLS3-expressing cells on the medial knee,
which is subjected to more mechanical loading, compared to the lateral
knee (116). This study hypothesized that the mechanical response of
chondrocytes is regulated by the number of PLS3-expressing cells and
suggested that Ca**-dependent mechanotransduction between the ECM
and actin cytoskeleton via PLS3 may play an important role in OA
pathogenesis (116). In addition, the RANKL-RANK pathway has also
been suggested to be associated with OA (117), and pathological
changes such as thickening and sclerosis of subchondral bone and
formation of bone redundancy at the joint margins in OA (118) may be
associated with increased synthesis of PLS3 (37, 115). The exact role of
PLS3 in articular chondrocytes is unclear, and the molecular
mechanisms involved in cartilage regulation deserve more attention.

5 Perspective on therapy

Considering the obscurity of the role of PLS3 in bone fragility, it
remains challenging to accurately envision suitable treatment.
Medications that are conventionally designed for the treatment of
osteoporosis bone fragility, have shown some success in PLS3
patients although this is based on scarce cases. Bisphosphonates
have shown potential in increasing BMD in patients with PLS3
variants, especially when treated at an early age (7, 44, 80), although
a case of atypical femur fracture(AFF) has also been reported (119).
Also, in a Dutch cohort of AFFs and early-onset osteoporosis
(EOOP), after 9 years of bisphosphonate use, AFF was found in a
young male adult with a PLS3 variant, raising concerns about the
safety of these agents in the long run in children diagnosed with
PLS3 (120). Yet, a 9-year-old Chinese boy diagnosed with OI due to
a PLS3 variant, who received bisphosphonate treatment and was
followed up for 2 years, showed improved BMD Z-score (121).
Improvement was also documented in a 16-year-old boy of Chinese
origin with scoliosis and childhood-onset osteoporosis (122).
Treatment with teriparatide, a parathyroid hormone analog,
increased femoral neck and lumbar spine BMD, which also
correlated with increased procollagen type 1 amino-terminal
propeptide (PINP) a marker of bone formation (123).
Interestingly, a combination of teriparatide with denosumab, a
monoclonal antibody against RANKL, was more effective than
teriparatide alone (124). A high dose of vitamin D
supplementation has been also found to deliver a therapeutic
benefit in increasing BMD (125).

Despite the promising results of the above mentioned therapies
on these few patient cases, none of these is yet approved for OI or
the specific genetic defect of PLS3. In order to cure the disease, the
elimination of the genetic defect will be required by means of gene
therapy or stem cell transplantation (126). The adeno-associated
virus-mediated delivery has been used to deliver PLS3 in mice with
spinal muscle atrophy which extended their viability (35).
Currently, gene therapy systems are being developed for delivery
specifically to bone (127). Based on future insights in the disease
mechanism, it may also become possible to influence relevant or
compensatory pathways of PLS3 defects towards homeostatic
balance. Chemical inhibition of PLS2 was able to attenuate bone
loss in ovariectomized mice and accelerate bone fracture healing
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(43) whereas the delivery of PLS2 peptides in loaded nanocarriers to
osteoclasts was able to inhibit sealing ring formation and resorption
(128). This may be a suitable strategy for counteracting the high
resorption activity of PLS3 patient osteoclasts. Alternatively, the
delivery of compensatory proteins for actin bundling could also in
principle relieve actin dysfunction but for this more knowledge
about the function of PLS3 in cell-specific cytoskeletal dynamics
is required.

6 Limitations

A limitation of the current review is the relatively small number
of reported patients with PLS3 variants owing to the mild
presentation of the disease which may account for undiagnosed
cases. Also, this gene is relatively recently discovered and
implemented in diagnostic gene panels. With the current
knowledge, we cannot yet concretely explain the presentation of
disease symptoms in select tissue types and the variation in their
severity in relation to the type of PLS3 defect. Considering the rarity
of the disease, it will be beneficial to form large patient cohorts in
which the phenotypic variability will be systematically characterized.
This may also help to test treatment regimens in order to orient
medical professionals with establishing treatment guidelines.

Another limitation is the small number of reported animal
models for PLS3. At present, we are still facing major knowledge
gaps regarding the function of PLS3 in different cell types and the
way their dysfunction ultimately leads to the onset of disease. In
order to narrow these gaps, we need to establish gene mouse models
which faithfully recapitulate the genetic defects of PLS3 and disease
presentation. These will allow the exploration of the PLS3
mechanism in bone homeostasis and other tissue types.

7 Conclusion

The involvement of PLS3 in biological processes in bone and its
mediation of diseases of the skeletal system is a fascinating new area
of research with essential implications for both the field of
cytoskeletal biology and skeletal development. Uncovering the
complex mechanisms underlying the role and regulation of PLS3
in bone tissue will help us model the processes by which PLS3
regulates the sensing of mechanical load, with the ultimate goal of
achieving therapeutic interventions targeting bone development

References

1. Lin CS, Park T, Chen ZP, Leavitt J. Human plastin genes. comparative gene
structure, chromosome location, and differential expression in normal and neoplastic
cells. J Biol Chem (1993) 268(4):2781-92. doi: 10.1016/s0021-9258(18)53842-4

2. Brun C, Demeaux A, Guaddachi F, Jean-Louis F, Oddos T, Bagot M, et al. T-
Plastin expression downstream to the Calcineurin/Nfat pathway is involved in
keratinocyte migration. PLoS One (2014) 9(9):¢104700. doi: 10.1371/journal.pone.
0104700

3. Hagiwara M, Shinomiya H, Kashihara M, Kobayashi K, Tadokoro T, Yamamoto
Y. Interaction of activated Rab5 with actin-bundling proteins, I- and T-plastin and its

Frontiers in Endocrinology

10.3389/fendo.2023.1168306

and remodeling. Future studies warrant the exploration of the
multifaceted molecular mechanisms by which PLS3 intricately
regulates physiological and pathological bone tissue conditions, in
order to achieve precise treatments for bone-related diseases.

Author contributions

WZ, JP and YL contributed to the article structure and
performed the writing. LZ designed the drawing of the
illustration. GP, EE, NB and DM have contributed to the drafting
and critical revision of the paper. All authors contributed to the
article and approved the submitted version.

Funding

The work of WZ is funded by the Guangzhou Elites Scholarship
Council PhD scholarship. The work of LZ is supported by the
Estonian Research Council, grant PUTJD1009.

