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Abstract
Purpose of Review The aim of this review was to compile a list of tools currently available to study bone cells and in particular
osteocytes. As the interest (and importance) in osteocyte biology has greatly expanded over the past decade, new tools and
techniques have become available to study these elusive cells,
Recent Findings Osteocytes are the main orchestrators of bone remodeling. They control both osteoblasts and osteoclast activ-
ities via cell-to cell communication or through secreted factors. Osteocytes are also the mechanosensors of the bone and they
orchestrate skeletal adaptation to loads. Recent discoveries have greatly expanded our knowledge and understanding of these
cells and new models are now available to further uncover the functions of osteocytes.
Summary Novel osteocytic cell lines, primary cultures, and 3D scaffolds are now available to investigators to further unravel the
functions and roles of these cells.
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Introduction

The last decade has seen an expansion in the tools and models
available to study skeletal processes and the establishment of
new cell lines has proven fundamental in the discovery of
novel therapeutics for skeletal diseases. Historically, osteo-
cytes posed a technical challenge to biologists due to their
location within the mineralized matrix and the associated dif-
ficulties in isolate and characterize these cells.

The extensive cell-to-cell communication and the architec-
ture of the lacuna-canalicular network suggested two possible
functions for these cells: to ensure communication between
osteocytes deep within the matrix with the surrounding tissues
and to provide an extensive surface for mineral exchanges [1].
It was postulated that osteocytes could mobilize calcium
through a mechanism called “osteocytic osteolysis” and that
this process was regulated by calciotropic hormones (parathy-
roid hormone (PTH) and 1,25-dihydroxy vitamin D3) [2, 3].

Histological observations that in various physiological and
pathological states the size of the osteocytic lacunae was in-
creased supported this hypothesis. The idea of “osteocytic
osteolysis” was quickly abandoned when isolated chick oste-
ocytes failed to reabsorb bone is a classical osteoclast pit-
forming assay. Recent studies, however, have demonstrated
that osteocyte-mediated calcium mobilization and remodeling
of the perilacunar spaces are important for lactation [4, 5].
Nevertheless, the exact mechanism by which osteocytes con-
trol calcium homeostasis remains elusive.

In the late 1980s, Harold Frost initiated a series of investi-
gations which led him to postulate that osteocytes were the
skeletal “sensor” of mechanical forces, or “mechanostat,” ca-
pable of distinguishing between bone modeling and remodel-
ing cues. In 1996, Bonewald’s group reported the isolation
and characterization of the first osteocytic cell line, MLO-
Y4, which allowed, for the first time, insights into the cellular
and molecular mechanisms that control osteocytes biology.
Prior to MLO-Y4, most of the research on osteocytes was
done in calvaria chick embryos [1, 6–13], since these were
the only osteocytes that could be isolated and purified, as
described below. Over the past 20 years, the field of osteocyte
biology has expanded exponentially; newly developed cell
lines and tools have greatly enhanced our understanding of
the functions and characteristics of these fascinating cells. In
2001, two independent papers described two rare skeletal
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diseases caused by a mutation of a protein, sclerostin [14],
expressed predominantly, if not exclusively, in osteocytes
[15–17]. This novel discovery brought a lot of interest in os-
teocytes and since then, a wealth of new biology has been
revealed.

Cell Lines: New and Old

Osteocytes have been notoriously difficult to isolate. These
cells are post-mitotic, i.e., they do not proliferate, and they
reside in a mineralized matrix which is hard to remove and
dissolve. The first isolation of a pure or “enriched” osteocyte
population was done in chicken embryos using a monoclonal
antibody OB7.3 capable of specifically binding to osteocytes
[8] and avian osteocytes were, for several years, the only cells
that could be analyzed in vitro [8]. MAb OB7.3 was specific
for chicken and could not be used in mice or human prepara-
tions, limiting its application in osteocyte research.
Interestingly, the identity of the antigen was revealed 15 years
later when the same group demonstrated thatMAbOB7.3 was
targeted against the phosphate-regulated gene with homology
to endopeptidase on the X chromosome (Phex), an endopep-
tidase highly express in osteocytes [13]. In humans, several
diseases are associated with mutations in the PHEX gene,
including X-linked hypophosphatemic rickets, suggesting that
osteocytes might also play a role in phosphate homeostasis.
Osteocytes are also the main source of yet another
phosphatemic hormone, fibroblast growth factor 23 (FGF-
23), but whether these cells indeed control phosphate homeo-
stasis remains unclear.

