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Abstract

Osteocytes, the bone cells embedded in the mineralized matrix, control bone modeling and
remodeling through direct contact with adjacent cells and via paracrine and endocrine factors that
affect cells in the bone marrow microenvironment or distant organs. Osteocytes express numerous
G protein-coupled receptors (GPCRs) and mice lacking the stimulatory subunit of G-protein (Gsa)
in osteocytes (Dmp1-Gsa KO mice) have abnormal myelopoiesis, osteopenia and reduced adipose
tissue. We previously reported that the severe osteopenia and the changes in adipose tissue present
in these mice were mediated by increased sclerostin, which suppress osteoblast functions and
promote browning of white adipocytes. Inversely, the myeloproliferation was driven by
granulocyte colony-stimulating factor (G-CSF) and administration of neutralizing antibodies
against G-CSF only partially restored the myeloproliferation, suggesting that additional osteocyte-
derived factors might be involved. We hypothesized that osteocytes secrete Gsa.-dependent
factor(s) which regulate myeloid cells proliferation. To identify osteocyte-secreted proteins, we
used the osteocytic cell line Ocy454 expressing or lacking Gsa expression (Ocy454-Gsa.c°M and
Ocy454-Gsa.KO) to delineate the osteocyte “secretome” and its regulation by Gsa.. Here we
reported that factors secreted by osteocytes increased the number of myeloid colonies and
promoted macrophage proliferation. The proliferation of myeloid cells was further promoted by
osteocytes lacking Gsa expression. Myeloid cells can differentiate into bone-resorbing osteoclasts
therefore we hypothesized that osteocyte-secreted factors might also regulate osteoclastogenesis in
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a Gsa-dependent manner. Conditioned medium (CM) from Ocy454 (both Gsa." and Gsa.X0)
significanlty increased the proliferation of bone marrow mononuclear cells (BMNC) and, at the
same time, inhibited their differentiation into mature osteoclasts via a Gsa.-dependent mechanism.
Proteomics analysis of CM from Ocy454 Gsa.®" and GsaX© cells identified neuropilin-1 (Nrp-1)
and granulin (Grn) as osteocytic-secreted proteins upregulated in Ocy454-Gsa KO cells compared
to Ocy454-Gsa o™, whereas semaphorin3A was significantly suppressed. Treatment of Ocy454-
Gsa %Mt cells with recombinant proteins or knockdown of Nrp-1 and Grn in Ocy454-Gsa. KO cells
partially rescued the inhibition of osteoclasts, demonstrating that osteocytes control osteoclasts
differentiation through Nrp-1 and Grn which are regulated by Gsa signalling.
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Introduction

Osteocytes are the most abundant cells in the adult skeleton, accounting for 90-95% of bone
cells (1). They extend their dendritic processes within the canaliculi that connect the lacunae
and form a complex lacuno-canalicular network. These dendritic processes allow osteocytes
to contact and communicate with adjacent cells, with bone lining cells and osteoblasts on the
endosteal and periosteal surfaces and with endothelial cells. Some of these processes extend
into the bone marrow space allowing osteocytes to direclty communicate with cells in the
bone marrow microenvironment (2-4). Osteocytes control bone homeostasis, muscle
functions and adipogenesis through paracrine and endocrine factors, including sclerostin,
Rank ligand (Rankl), prostaglandins and semaphorin 3A (Sema3A), as recently reported (5,
6).

Osteocytes express several G-protein coupled receptors, including the Parathyroid hormone
(PTH) receptor type 1 (PTH1R), the prostaglandin receptors E2 and E4, and the -
adrenergic receptors (7-9). Heptahelical receptors, or GPCRs, signal via different
heterotrimeric G proteins, each of which comprises an a-subunit, which binds a guanine
nucleotide, and a tightly associated dimer comprised of G and G-y. Ga subunits are divided
into four groups according to effector coupling and sequence similarity. The gene encoding
the stimulatory subunit Gsa., Gnas, is a complex imprinted gene that generates multiple
products through the use of alternative promoters and different first exons that splice onto a
common second exon (exon 2). The major product encoded by Gnasis Gsa, the
ubiquitously expressed Ga protien that is required for receptor-stimulated cAMP
accumulation (for a review see (10)).