Acknowledgments

The work of WZ is funded by the Guangzhou Elites Scholarship
Council PhD scholarship. The work of LZ is supported by the
Estonian Research Council, grant PUTJD1009.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

relevance to endocytic functions in mammalian cells. Biochem Biophys Res Commun
(2011) 407(3):615-9. doi: 10.1016/j.bbrc.2011.03.082

4. Tkeda H, Sasaki Y, Kobayashi T, Suzuki H, Mita H, Toyota M, et al. The role of T-
fimbrin in the response to DNA damage: silencing of T-fimbrin by small interfering rna

sensitizes human liver cancer cells to DNA-damaging agents. Int ] Oncol (2005) 27
(4):933-40. doi: 10.3892/ij0.27.4.933

5. Wottawa M, Naas S, Bottger J, van Belle GJ, Mobius W, Revelo NH, et al.
Hypoxia-stimulated membrane trafficking requires T-plastin. Acta Physiol (Oxf) (2017)
221(1):59-73. doi: 10.1111/apha.12859

frontiersin.org


https://doi.org/10.1016/s0021-9258(18)53842-4
https://doi.org/10.1371/journal.pone.0104700
https://doi.org/10.1371/journal.pone.0104700
https://doi.org/10.1016/j.bbrc.2011.03.082
https://doi.org/10.3892/ijo.27.4.933
https://doi.org/10.1111/apha.12859
https://doi.org/10.3389/fendo.2023.1168306
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhong et al.

6. Mulvihill BM, Prendergast PJ. Mechanobiological regulation of the remodelling
cycle in trabecular bone and possible biomechanical pathways for osteoporosis. Clin
Biomech (Bristol Avon) (2010) 25(5):491-8. doi: 10.1016/j.clinbiomech.2010.01.006

7. van Dijk FS, Zillikens MC, Micha D, Riessland M, Marcelis CL, de Die-Smulders
CE, et al. Pls3 mutations in X-linked osteoporosis with fractures. N Engl ] Med (2013)
369(16):1529-36. doi: 10.1056/NEJMoal308223

8. Vincent TL. Targeting mechanotransduction pathways in osteoarthritis: a focus
on the pericellular matrix. Curr Opin Pharmacol (2013) 13(3):449-54. doi: 10.1016/
j.coph.2013.01.010

9. Martinez-Moreno D, Jimenez G, Galvez-Martin P, Rus G, Marchal JA. Cartilage
biomechanics: a key factor for osteoarthritis regenerative medicine. Biochim Biophys
Acta Mol Basis Dis (2019) 1865(6):1067-75. doi: 10.1016/j.bbadis.2019.03.011

10. Leong DJ, Hardin JA, Cobelli NJ, Sun HB. Mechanotransduction and cartilage
integrity. Ann N'Y Acad Sci (2011) 1240:32-7. doi: 10.1111/§.1749-6632.2011.06301.x

11. Shinomiya H. Plastin family of actin-bundling proteins: its functions in
leukocytes, neurons, intestines, and cancer. Int ] Cell Biol (2012) 2012:213492.
doi: 10.1155/2012/213492

12. Lin CS, Shen W, Chen ZP, Tu YH, Matsudaira P. Identification of I-plastin, a
human fimbrin isoform expressed in intestine and kidney. Mol Cell Biol (1994) 14
(4):2457-67. doi: 10.1128/mcb.14.4.2457-2467.1994

13. Goldstein D, Djeu J, Latter G, Burbeck S, Leavitt J. Abundant synthesis of the
transformation-induced protein of neoplastic human fibroblasts, plastin, in normal
lymphocytes. Cancer Res (1985) 45(11 Pt 2):5643-7.

14. Lin CS, Aebersold RH, Kent SB, Varma M, Leavitt J. Molecular cloning and
characterization of plastin, a human leukocyte protein expressed in transformed
human fibroblasts. Mol Cell Biol (1988) 8(11):4659-68. doi: 10.1128/mcb.8.11.4659-
4668.1988

15. De Arruda MV, Watson S, Lin C-S, Leavitt J, Matsudaira P. Fimbrin is a
homologue of the cytoplasmic phosphoprotein plastin and has domains homologous
with calmodulin and actin gelation proteins. J Cell Biol (1990) 111(3):1069-79.
doi: 10.1083/jcb.111.3.1069

16. Oprea GE, Krober S, McWhorter ML, Rossoll W, Muller S, Krawczak M, et al.
Plastin 3 is a protective modifier of autosomal recessive spinal muscular atrophy.
Science (2008) 320(5875):524-7. doi: 10.1126/science.1155085

17. Schwebach CL, Kudryashova E, Zheng W, Orchard M, Smith H, Runyan LA,
et al. Osteogenesis imperfecta mutations in plastin 3 lead to impaired calcium
regulation of actin bundling. Bone Res (2020) 8:21. doi: 10.1038/s41413-020-0095-2

18. Klein MG, Shi W, Ramagopal U, Tseng Y, Wirtz D, Kovar DR, et al. Structure of
the actin crosslinking core of fimbrin. Structure (2004) 12(6):999-1013. doi: 10.1016/
j.str.2004.04.010

19. Shinomiya H, Shinjo M, Fengzhi L, Asano Y, Kihara H. Conformational analysis
of the leukocyte-specific ef-hand protein P65/L-plastin by X-ray scattering in solution.
Biophys Chem (2007) 131(1-3):36-42. doi: 10.1016/j.bpc.2007.09.001

20. Zhang R, Chang M, Zhang M, Wu Y, Qu X, Huang S. The structurally plastic
Ch2 domain is linked to distinct functions of Fimbrins/Plastins. ] Biol Chem (2016) 291
(34):17881-96. doi: 10.1074/jbc.M116.730069

21. Bretscher A. Fimbrin is a cytoskeletal protein that crosslinks f-actin in vitro. Proc
Natl Acad Sci USA (1981) 78(11):6849-53. doi: 10.1073/pnas.78.11.6849

22. Schwebach CL, Agrawal R, Lindert S, Kudryashova E, Kudryashov DS. The roles
of actin-binding domains 1 and 2 in the calcium-dependent regulation of actin filament
bundling by human plastins. ] Mol Biol (2017) 429(16):2490-508. doi: 10.1016/
j.jmb.2017.06.021

23. Giganti A, Plastino J, Janji B, Van Troys M, Lentz D, Ampe C, et al. Actin-
filament cross-linking protein T-plastin increases Arp2/3-mediated actin-based
movement. J Cell Sci (2005) 118(Pt 6):1255-65. doi: 10.1242/jcs.01698

24. Skau CT, Courson DS, Bestul AJ, Winkelman JD, Rock RS, Sirotkin V, et al.
Actin filament bundling by fimbrin is important for endocytosis, cytokinesis, and
polarization in fission yeast. J Biol Chem (2011) 286(30):26964-77. doi: 10.1074/
jbc.M111.239004