MLO-Y4 and MLO-A5

The first “bona fide” murine osteocytic cell line to be isolated
and characterized was MLO-Y4. These cells were derived
from long bones of mice in which the immortalized SV40 T
antigen (TAg) was driven by the 2.6 kb osteocalcin promoter
[18••]. This pioneering study from Dr. Bonewald’s group
started a wealth of in vitro investigations on osteocyte biology.
Using MLO-Y4, it was demonstrated that fluid flow shear
stress opens connexin 43 hemichannel and allows the secre-
tion of PGE2 [19] and, more recently, that osteocytes influ-
ence muscle functions and vice versa [20, 21]. To this day,
MLO-Y4 is still the most used cell model and probably the
best characterized osteocytic cell line with almost 300 pub-
lished reports [19, 20, 22–28]. These cells express many
osteocytic markers, including Dentin Matrix Protein 1
(Dmp1), connexin 43 (Cx43), E11, MEPE, and PHEX but
they express very low levels of Sost and FGF23, suggesting
that they represent an early stage of osteocyte differentiation.
MLO-Y4 cells, like primary osteocytes, express receptors for
parathyroid hormone (PTH), prostaglandins, and irisin which

binds to the αV/β5 integrin receptor and regulate both osteo-
cyte survival and function [29]. Using similar approach,
Bonewald’s group characterized an additional clone, MLO-
A5 cells, which represent cells at the transition between oste-
oblasts to osteocytes [30]. Compared with osteoblasts, these
cells express higher level of E11, PHEX, and MEPE and they
rapidly mineralize the extracellular matrix even in the absence
of osteogenic factors. Interestingly, they also display a subset
of skeletal stem cell markers and, under the appropriate culture
conditions, they differentiate into both adipogenic and
chondrogenic cells, demonstrating multi-lineage plasticity
[31].

HOB-01-C1

HOB-01-C1was the first human osteocytic (or pre-osteocytic)
cell line to be isolated and characterized [32]. These cells were
derived from the femoral neck of an 82-year-old woman and
immortalized using an adenovirus expressing the SV40TAg.
Similar toMLO-Y4, the SV40TAg is constitutively expressed
and these cells are permanently transformed. HOB-01-C1
cells display quite an exquisite regulation of osteocalcin ex-
pression in response of vitamin D treatment and an increase in
cyclic AMP accumulation upon stimulation with PTH and
forskolin. Surprisingly, despite being the only available hu-
man model, these cells were not further studied or analyzed,
possibly due to the fast-paced progress of mouse genetics that
shifted the interest of investigators from clinical to pre-clinical
models and genetically modified animals. Recently, HOB-01-
C1 cells have been used to study the interplay between mul-
tiple myeloma cells and osteocytes [33].

The identification of several specific osteocytic markers,
such as dentin matrix protein 1(Dmp1) [34–37], matrix extra-
cellular phosphoglycoprotein/osteocyte-factor 45
(MEPE/OF45), and sclerostin [15, 17, 38] allowed investiga-
tors to use these genes to specifically target osteocytes.