We have previously shown that mice lacking Gsa. in osteocytes (Dmpl-Cre*;Gsafl/fl, or
Dmp1-GsaKO) have severe osteopenia characterized by a significant decrease in both
trabecular and cortical bone, and an hematopoietic phenotype characterized by neutrophilia,
thrombocytosis, and leukocytosis in bone marrow, spleen, and peripheral blood(11). The
severe osteopenia present in the Dmp1-Gsa.K© mice is due to dramatic suppression of bone
formation due to loss of endosteal and trabecular osteoblasts. Histomorphometric analysis of
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these animals also revealed a significant reduction in the number of osteoclasts,
demonstrating an osteoclast defect as well (12). We identified granulocyte-colony
stimulating factor (G-CSF) and sclerostin as two Gsa.-dependent factors promoting the
neutrophilia and the osteopenia, respectively, present in the Dmp1-GsaX© mice. Treatment
of Dmp1-Gsa KO mice with neutralizing antibodies against sclerostin and G-CSF only
partially restored the skeletal and hematological phenotype, suggesting that additional
osteocyte-derived factors might be involved. The main aim of this study was to identify
osteocyte-derived secreted proteins (novel or known) regulated by Gsa and capable of
controlling hematopoiesis and skeletal homeostasis that can provide new directions (and
therapies) for the treatment and management of hematologic diseases and bone disorders. To
gain insight into the cellular and molecular mechanisms by which osteocytes control
myelopoiesis and skeletal homeostasis, we used the osteocytic cell line, Ocy454, to delineate
the osteocyte secretome and the role played by Gsa signaling. Ocy454 cells express high
Sost/sclerostin levels and respond to both PTH and mechanical forces. Importantly, as
recently reported (13, 14), when Gsa was knocked out in these cells using the Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) and the CRISPR Associated
(Cas) system (CRISPR/Cas9), there was a significant increase in Sost/sclerostin expression,
phenocopying the /n vivo findings (13). Interestingly, G-CSF expression was unchanged in
Ocy454-Gsa.KO cells compared to Ocy454-Gsa M suggesting that additional factors might
be involved. By using a combination of /n vitroand ex vivo models, we determined and
reported here that osteocytes express and secrete several Gsa-dependent and -independent
factors capable of supporting myelopoiesis, promoting macrophage proliferation and
inhibiting osteoclast formation. We identified osteocyte-derived Neuropilin-1 (Nrp-1) and
Granulin (Grn) as two Gsa-dependent factors regulating osteoclastogenesis. Also, we
demonstrated that M-CSF secreted by osteocytes partially drives the increase in monocyte/
macrophage present in the Dmp1-GsaX® mice.

Material and Methods

Mice

All animal experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of Boston University. Wild type mice C57BL/6N Cr were purchased
from Charles River Laboratories whereas the Dmp1-cre:Gsafl/fl and Gsafl/fl were
generated by mating DmpI-Cre mice (Jackson #023047) with mice in which exon 1 of Gsa
was flanked by LoxP sites (Gsafl/ff kindly provided by Dr Weistein, NIH), as previously
described (11, 15). Animals were housed at 4-5 animals per cage, subjected to 12 hr light/
dark and fed ad libitum standard chow.

Cell cultures

The Ocy454 cell line was generated as previously reported (16). Cells were routinely
maintained in non-collagen-coated flasks (Corning) in a-MEM containing 10% heat-
inactivated Fetal Bovine Serum (FBS) (Gibco) and 1% antibiotic-antimycotic (AA) (Gibco)
(complete medium); medium was changed twice a week. For all experiments, cells were
plated at 1 x 10° cells/ml and allowed to proliferate at 33 °C for two to three days
(permissive temperature) and differentiate at 37 °C (non-permissive temperature) for the
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subsequent time specified in each experiment. For PTH experiments, Ocy454-Gsa.XC and
Ocy454-Gsa.toM cells were plated at 1 x 10° cells/ml and allowed to reach confluence at 33
°C for three days. Cells were then cultured at 37 °C for 7 and 14 days. Cells were treated
with 10 nM human parathyroid hormone (hPTH) (1-34) or 10 uM Forskolin (F6886, Sigma)
for four hours prior to RNA isolation (RNeasy Plus Mini Kit, Qiagen).

Preparation of Ocy454-Gsa Control and KO conditioned media

Ocy454-Gsa KO and Ocy454- Gsa. M clones were plated at 1 x 10° cells/ml in 6-well plates
and were cultured in complete medium (alpha-MEM, 10% FBS, and 1% AA). Cells were
allowed to proliferate at 33 °C for three days prior to medium change and were then
transferred to 37 °C for six additional days to allow differentiation, with a media change on
day four. On day six, medium was changed to low (aMEM, 0.1% FBS) or regular (¢ MEM,
10% FBS) serum-containing medium. Conditioned medium (CM) was collected 24 hours
later, briefly centrifuged to eliminate cell debris, aliquoted, and stored at —20 °C until use.
Initial experiments demonstrated that control medium kept in the incubators (i.e 37 °C and
5% CO», for 24 hrs) was indistinguishable from fresh medium when used in both the colony
formation assays and in the osteoclastogenesis therefore, for the majority of the experiments
we used fresh complete medium.