25. Suarez C, Kovar DR. Internetwork competition for monomers governs actin
cytoskeleton organization. Nat Rev Mol Cell Biol (2016) 17(12):799-810. doi: 10.1038/
nrm.2016.106

26. Lambrechts A, Van Troys M, Ampe C. The actin cytoskeleton in normal and
pathological cell motility. Int ] Biochem Cell Biol (2004) 36(10):1890-909. doi: 10.1016/
j.biocel.2004.01.024

27. Ding WY, Ong HT, Hara Y, Wongsantichon ], Toyama Y, Robinson RC, et al.
Plastin increases cortical connectivity to facilitate robust polarization and timely
cytokinesis. J Cell Biol (2017) 216(5):1371-86. doi: 10.1083/jcb.201603070

28. Alrafiah A, Karyka E, Coldicott I, Iremonger K, Lewis KE, Ning K, et al. Plastin 3
promotes motor neuron axonal growth and extends survival in a mouse model of spinal
muscular atrophy. Mol Ther Methods Clin Dev (2018) 9:81-9. doi: 10.1016/
j.omtm.2018.01.007

29. Schwebach CL, Kudryashova E, Kudryashov DS. Plastin 3 in X-linked
osteoporosis: imbalance of Ca(2+)-dependent regulation is equivalent to protein loss.
Front Cell Dev Biol (2020) 8:635783. doi: 10.3389/fcell.2020.635783

30. Garbett D, Bisaria A, Yang C, McCarthy DG, Hayer A, Moerner WE, et al. T-
Plastin reinforces membrane protrusions to bridge matrix gaps during cell migration.
Nat Commun (2020) 11(1):4818. doi: 10.1038/s41467-020-18586-3

Frontiers in Endocrinology

10

10.3389/fendo.2023.1168306

31. Pan L, Lin Z, Tang X, Tian J, Zheng Q, Jing J, et al. S-nitrosylation of plastin-3
exacerbates thoracic aortic dissection formation Via endothelial barrier dysfunction.
Arterioscler Thromb Vasc Biol (2020) 40(1):175-88. doi: 10.1161/ATVBAHA.
119.313440

32. Dor-On E, Raviv S, Cohen Y, Adir O, Padmanabhan K, Luxenburg C. T-Plastin
is essential for basement membrane assembly and epidermal morphogenesis. Sci Signal
(2017) 10(481):eaal3154. doi: 10.1126/scisignal.aal3154

33. Ackermann B, Krober S, Torres-Benito L, Borgmann A, Peters M, Hosseini
Barkooie SM, et al. Plastin 3 ameliorates spinal muscular atrophy Via delayed axon
pruning and improves neuromuscular junction functionality. Hum Mol Genet (2013)
22(7):1328-47. doi: 10.1093/hmg/dds540

34. Lyon AN, Pineda RH, Hao le T, Kudryashova E, Kudryashov DS, Beattie CE.
Calcium binding is essential for plastin 3 function in smn-deficient motoneurons. Hum
Mol Genet (2014) 23(8):1990-2004. doi: 10.1093/hmg/ddt595

35. Kaifer KA, Villalon E, Osman EY, Glascock JJ, Arnold LL, Cornelison DDW,
et al. Plastin-3 extends survival and reduces severity in mouse models of spinal
muscular atrophy. JCI Insight (2017) 2(5):¢89970. doi: 10.1172/jci.insight.89970

36. Yorgan TA, Sari H, Rolvien T, Windhorst S, Failla AV, Kornak U, et al. Mice
lacking plastin-3 display a specific defect of cortical bone acquisition. Bone (2020)
130:115062. doi: 10.1016/j.bone.2019.115062

37. Neugebauer J, Heilig J, Hosseinibarkooie S, Ross BC, Mendoza-Ferreira N, Nolte
F, et al. Plastin 3 influences bone homeostasis through regulation of osteoclast activity.
Hum Mol Genet (2018) 27(24):4249-62. doi: 10.1093/hmg/ddy318

38. HuJ, Zhou B, Lin X, Zhang Q, Guan F, Sun L, et al. Impaired bone strength and
bone microstructure in a novel early-onset osteoporotic rat model with a clinically
relevant Pls3 mutation. Elife (2023) 12:e80365. doi: 10.7554/eLife.80365

39. Zainol Abidin IZ, Manogaran T, Abdul Wahab RM, Karsani SA, Yazid MD,
Yazid F, et al. Label-free quantitative proteomic analysis of ascorbic acid-induced
differentially expressed osteoblast-related proteins in dental pulp stem cells from
deciduous and permanent teeth. Curr Stem Cell Res Ther (2022) 18(3):417-28.
doi: 10.2174/1574888X17666220627145424

40. Kamioka H, Sugawara Y, Honjo T, Yamashiro T, Takano-Yamamoto T.
Terminal differentiation of osteoblasts to osteocytes is accompanied by dramatic
changes in the distribution of actin-binding proteins. ] Bone Miner Res (2004) 19
(3):471-8. doi: 10.1359/JBMR.040128

41. Tanaka-Kamioka K, Kamioka H, Ris H, Lim SS. Osteocyte shape is dependent
on actin filaments and osteocyte processes are unique actin-rich projections. J Bone
Miner Res (1998) 13(10):1555-68. doi: 10.1359/jbmr.1998.13.10.1555

42. Galli C, Passeri G, Macaluso GM. Osteocytes and wnt: the mechanical control of
bone formation. ] Dent Res (2010) 89(4):331-43. doi: 10.1177/0022034510363963

43. Li X, Wang L, Huang B, Gu Y, Luo Y, Zhi X, et al. Targeting actin-bundling
protein I-plastin as an anabolic therapy for bone loss. Sci Adv (2020) 6(47):eabb7135.
doi: 10.1126/sciadv.abb7135

44. Fahiminiya S, Majewski J, Al-Jallad H, Moffatt P, Mort J, Glorieux FH, et al.
Osteoporosis caused by mutations in Pls3: clinical and bone tissue characteristics. J
Bone Miner Res (2014) 29(8):1805-14. doi: 10.1002/jbmr.2208

45. Robling AG, Bonewald LF. The osteocyte: new insights. Annu Rev Physiol (2020)
82:485-506. doi: 10.1146/annurev-physiol-021119-034332

46. Weinbaum S, Duan Y, Thi MM, You L. An integrative review of
mechanotransduction in endothelial, epithelial (Renal) and dendritic cells
(Osteocytes). Cell Mol Bioeng (2011) 4(4):510-37. doi: 10.1007/s12195-011-0179-6

47. Thi MM, Suadicani SO, Schaffler MB, Weinbaum S, Spray DC. Mechanosensory
responses of osteocytes to physiological forces occur along processes and not cell body
and require Alphavbeta3 integrin. Proc Natl Acad Sci U. S. A. (2013) 110(52):21012-7.
doi: 10.1073/pnas.1321210110