IDG-SW3 and Ocy454 Cells

As described above, MLO-Y4 and MLO-A5 cells have been
used extensively to study osteocyte biology, although their
validity as model for normal osteocyte is limited by their con-
stitutively immortalized phenotype. Cell lines conditionally
transformed with temperature-sensitive (ts) mutants of the
SV40 TAg, which can be inactivated, in vitro, more faithfully
reflect the functions of normal cells. Cells expressing the
tsSV40 TAg proliferate indefinitely at temperature permissive
for expression of functional tsTAg (i.e., 33 °C) but then revert
to a non-transformed, non-prolifertaive phenotype when cul-
tured at non-permissive temperature (i.e., 37–39 °C). IDG-
SW3 and Ocy454 osteocytic cell lines were isolated using
similar strategies. Both Bonewald’s and our group crossed
mice in which the Dmp1 promoter was driving a Green
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Fluorescent Protein (8KbDmp1-GFP) [37] withmice in which
tsSV40TAg was ubiquitously expressed [39••, 40]. IDG-SW3
cells were isolated by sequential digestions from the long bone
of double transgenic mice and were then examined for expres-
sion of markers of mature osteocytes [40••]. These cells dif-
ferentiate into mature osteocytes (as demonstrated by the ex-
pression of Sost/sclerostin) after 21 days in culture and they
are an excellent model to study and analyze the transition from
an osteoblast to an osteocyte. On the flip side, it takes more
than 21 days in culture to detect Sost/sclerostin in these cells.
Ocy454 cells were also isolated by sequential digestions from
long bones of 4 weeks old female mouse and osteocytes were
selected following two criteria: (1) sorted GFP-positive cells
were required to have high levels of production of known
osteocytic genes at early time point (10–14 days) in the ab-
sence of differentiation medium, and (2) respond to PTH by
suppressing Sost and increasing RankL expression [39••].
Ocy454 cells express high level of Sost/Sclerostin after 10–
14 days in culture, in the absence of mineralization medium,
suggesting a more “mature” osteocytic phenotype than MLO-
A5, MLO-Y4, and IDG-SW3 cells. Recently, we isolate and
characterized a clonal derivative of Ocy454, namely Ocy454-
12H cells which express high level of Sost/sclerostin after 5–
7 days in culture in the absence of mineralizing medium and
they are an ideal model to study Sost expression and regula-
tion [41]. Interestingly, whereas markers of mature osteocytes
like Sost, Dmp1, MEPE, and Phex highly correlate with oste-
ocyte differentiation and maturation (i.e., they increase upon
time in culture at non-permissive temperature), FGF-23 ap-
pears not to be directly regulated by the cell maturation.
Both Ocy454 and Ocy454-12H are highly responsive to
PTH and mechanical forces and they are an excellent model
to study both hormonal responses and molecular mechanisms
of mechano-transduction, as recently shown by several groups
[42–48].

OmGFP66 and OmGFP10

The latest comers in the field of osteocyte biology are two cell
lines derived from mice in which membrane-targeted GFP
was driven by the Dmp1 promoter. When OmGFP66 are cul-
tured for 14–21 days, they form highly organized 3D bone-
like structures replicating the environment of osteocytes
in vivo (i.e., cells embedded in the mineralized matrix within
clearly defined lacuna) [49]. These cells offer an ideal in vitro
model to study hormonal influence and further understand the
molecular and cellular mechanisms by which osteocytes con-
trol their environment.

One advantage of using established cell lines over primary
cells is the ability to quickly manipulate the genetic make-up
of cell lines and to perform high throughput screening [48].
CRISPR/Cas9 or other genetic manipulations can be used
effectively in all these cell lines to delete or increase the

expression of genes of interests [39, 41, 50] and to introduce
mutations in specific loci. These cell lines have been very
useful in moving forward the current understanding of osteo-
cyte biology, but they do have some limitations. First, osteo-
cytes, in vivo, are post-mitotic, whereas these cell lines con-
tinue to proliferate, even when grown at non-permissive con-
ditions. Second, osteocytes are a heterogenous population,
expressing different subset of genes depending on their ori-
gins (weight-bearing vs non-weight-bearing bones) and local-
ization (trabecular vs cortical bone). For example, osteocytes
in the cortex of long bones express endothelial nitric oxide
synthase (eNOS) and they release NO in response to loading,
whereas osteocytes in non-load bearing calvaria do not [51]. It
is plausible to speculate that the genetic make-up of osteocytes
is site specific and future studies using single-cell RNA se-
quencing will delineate their transcriptomic profile.