48. Burger EH, Klein-Nulend J. Microgravity and bone cell mechanosensitivity.
Bone (1998) 22(5 Suppl):1275-30S. doi: 10.1016/s8756-3282(98)00010-6

49. Klein-Nulend J, van der Plas A, Semeins CM, Ajubi NE, Erangos JA, Nijweide
PJ, et al. Sensitivity of osteocytes to biomechanical stress in vitro. FASEB ] (1995) 9
(5):441-5. doi: 10.1096/fasebj.9.5.7896017

50. Gould NR, Torre OM, Leser JM, Stains JP. The cytoskeleton and connected
elements in bone cell mechano-transduction. Bone (2021) 149:115971. doi: 10.1016/
j.bone.2021.115971

51. Klein-Nulend J, Bacabac RG, Bakker AD. Mechanical loading and how it affects
bone cells: the role of the osteocyte cytoskeleton in maintaining our skeleton. Eur Cell
Mater (2012) 24:278-91. doi: 10.22203/ecm.v024a20

52. Klein-Nulend J, Bakker AD, Bacabac RG, Vatsa A, Weinbaum S.
Mechanosensation and transduction in osteocytes. Bone (2013) 54(2):182-90.
doi: 10.1016/j.bone.2012.10.013

53. Laine CM, Wessman M, Toiviainen-Salo S, Kaunisto MA, Mayranpaa MK,
Laine T, et al. A novel splice mutation in Pls3 causes X-linked early onset low-turnover
osteoporosis. ] Bone Miner Res (2015) 30(3):510-8. doi: 10.1002/jbmr.2355

54. Van Dijk FS, Sillence DO. Osteogenesis imperfecta: clinical diagnosis,
nomenclature and severity assessment. Am | Med Genet A (2014) 164A(6):1470-81.
doi: 10.1002/ajmg.a.36545

55. Xiao Z, Dallas M, Qiu N, Nicolella D, Cao L, Johnson M, et al. Conditional
deletion of Pkdl in osteocytes disrupts skeletal mechanosensing in mice. FASEB |
(2011) 25(7):2418-32. doi: 10.1096/£].10-180299

frontiersin.org


https://doi.org/10.1016/j.clinbiomech.2010.01.006
https://doi.org/10.1056/NEJMoa1308223
https://doi.org/10.1016/j.coph.2013.01.010
https://doi.org/10.1016/j.coph.2013.01.010
https://doi.org/10.1016/j.bbadis.2019.03.011
https://doi.org/10.1111/j.1749-6632.2011.06301.x
https://doi.org/10.1155/2012/213492
https://doi.org/10.1128/mcb.14.4.2457-2467.1994
https://doi.org/10.1128/mcb.8.11.4659-4668.1988
https://doi.org/10.1128/mcb.8.11.4659-4668.1988
https://doi.org/10.1083/jcb.111.3.1069
https://doi.org/10.1126/science.1155085
https://doi.org/10.1038/s41413-020-0095-2
https://doi.org/10.1016/j.str.2004.04.010
https://doi.org/10.1016/j.str.2004.04.010
https://doi.org/10.1016/j.bpc.2007.09.001
https://doi.org/10.1074/jbc.M116.730069
https://doi.org/10.1073/pnas.78.11.6849
https://doi.org/10.1016/j.jmb.2017.06.021
https://doi.org/10.1016/j.jmb.2017.06.021
https://doi.org/10.1242/jcs.01698
https://doi.org/10.1074/jbc.M111.239004
https://doi.org/10.1074/jbc.M111.239004
https://doi.org/10.1038/nrm.2016.106
https://doi.org/10.1038/nrm.2016.106
https://doi.org/10.1016/j.biocel.2004.01.024
https://doi.org/10.1016/j.biocel.2004.01.024
https://doi.org/10.1083/jcb.201603070
https://doi.org/10.1016/j.omtm.2018.01.007
https://doi.org/10.1016/j.omtm.2018.01.007
https://doi.org/10.3389/fcell.2020.635783
https://doi.org/10.1038/s41467-020-18586-3
https://doi.org/10.1161/ATVBAHA.119.313440
https://doi.org/10.1161/ATVBAHA.119.313440
https://doi.org/10.1126/scisignal.aal3154
https://doi.org/10.1093/hmg/dds540
https://doi.org/10.1093/hmg/ddt595
https://doi.org/10.1172/jci.insight.89970
https://doi.org/10.1016/j.bone.2019.115062
https://doi.org/10.1093/hmg/ddy318
https://doi.org/10.7554/eLife.80365
https://doi.org/10.2174/1574888X17666220627145424
https://doi.org/10.1359/JBMR.040128
https://doi.org/10.1359/jbmr.1998.13.10.1555
https://doi.org/10.1177/0022034510363963
https://doi.org/10.1126/sciadv.abb7135
https://doi.org/10.1002/jbmr.2208
https://doi.org/10.1146/annurev-physiol-021119-034332
https://doi.org/10.1007/s12195-011-0179-6
https://doi.org/10.1073/pnas.1321210110
https://doi.org/10.1016/s8756-3282(98)00010-6
https://doi.org/10.1096/fasebj.9.5.7896017
https://doi.org/10.1016/j.bone.2021.115971
https://doi.org/10.1016/j.bone.2021.115971
https://doi.org/10.22203/ecm.v024a20
https://doi.org/10.1016/j.bone.2012.10.013
https://doi.org/10.1002/jbmr.2355
https://doi.org/10.1002/ajmg.a.36545
https://doi.org/10.1096/fj.10-180299
https://doi.org/10.3389/fendo.2023.1168306
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhong et al.

56. Geoghegan IP, Hoey DA, McNamara LM. Integrins in osteocyte biology and
mechanotransduction. Curr Osteoporos Rep (2019) 17(4):195-206. doi: 10.1007/
s11914-019-00520-2

57. Geoghegan IP, Hoey DA, McNamara LM. Estrogen deficiency impairs integrin
Alpha(V)Beta(3)-mediated mechanosensation by osteocytes and alters osteoclastogenic
paracrine signalling. Sci Rep (2019) 9(1):4654. doi: 10.1038/541598-019-41095-3

58. Vatsa A, Semeins CM, Smit TH, Klein-Nulend J. Paxillin localisation in
osteocytes—is it determined by the direction of loading? Biochem Biophys Res
Commun (2008) 377(4):1019-24. doi: 10.1016/j.bbrc.2007.12.174

59. Lewis KJ, Frikha-Benayed D, Louie J, Stephen S, Spray DC, Thi MM, et al.
Osteocyte calcium signals encode strain magnitude and loading frequency in vivo. Proc
Natl Acad Sci U. S. A. (2017) 114(44):11775-80. doi: 10.1073/pnas.1707863114

60. Klein-Nulend J, van Oers RF, Bakker AD, Bacabac RG. Nitric oxide signaling in
mechanical adaptation of bone. Osteoporos Int (2014) 25(5):1427-37. doi: 10.1007/
500198-013-2590-4

61. Ajubi NE, Klein-Nulend J, Alblas MJ, Burger EH, Nijweide PJ. Signal
transduction pathways involved in fluid flow-induced Pge2 production by cultured
osteocytes. Am J Physiol (1999) 276(1):E171-8. doi: 10.1152/ajpendo.1999.276.1.E171

62. Lean JM, Jagger CJ, Chambers TJ, Chow JW. Increased insulin-like growth
factor I mrna expression in rat osteocytes in response to mechanical stimulation. Am |
Physiol (1995) 268(2 Pt 1):E318-27. doi: 10.1152/ajpendo.1995.268.2.E318

63. Kamel MA, Picconi JL, Lara-Castillo N, Johnson ML. Activation of beta-catenin
signaling in mlo-Y4 osteocytic cells versus 2t3 osteoblastic cells by fluid flow shear
stress and Pge2: implications for the study of mechanosensation in bone. Bone (2010)
47(5):872-81. doi: 10.1016/j.bone.2010.08.007

64. Cao C, Ren Y, Barnett AS, Mirando AJ, Rouse D, Mun SH, et al. Increased Ca2+
signaling through Cav1.2 promotes bone formation and prevents estrogen deficiency-
induced bone loss. JCI Insight (2017) 2(22):¢95512. doi: 10.1172/jci.insight.95512

65. Makitie RE, Kampe A, Costantini A, Alm JJ, Magnusson P, Makitie O.
Biomarkers in Wntl and Pls3 osteoporosis: altered concentrations of Dkkl and
Fgf23. ] Bone Miner Res (2020) 35(5):901-12. doi: 10.1002/jbmr.3959

66. Loid P, Hauta-Alus H, Makitie O, Magnusson P, Makitie RE. Lipocalin-2 is
associated with Fgf23 in Wntl and Pls3 osteoporosis. Front Endocrinol (Lausanne)
(2022) 13:954730. doi: 10.3389/fend0.2022.954730

67. Cosman F, Crittenden DB, Adachi JD, Binkley N, Czerwinski E, Ferrari S, et al.
Romosozumab treatment in postmenopausal women with osteoporosis. N Engl | Med
(2016) 375(16):1532-43. doi: 10.1056/NEJMoal607948

68. Beck-Nielsen SS, Mughal Z, Haffner D, Nilsson O, Levtchenko E, Ariceta G,
et al. Fgf23 and its role in X-linked hypophosphatemia-related morbidity. Orphanet |
Rare Dis (2019) 14(1):58. doi: 10.1186/s13023-019-1014-8

69. Saupe F, Schwenzer A, Jia Y, Gasser I, Spenle C, Langlois B, et al. Tenascin-c
downregulates wnt inhibitor dickkopf-1, promoting tumorigenesis in a neuroendocrine
tumor model. Cell Rep (2013) 5(2):482-92. doi: 10.1016/j.celrep.2013.09.014

70. Makitie RE, Hackl M, Weigl M, Frischer A, Kampe A, Costantini A, et al.
Unique, gender-dependent serum microrna profile in Pls3 gene-related osteoporosis. J
Bone Miner Res (2020) 35(10):1962-73. doi: 10.1002/jbmr.4097

71. Xia ZL, Wang Y, Sun QD, Du XF. Mir-203 is involved in osteoporosis by
regulating Dkk1 and inhibiting osteogenic differentiation of mscs. Eur Rev Med
Pharmacol Sci (2018) 22(16):5098-105.

72. Pathak JL, Bravenboer N, Klein-Nulend J. The osteocyte as the new discovery of
therapeutic options in rare bone diseases. Front Endocrinol (Lausanne) (2020) 11:405.
doi: 10.3389/fendo.2020.00405

73. Baron R, Kneissel M. Wnt signaling in bone homeostasis and disease: from
human mutations to treatments. Nat Med (2013) 19(2):179-92. doi: 10.1038/nm.3074

74. Goldsweig BK, Carpenter TO. Hypophosphatemic rickets: lessons from
disrupted Fgf23 control of phosphorus homeostasis. Curr Osteoporos Rep (2015) 13
(2):88-97. doi: 10.1007/s11914-015-0259-y

75. Spatz JM, Wein MN, Gooi JH, Qu Y, Garr JL, Liu S, et al. The wnt inhibitor
sclerostin is up-regulated by mechanical unloading in osteocytes in vitro. J Biol Chem
(2015) 290(27):16744-58. doi: 10.1074/jbc.M114.628313

76. Noble BS, Peet N, Stevens HY, Brabbs A, Mosley JR, Reilly GC, et al. Mechanical
loading: biphasic osteocyte survival and targeting of osteoclasts for bone destruction in
rat cortical bone. Am ] Physiol Cell Physiol (2003) 284(4):C934-43. doi: 10.1152/
ajpcell.00234.2002

77. Aguirre JI, Plotkin LI, Stewart SA, Weinstein RS, Parfitt AM, Manolagas SC, et al.

Osteocyte apoptosis is induced by weightlessness in mice and precedes osteoclast recruitment
and bone loss. J Bone Miner Res (2006) 21(4):605-15. doi: 10.1359/jbmr.060107

78. Wesseling-Perry K, Makitie RE, Valimaki VV, Laine T, Laine CM, Valimaki M]J,
et al. Osteocyte protein expression is altered in low-turnover osteoporosis caused by
mutations in Wntl and Pls3. J Clin Endocrinol Metab (2017) 102(7):2340-8.
doi: 10.1210/j¢.2017-00099

79. Kim JM, Kim J, Kim YH, Kim KT, Ryu SH, Lee TG, et al. Comparative
secretome analysis of human bone marrow-derived mesenchymal stem cells during
osteogenesis. J Cell Physiol (2013) 228(1):216-24. doi: 10.1002/jcp.24123

80. Kampe AJ, Costantini A, Makitie RE, Jantti N, Valta H, Mayranpaa M, et al. Pls3
sequencing in childhood-onset primary osteoporosis identifies two novel disease-causing
variants. Osteoporos Int (2017) 28(10):3023-32. doi: 10.1007/s00198-017-4150-9