Primary Cells

Immortalized cell lines, although very useful, do not fully
recapitulate the phenotype of primary cells. To overcome this
short fall, efforts have been devoted to develop and optimize
methods to enrich for osteocytes both in pre-clinical and clin-
ical models. Granted that homogeneous mature osteocyte pop-
ulation are still needed, great progress has beenmade to isolate
primary cells which differentiate into mature osteocytes.

Pre-clinical Several methods have been described to isolate
osteocytes from murine bones. The first method to “enrich”
for osteocytes was described by Gu et al. [52] by adding to the
traditional sequential collagenase digestions few deminerali-
zation steps (EDTA digestion) and by increasing the number
of digestions. Traditionally, the cells released from early di-
gestions (1 and 2) are negative for alkaline phosphatase, do
not form bone nodules, and express minimal osteoblastic
markers. Whether these early populations are undifferentiated
cells (maybe progenitors) or fibroblasts is unclear. Cells re-
leased between digestions 3 and 6 are enriched for osteoblastic
features; they are highly positive for alkaline phosphatase
(AP), they form bone nodules, and they express osteoblastic
markers such as Runx2, osterix, and osteocalcin. Later diges-
tions (7 and above) are enriched in osteocytes and they ex-
press markers such asDmp1 and Sost and they are negative for
AP. We took advantage of the 8KbDmp1-GFP mice to se-
quentially isolate calvarial cells and to show that the percent-
age of mature osteocytes (Dmp1-positive) present in digestion
7–9 was around 20% (unpublished observation), demonstrat-
ing the need for better enrichment protocols. Recently, several
investigators [52–55] described new methods for isolating os-
teocytes from long bones and vertebra of adult mice. Stern
et al. [53, 54] reported an increase in the percentage of osteo-
cytes isolated from both young and old mice long bones by
adding digestion and decalcification (EDTA treatment) steps
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allowing the release of embedded osteocytes. Although labo-
rious and time consuming, the results are quite dramatic.
Recently, Farr et al. [55] combined two collagenase digestions
with immuno-depletion of hematopoietic and endothelial cells
to rapidly isolate osteoblasts (enriched by selecting AP-
positive cell) whereas the osteocytes were obtained from the
remaining bone fragments. One note of caution in using these
manipulations to isolate osteocytes is that they can change the
transcriptomic make-up of the isolated cells. Ayturk et al. [56]
reported that collagenase digestions, while removing contam-
inating non-skeletal cells, also altered the gene expressions
profile of tibial diaphyseal bones.

Pre-clinical methods to isolate osteocytes can also take ad-
vantage of fluorescently labelled proteins. As described
above, osteocytes can be isolated using fluorescently activated
cell sorting (FACS) technique in transgenic animals in which
these cells are fluorescently tagged, such as the 8Kb-Dmp1-
GFP mouse model [37].

Moreover, new transcriptomic techniques, such as single-
cell RNA sequencing, will further delineate the gene profile
and characteristics of osteocytes.

ClinicalOver the last decade, a wealth of studies on genetically
modified animals (and new osteocytic cell lines) has uncov-
ered unexpected osteocyte functions. These cells not only
control the skeletal responses to mechanical cues but
they also secrete several hormones and cytokines that
control bone homeostasis, muscle functions, and adipo-
genesis. In 2016, Prideaux et al. [57•] described a meth-
od to effectively isolate osteocytes from human surgical
specimens, providing an important tool to study human
osteocytes. This technique was recently optimized by
Bernhardt et al. [58•, 59•] to increase the yield of pri-
mary cells by adding a prolonged culturing time
(14 days of “resting” time) between the collagenase
and EDTA digestions. This “resting” phase allows the
proliferation, expansion, and differentiation of osteo-
cytes. Using this technique to isolate osteocytes from
human bone fragments, together with three-dimensional
(3D) collagen gel culture, they reported an impressive
enrichment for osteocytic genes such as DMP1 and
SOST [58]. One limitation of this method, as pointed
out by the authors, is the high donor variability.
Whether this variability is intrinsic to the method or
indeed reflects a real biological difference is currently
unknown.