Frontiers in Endocrinology

11

10.3389/fendo.2023.1168306

81. Barragan-Adjemian C, Nicolella D, Dusevich V, Dallas MR, Eick JD, Bonewald
LF. Mechanism by which mlo-A5 late Osteoblasts/Early osteocytes mineralize in
culture: similarities with mineralization of lamellar bone. Calcif Tissue Int (2006) 79
(5):340-53. doi: 10.1007/s00223-006-0107-2

82. Hearn PR, Russell RG, Farmer J. The formation and orientation of brush border
vesicles from rat duodenal mucosa. J Cell Sci (1981) 47:227-36. doi: 10.1242/
jes.47.1.227

83. Thouverey C, Malinowska A, Balcerzak M, Strzelecka-Kiliszek A, Buchet R,
Dadlez M, et al. Proteomic characterization of biogenesis and functions of matrix
vesicles released from mineralizing human osteoblast-like cells. J Proteomics (2011) 74
(7):1123-34. doi: 10.1016/j.jprot.2011.04.005

84. Chatron N, Lesca G, Labalme A, Rollat-Farnier PA, Monin P, Pichot E, et al. A
novel homozygous truncating mutation of the Sfrp4 gene in pyle's disease. Clin Genet
(2017) 92(1):112-4. doi: 10.1111/cge.12907

85. WangL, Zhai Q, Zhao P, Xiang X, Zhang X, Tian W, et al. Functional analysis of
P.Ala253_Leu254insasn mutation in Pls3 responsible for X-linked osteoporosis. Clin
Genet (2018) 93(1):178-81. doi: 10.1111/cge.13081

86. Papanicolaou SE, Phipps RJ, Fyhrie DP, Genetos DC. Modulation of sclerostin
expression by mechanical loading and bone morphogenetic proteins in osteogenic cells.
Biorheology (2009) 46(5):389-99. doi: 10.3233/BIR-2009-0550

87. Jia YY, Li F, Geng N, Gong P, Huang SJ, Meng LX, et al. Fluid flow modulates
the expression of genes involved in the wnt signaling pathway in osteoblasts in 3d
culture conditions. Int ] Mol Med (2014) 33(5):1282-8. doi: 10.3892/ijmm.2014.1694

88. Johnson DL, McAllister TN, Frangos JA. Fluid flow stimulates rapid and
continuous release of nitric oxide in osteoblasts. Am ] Physiol (1996) 271(1 Pt 1):
E205-8. doi: 10.1152/ajpendo.1996.271.1.E205

89. Ehnert S, Sreekumar V, Aspera-Werz RH, Sajadian SO, Wintermeyer E,
Sandmann GH, et al. Tgf-Beta(1) impairs mechanosensation of human osteoblasts
Via Hdac6-mediated shortening and distortion of primary cilia. ] Mol Med (Berl)
(2017) 95(6):653-63. doi: 10.1007/s00109-017-1526-4

90. Barron MJ, Tsai CJ, Donahue SW. Mechanical stimulation mediates gene
expression in Mc3t3 osteoblastic cells differently in 2d and 3d environments. J
Biomech Eng (2010) 132(4):041005. doi: 10.1115/1.4001162

91. Jin ], Seddiqi H, Bakker AD, Wu G, Verstappen JEM, Haroon M, et al. Pulsating
fluid flow affects pre-osteoblast behavior and osteogenic differentiation through
production of soluble factors. Physiol Rep (2021) 9(12):e14917. doi: 10.14814/
phy2.14917

92. Lee NK, Sowa H, Hinoi E, Ferron M, Ahn JD, Confavreux C, et al. Endocrine
regulation of energy metabolism by the skeleton. Cell (2007) 130(3):456-69.
doi: 10.1016/j.cell.2007.05.047

93. Boudreaux JM, Towler DA. Synergistic induction of osteocalcin gene expression:
identification of a bipartite element conferring fibroblast growth factor 2 and cyclic
amp responsiveness in the rat osteocalcin promoter. J Biol Chem (1996) 271(13):7508—
15. doi: 10.1074/jbc.271.13.7508

94. Takayanagi H, Kim S, Koga T, Nishina H, Isshiki M, Yoshida H, et al. Induction
and activation of the transcription factor Nfatcl (Nfat2) integrate rankl signaling in
terminal differentiation of osteoclasts. Dev Cell (2002) 3(6):889-901. doi: 10.1016/
$1534-5807(02)00369-6

95. Ma T, Sadashivaiah K, Madayiputhiya N, Chellaiah MA. Regulation of sealing
ring formation by l-plastin and cortactin in osteoclasts. J Biol Chem (2010) 285
(39):29911-24. doi: 10.1074/jbc.M109.099697

96. Kanatani M, Sugimoto T, Kanzawa M, Yano S, Chihara K. High extracellular
calcium inhibits osteoclast-like cell formation by directly acting on the calcium-sensing
receptor existing in osteoclast precursor cells. Biochem Biophys Res Commun (1999)
261(1):144-8. doi: 10.1006/bbrc.1999.0932

97. Wolff L, Strathmann EA, Muller I, Mahlich D, Veltman C, Niehoff A, et al.
Plastin 3 in health and disease: a matter of balance. Cell Mol Life Sci (2021) 78
(13):5275-301. doi: 10.1007/s00018-021-03843-5

98. Walsh MB, Janzen E, Wingrove E, Hosseinibarkooie S, Muela NR, Davidow L,
et al. Genetic modifiers ameliorate endocytic and neuromuscular defects in a model of
spinal muscular atrophy. BMC Biol (2020) 18(1):127. doi: 10.1186/s12915-020-00845-
w

99. Janzen E, Wolff L, Mendoza-Ferreira N, Hupperich K, Delle Vedove A,
Hosseinibarkooie S, et al. Pls3 overexpression delays ataxia in Chpl mutant mice.
Front Neurosci (2019) 13:993. doi: 10.3389/fnins.2019.00993

100. Hosseinibarkooie S. Identification and characterization of molecular pathways
underlying the modifier function of plastin 3 in neurodegenerative disorders. Universitit
zu Kéln (2017). Available at: https://kups.ub.uni-koeln.de/7359/

101. Xin Z, Li D, Mao F, Du Y, Wang X, Xu P, et al. Pls3 predicts poor prognosis in
pancreatic cancer and promotes cancer cell proliferation Via Pi3k/Akt signaling. J Cell
Physiol (2020) 235(11):8416-23. doi: 10.1002/jcp.29685

102. Hisano T, Ono M, Nakayama M, Naito S, Kuwano M, Wada M. Increased
expression of T-plastin gene in cisplatin-resistant human cancer cells: identification by
mrna differential display. FEBS Lett (1996) 397(1):101-7. doi: 10.1016/s0014-5793(96)
01150-7

103. Higuchi Y, Kita K, Nakanishi H, Wang XL, Sugaya S, Tanzawa H, et al. Search
for genes involved in uv-resistance in human cells by mrna differential display:
increased transcriptional expression of nucleophosmin and T-plastin genes in

frontiersin.org


https://doi.org/10.1007/s11914-019-00520-2
https://doi.org/10.1007/s11914-019-00520-2
https://doi.org/10.1038/s41598-019-41095-3
https://doi.org/10.1016/j.bbrc.2007.12.174
https://doi.org/10.1073/pnas.1707863114
https://doi.org/10.1007/s00198-013-2590-4
https://doi.org/10.1007/s00198-013-2590-4
https://doi.org/10.1152/ajpendo.1999.276.1.E171
https://doi.org/10.1152/ajpendo.1995.268.2.E318
https://doi.org/10.1016/j.bone.2010.08.007
https://doi.org/10.1172/jci.insight.95512
https://doi.org/10.1002/jbmr.3959
https://doi.org/10.3389/fendo.2022.954730
https://doi.org/10.1056/NEJMoa1607948
https://doi.org/10.1186/s13023-019-1014-8
https://doi.org/10.1016/j.celrep.2013.09.014
https://doi.org/10.1002/jbmr.4097
https://doi.org/10.3389/fendo.2020.00405
https://doi.org/10.1038/nm.3074
https://doi.org/10.1007/s11914-015-0259-y
https://doi.org/10.1074/jbc.M114.628313
https://doi.org/10.1152/ajpcell.00234.2002
https://doi.org/10.1152/ajpcell.00234.2002
https://doi.org/10.1359/jbmr.060107
https://doi.org/10.1210/jc.2017-00099
https://doi.org/10.1002/jcp.24123
https://doi.org/10.1007/s00198-017-4150-9
https://doi.org/10.1007/s00223-006-0107-2
https://doi.org/10.1242/jcs.47.1.227
https://doi.org/10.1242/jcs.47.1.227
https://doi.org/10.1016/j.jprot.2011.04.005
https://doi.org/10.1111/cge.12907
https://doi.org/10.1111/cge.13081
https://doi.org/10.3233/BIR-2009-0550
https://doi.org/10.3892/ijmm.2014.1694
https://doi.org/10.1152/ajpendo.1996.271.1.E205
https://doi.org/10.1007/s00109-017-1526-4
https://doi.org/10.1115/1.4001162
https://doi.org/10.14814/phy2.14917
https://doi.org/10.14814/phy2.14917
https://doi.org/10.1016/j.cell.2007.05.047
https://doi.org/10.1074/jbc.271.13.7508
https://doi.org/10.1016/s1534-5807(02)00369-6
https://doi.org/10.1016/s1534-5807(02)00369-6
https://doi.org/10.1074/jbc.M109.099697
https://doi.org/10.1006/bbrc.1999.0932
https://doi.org/10.1007/s00018-021-03843-5
https://doi.org/10.1186/s12915-020-00845-w
https://doi.org/10.1186/s12915-020-00845-w
https://doi.org/10.3389/fnins.2019.00993
https://kups.ub.uni-koeln.de/7359/
https://doi.org/10.1002/jcp.29685
https://doi.org/10.1016/s0014-5793(96)01150-7
https://doi.org/10.1016/s0014-5793(96)01150-7
https://doi.org/10.3389/fendo.2023.1168306
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhong et al.

association with the resistance. Biochem Biophys Res Commun (1998) 248(3):597-602.
doi: 10.1006/bbrc.1998.8978

104. Makitie RE, Costantini A, Kampe A, Alm JJ, Makitie O. New insights into
monogenic causes of osteoporosis. Front Endocrinol (Lausanne) (2019) 10:70.
doi: 10.3389/fendo.2019.00070

105. Balasubramanian M, Fratzl-Zelman N, O'Sullivan R, Bull M, Fa Peel N, Pollitt
RC, et al. Novel Pls3 variants in X-linked osteoporosis: exploring bone material
properties. Am ] Med Genet A (2018) 176(7):1578-86. doi: 10.1002/ajmg.a.38830

106. Tuysuz B, Elkanova L, Uludag Alkaya D, Gulec C, Toksoy G, Gunes N, et al.
Osteogenesis imperfecta in 140 Turkish families: molecular spectrum and, comparison
of long-term clinical outcome of those with Collal/A2 and biallelic variants. Bone
(2022) 155:116293. doi: 10.1016/j.bone.2021.116293

107. Treurniet S, Burger P, Ghyczy EAE, Verbraak FD, Curro-Tafili KR, Micha D,
et al. Ocular characteristics and complications in patients with osteogenesis imperfecta:
a systematic review. Acta Ophthalmol (2022) 100(1):e16-28. doi: 10.1111/a0s.14882

108. Kannu P, Mahjoub A, Babul-Hirji R, Carter MT, Harrington J. Pls3 mutations
in X-linked osteoporosis: clinical and bone characteristics of two novel mutations.
Horm Res Paediatr (2017) 88(3-4):298-304. doi: 10.1159/000477242

109. Costantini A, Skarp S, Kampe A, Makitie RE, Pettersson M, Mannikko M, et al.
Rare copy number variants in array-based comparative genomic hybridization in early-
onset skeletal fragility. Front Endocrinol (Lausanne) (2018) 9:380. doi: 10.3389/
fendo.2018.00380

110. Dalgleish R. The human type I collagen mutation database. Nucleic Acids Res
(1997) 25(1):181-7. doi: 10.1093/nar/25.1.181

111. Rauch F, Travers R, Norman ME, Taylor A, Parfitt AM, Glorieux FH. Deficient bone
formation in idiopathic juvenile osteoporosis: a histomorphometric study of cancellous iliac
bone. ] Bone Miner Res (2000) 15(5):957-63. doi: 10.1359/jbmr.2000.15.5.957

112. Fratzl-Zelman N, Wesseling-Perry K, Makitie RE, Blouin S, Hartmann MA,
Zwerina J, et al. Bone material properties and response to teriparatide in osteoporosis due
to Wntl and Pls3 mutations. Bone (2021) 146:115900. doi: 10.1016/j.bone.2021.115900

113. Shao C, Wang YW, He JW, Fu WZ, Wang C, Zhang ZL. Genetic variants in the
Pls3 gene are associated with osteoporotic fractures in postmenopausal Chinese
women. Acta Pharmacol Sin (2019) 40(9):1212-8. doi: 10.1038/s41401-019-0219-7

114. Haseeb A, Haqqi TM. Immunopathogenesis of osteoarthritis. Clin Immunol
(2013) 146(3):185-96. doi: 10.1016/j.clim.2012.12.011