An important step for translating basic discoveries into
therapeutics is to validate them in human cells prior to moving
into human subjects. In the field of skeletal diseases, the ef-
forts in translating pre-clinical findings into clinical outcomes
are hampered by the lack of human osteocytic cell lines, with
the exception of the HOB-01-C1 cells described above, and
clinical models to study osteocytes. There is a pressing need in

creating and establishing novel human osteocytic cell lines
derived from different patients (gender and ages) and anatom-
ical sites (load bearing or not) which will provide a highly
needed platform to move from the bench to the bedside.

3D Cultures for Osteocytes

Most cells in the human body are organized in complex 3D
structure and the cells secrete and are organized within an
extracellular matrix (ECM) which defines the architectural
geometry of the tissue and provides cytokines and growth
factors. Each tissue has an ECM with unique composition
and topology. In the bone and teeth, the ECM contains the
mineral component (calcium and phosphate hydroxyapatite)
which provides the strengths and rigidity needed for their
functions. Despite the importance of 3D scaffolding, the clas-
sical 2D “in vitro” monolayer cell culture is still a dominant
method in many biological studies. Monolayers provide some
advantages over 3D cultures; reproducibility of seeding and
recovery of cells is quite high in 2D culture whereas it poses
come challenges when cells are embedded in 3D scaffolds.

Osteocytes “in vivo” are confined in their lacunae
and connect with adjacent cells through their dendrites.
Cell-to-cell contact, under these physiological condi-
tions, is limited to the dendrites whereas the cell bodies
are isolated from the rest of the cells. This “cell isola-
tion” is lost when osteocytes are grown in 2D mono-
layers, and some of the “in vivo” functions and charac-
teristics of osteocytes could be potentially affected by
this non-physiological organization. Over the past de-
cades, efforts have been made to study osteocytes under
more physiological settings and several 3D scaffolds
have been used to interrogate osteocyte biology.

3D structured scaffolds are fundamental for tissue
engineering and regenerative medicine and current strat-
egies involve the use of a variety of materials, such as
natural and synthetic polymers, inorganic biomaterials
(i.e., metals and ceramics), and their hybrid combina-
tions [60]. The most commonly used biomaterials in
skeletal tissue engineering are collagen and ceramics.
Among the natural and synthetic polymers that are
widely used as scaffolding materials, there are
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and
PLGA, that are chosen especially for their design flex-
ibility, the surface modifiability, and the functional
group availability. Composites, such as nanofibers,
nanoparticles (NPs), and nanopores, combine polymers
and scaffolding biomaterials and provide promising nov-
el tools for bone regeneration. Below is the description
of the most commonly used to date. For a comprehen-
sive review of osteocytes and 3D cultures, see Zhang
et al. [61].
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Collagen Scaffolds

Bone matrix is comprised of 90% of collagen type 1 and
collagen scaffolds have been widely used as 3D support for
bone cell differentiation. Investigators have used various ap-
proaches to study bone cells (both osteoblasts and osteocytes)
in this collagen-rich environment. Collagen scaffolds offer
several advantages: type 1 collagen is widely available and
biocompatible; it is easy to manipulate and can be used for
3D printing [62], or electrospinning and electrospray.
Moreover, the pore size and stiffness of the scaffold can be
adjusted by changing collagen concentration, by introducing
chemica l c ross l inked compounds , or by adding
hydroxyapatite.

Uchihashi et al. [63] reported that when seeded on top of
collagen gels, osteoblasts (both MC3T3 and primary calvaria
osteoblasts) migrate into and differentiated into osteocytes and
resemble lacunae. Similarly, Bernhardt’s group [58, 64] re-
ported differentiation of human osteocytes and high expres-
sion of DMP1, E11, PHEX, and other osteocytic markers
when cells were cultured in 3D collagen gels.