115. Tsolis KC, Bei ES, Papathanasiou I, Kostopoulou F, Gkretsi V, Kalantzaki K,
et al. Comparative proteomic analysis of hypertrophic chondrocytes in osteoarthritis.
Clin Proteomics (2015) 12(1):12. doi: 10.1186/s12014-015-9085-6

116. Mahlich D, Glasmacher A, Muller I, Oppermann J, Grevenstein D, Eysel P,
et al. Expression and localization of thrombospondins, plastin 3, and Stim1 in different

Frontiers in Endocrinology

12

10.3389/fendo.2023.1168306

cartilage compartments of the osteoarthritic varus knee. Int ] Mol Sci (2021) 22(6):3073.
doi: 10.3390/ijms22063073

117. Wu Q, Zhu M, Rosier RN, Zuscik MJ, O'Keefe R], Chen D. Beta-catenin,
cartilage, and osteoarthritis. Ann N'Y Acad Sci (2010) 1192(1):344-50. doi: 10.1111/
j.1749-6632.2009.05212.x

118. Glyn-Jones S, Palmer AJ, Agricola R, Price AJ, Vincent TL, Weinans H, et al.
Osteoarthritis. Lancet (2015) 386(9991):376-87. doi: 10.1016/S0140-6736(14)60802-3

119. van de Laarschot DM, Zillikens MC. Atypical femur fracture in an adolescent
boy treated with bisphosphonates for X-linked osteoporosis based on Pls3 mutation.
Bone (2016) 91:148-51. doi: 10.1016/j.bone.2016.07.022

120. Costantini A, Makitie RE, Hartmann MA, Fratzl-Zelman N, Zillikens MC,
Kornak U, et al. Early-onset osteoporosis: rare monogenic forms elucidate the
complexity of disease pathogenesis beyond type I collagen. ] Bone Miner Res (2022)
37(9):1623-41. doi: 10.1002/jbmr.4668

121. Qiu C, Li QW, Zhang L, Liu XL. X-Linked osteogenesis imperfecta
accompanied by patent ductus arteriosus: a case with a novel splice variant in Pls3.
World J Pediatr (2022) 18(7):515-9. doi: 10.1007/s12519-022-00539-z

122. Wu Z, Feng Z, Zhu X, Dai Z, Min K, Qiu Y, et al. Identification of a novel
splicing mutation and genotype-phenotype correlations in rare Pls3-related childhood-
onset osteoporosis. Orphanet ] Rare Dis (2022) 17(1):247. doi: 10.1186/s13023-022-
02380-z

123. Valimaki VV, Makitie O, Pereira R, Laine C, Wesseling-Perry K, Maatta J, et al.
Teriparatide treatment in patients with Wntl or Pls3 mutation-related early-onset
osteoporosis: a pilot study. J Clin Endocrinol Metab (2017) 102(2):535-44. doi: 10.1210/
jc.2016-2423

124. Bacon S, Crowley R. Developments in rare bone diseases and mineral
disorders. Ther Adv Chronic Dis (2018) 9(1):51-60. doi: 10.1177/2040622317739538
125. Brlek P, Anticevic D, Molnar V, Matisic V, Robinson K, Aradhya S, et al. X-

Linked osteogenesis imperfecta possibly caused by a novel variant in Pls3. Genes (Basel)
(2021) 12(12):1851. doi: 10.3390/genes12121851

126. Schindeler A, Lee LR, O'Donohue AK, Ginn SL, Munns CF. Curative cell and
gene therapy for osteogenesis imperfecta. J Bone Miner Res (2022) 37(5):826-36.
doi: 10.1002/jbmr.4549

127. Yang YS, Xie J, Wang D, Kim JM, Tai PWL, Gravallese E, et al. Bone-targeting
aav-mediated silencing of schnurri-3 prevents bone loss in osteoporosis. Nat Commun
(2019) 10(1):2958. doi: 10.1038/s41467-019-10809-6

128. Majumdar S, Wadajkar AS, Aljohani H, Reynolds MA, Kim AJ, Chellaiah M.
Engineering of l-plastin peptide-loaded biodegradable nanoparticles for sustained

delivery and suppression of osteoclast function in vitro. Int J Cell Biol (2019)
2019:6943986. doi: 10.1155/2019/6943986

frontiersin.org


https://doi.org/10.1006/bbrc.1998.8978
https://doi.org/10.3389/fendo.2019.00070
https://doi.org/10.1002/ajmg.a.38830
https://doi.org/10.1016/j.bone.2021.116293
https://doi.org/10.1111/aos.14882
https://doi.org/10.1159/000477242
https://doi.org/10.3389/fendo.2018.00380
https://doi.org/10.3389/fendo.2018.00380
https://doi.org/10.1093/nar/25.1.181
https://doi.org/10.1359/jbmr.2000.15.5.957
https://doi.org/10.1016/j.bone.2021.115900
https://doi.org/10.1038/s41401-019-0219-7
https://doi.org/10.1016/j.clim.2012.12.011
https://doi.org/10.1186/s12014-015-9085-6
https://doi.org/10.3390/ijms22063073
https://doi.org/10.1111/j.1749-6632.2009.05212.x
https://doi.org/10.1111/j.1749-6632.2009.05212.x
https://doi.org/10.1016/S0140-6736(14)60802-3
https://doi.org/10.1016/j.bone.2016.07.022
https://doi.org/10.1002/jbmr.4668
https://doi.org/10.1007/s12519-022-00539-z
https://doi.org/10.1186/s13023-022-02380-z
https://doi.org/10.1186/s13023-022-02380-z
https://doi.org/10.1210/jc.2016-2423
https://doi.org/10.1210/jc.2016-2423
https://doi.org/10.1177/2040622317739538
https://doi.org/10.3390/genes12121851
https://doi.org/10.1002/jbmr.4549
https://doi.org/10.1038/s41467-019-10809-6
https://doi.org/10.1155/2019/6943986
https://doi.org/10.3389/fendo.2023.1168306
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The intricate mechanism of PLS3 in bone homeostasis and disease
	1 Introduction
	2 PLS3 regulates cell behavior by actin dynamics
	3 PLS3 function in cells involved in bone metabolism
	3.1 PLS3 in osteocytes
	3.1.1 Mechanosensory function of osteocytes
	3.1.2 Calcium regulation in osteocytes
	3.1.3 Signaling proteins produced by osteocytes

	3.2 PLS3 in osteoblasts
	3.3 PLS3 in osteoclasts

	4 PLS3-related bone disorders
	4.1 OI and osteoporosis due to PLS3 variants
	4.2 PLS3 in osteoarthritis

	5 Perspective on therapy
	6 Limitations
	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	References