Hydroxyapatite

The main inorganic component of bone is hydroxyapatite
(HAp), a complex mineral comprising calcium and phospho-
rus. HAp has been used, either alone or in combination with
other compounds, as a suitable scaffold for bone tissue engi-
neering and studies have shown that HAp promotes osteoblas-
tic cell differentiation. When human osteoblasts were grown
on HAp/tricalcium phosphate (TCP) biphasic calcium phos-
phate (BCP) ceramic particle, they quickly differentiate into
osteocytes, demonstrating the importance of substrates for
cellular function and differentiation [65].

Microbeads and Nanoparticles

Biphasic calcium phosphate (BCP) microbeads have also
been exploited to generate three-dimensional culture condi-
tions that allow osteocyte differentiation. Studies have shown
that whenMLO-Y4 and HOB-01-C1cells and primary human
bone–derived cells are cultured in BCP microbead (20–
25 μm) under continuous perfusion, they differentiate into
more mature osteocytes, as demonstrated by the expression
of osteocytic markers [66–68].

Polystyrene

Synthetic material, such as polystyrene, offers the advantage
to be easily manipulated and biologically inert. Indeed, the
majority of culture vessels are made of either polystyrene or
polypropylene. Scaffolds of various thickness or structural
characteristics (pore sizes) can be designed and fabricated

using these polymers. Cells easily attach to the polymer sur-
face and they also migrate within the scaffold. We have used
polystyrene scaffolds to grow Ocy454 cells in 3D conditions
and demonstrated that, under these conditions, the cells can
regulate FGF-23 expression in response to PTH treatment.
Intriguingly, this response is lost when the cells are in 2D
monolayer [39••], demonstrating the importance of complex
structures for proper cellular responses.

Ex Vivo Models: Bone Explants

One limitation of engineered 3D scaffolds is that they only
partially replicate the complexity of the tissue. Tissue
organoids and “organ-on-chip” are being developed to ad-
dress this shortcoming. In skeletal biology, investigators have
been using ex vivo explants to study osteocyte functions, and,
at the same time preserve the natural milieu for these cells.
Several methods have been developed to enrich for osteo-
cytes, and sequential collagenase digestions of bone
marrow–deprived long bones have been shown to be effective
to remove most of the contaminant hematopoietic and osteo-
blastic cells and provide explant highly enriched for osteo-
cytes (i.e., osteocyte-enriched bone explants, or OEBEs) [69,
70]. Bone explants can be manipulated, subjected to mechan-
ical loads, or used as a source of osteocyte-secreted factors. Ex
vivo bone explants overcome the limitation of in vitro 2D
culture and also provide a unique alternative to complex
in vivo setting. For example, in vivo studies on the effects of
hormones or mechanical forces on bones cannot discriminate
between direct and indirect effects, possibly mediated by other
organs and tissues. They represent an excellent intermediate
model between in vitro and in vivo settings. For a complete
review of models of organ culture available for skeletal re-
search, see Bellido et al. [71••].

Conclusions and Looking Ahead

Over the past decade, a plethora of studies have shed light on
the functions and characteristics of osteocytes and have pro-
pelled forward the field of skeletal biology. Neutralizing anti-
bodies targeting sclerostin are now a powerful therapeutic
option to treat skeletal disorders and few other novel therapeu-
tics are in the pipelines.

Despite these great strides toward revealing the “secrets” of
an osteocyte, few questions remain. First, there is an unmet
need for a human-derived osteocytic cell line to validate (or
investigate) any pre-clinical finding. Given the heterogeneity
of bone cells, it will be important to create osteocytic cell lines
from different anatomic sites and different patients.
Nevertheless, there is an intrinsic limitation in using cell lines,
since they represent only a specific population of cells. Ex
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vivo organ culture offers several advantages, including the
maintenance of the osteocyte “native” environment. Novel
models and tools should be developed to further replicate
“in vitro” the complexity of bone. Some pioneer studies are
now using new technologies such as biological 3D printing or
“organ-on-chip” to generate and “in vitro” model that faith-
fully replicates the “in vivo’ conditions, which will provide
further insights into the multifaceted functions of these cells.
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