Colony formation in Methylcellulose

Bone marrow (BM) cells were obtained from the long bone of 6-8 weeks-old wild type
C57BL/6N mice. BM was flushed using phosphate-buffered solution (PBS)-2% FBS,
followed by centrifugation at 1,200 rpm for 10 minutes at 4 °C. Cells were then resuspended
in 5 ml of aMEM, 10% FBS, and 1% antibiotic-antimycotic. Cells (2 x 10% cells) were
cultured in MethoCult (STEMCELL Technologies) containing CM from Ocy454-Gsa KO
and Ocy454- Gsa.®°M cultures or complete medium alone (no treatment control). Two
different methylcellulose media were used for the growth of myeloid cells: MethoCult
M3534 and M3231. MethoCult M3534 contains growth factors and cytokines (FBS, BSA,
insulin, transferrin, 2-mercaptoethanol, IL-3, and IL-6) that support the growth of myeloid
cells whereas MethoCult M3231 lacks growth factors and cytokines. CM of Ocy454-Gsa. KO
and Ocy454-Gsa.°" CM or a MEM with 0.1% FBS (control medium) (600 ul) were mixed
with either M3534 or M3231 (3 ml). These mixtures were placed in 35-mm culture dishes
with a 2-mm grid (174926, Nalge Nunc), followed by incubation at 37 °C. After seven days
in culture, colonies were counted using a microscope (EVOS Cell Imaging System, Thermo
Fisher). Colonies comprised of more than 25 cells were enumerated. Each experiment was
done in duplicate or triplicate and repeated at least three times.

Bone marrow mononuclear cell isolation and differentiation

BM cells were flushed from the long bones (tibias and femurs) of 6-8 weeks-old C57BL/6N
mice and cultured for 24-48 hours. Non-adherent cells were collected and separated by
Ficoll Paque PLUS (General Electric Healthcare) to isolate the bone marrow mononuclear
cell (BMNC) population. BMNC (2 x 104 cells/well) were plated in a 96-well plate,
followed by treatment with 50 ng/ml of M-CSF (Shenandoah, Cat# 200-08) in complete
medium (10% FBS) alone as control or in CM from Ocy454-Gsa O and Ocy454-Gsa ont
(50% v/v). After three days in culture, 50 ng/ml of RANKL (Shenandoah, Cat# 200-04) was
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added, followed by incubation for additional days, as described in the results. TRAP staining
and TRAP activity were determined at the end of the differentiation period as described
below. Cells with three nuclei or more were scored as one osteoclast. In addition to M-CSF
and RANKL treatments, BMNC were treated with recombinant mouse granulin (1000
ng/ml) (R&D, Cat# 2557-PG-050) or recombinant mouse neuropilin-1 (1000 ng/ml) (R&D,
Cat# 5994-N1-05) in combination with in Ocy454-Gsa.%"t CM.

Resorption pit assay

BMNC (2 x 104 cells per well) were plated in a 96-well plate (Osteo Assay Surface,
Corning) and treated with 50 ng/ml M-CSF in complete medium (10% FBS, control
medium) or with CM from Ocy454-Gsa %O or Ocy454-Gsa o™ (50% v/v). After three days
in culture, the BMNC were treated with 50 ng/ml RANKL, in addition to 50 ng/ml M-CSF.
Treatment was repeated every three days. Culture medium was removed after 10 days and
cells were removed with 100 pl of 10% bleach (10 minutes at room temperature). The plate
was washed twice with 150 pl per well of distilled water and air-dried for one hour at room
temperature. Pits were visualized using a microscope (EVOS Cell Imaging System, Thermo
Fisher) and analyzed using Image J software.

F-actin ring staining

BMNC (2 x 10* cells per well) were plated in a 96-well plate and cultured as described
above (Bone marrow mononuclear cell isolation and differentiation). After five days the
medium was aspirated, and the plates were washed three times with PBS. Cells were fixed
with 10% phosphate-buffered formalin (Fisher), washed twice with PBS, permeabilized with
0.5% Triton X-100 (Sigma-Aldrich) (diluted in PBS) for five minutes at room temperature,
and then incubated with 0.5 pg/ml rhodamine phalloidin (Invitrogen) for 30 minutes in dark.
DAPI (Thermo Fisher Scientific) was used to stain nuclei. Cells were washed with PBS and
examined under fluorescence microscopy (BZ-X700, Keyence).

Apoptosis assay

Following five days of M-CSF and RANKL treatment, 100 pl of Caspase Glo® 3/7 reagent
(Apo-Tox Glo™, Promega) was added to each well. The plate was rocked on a shaker at 500
rpm for 30 seconds then incubated at room temperature for 30 minutes. A microplate reader
(Berthold, TriStar LB941) was used to measure the luminescence generated by the caspase
activity.

Osteocyte-enriched bone explants (OEBE) preparation

OEBE were generated from femurs and tibia of 6-weeks-old Dmp1-Cre;Gsafl/fl mice or
control Gsafl/fl mice, as described previously (11). Briefly, after removing the epiphyses
and flushing out the BM, the explants were digested three times with collagenase type | and
I (1:3 w/w) (Worthington) and once with 5 mM EDTA (Sigma) (20 min each) to completely
remove endosteal and periosteal osteoblasts and BM cells. To maintain a constant volume/
weight ratio among the wells, twenty pul of complete medium was added for every 10 mg of
OEBE. OEBEs were plated in 12-well plates and cultured at 37 °C in 5% CO,, for 24 hours
prior to changing the medium, followed by five days of additional culture. CM was then
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collected and stored at =20 °C. CM from OEBE was used to treat BMNC with M-CSF and
RANKL, as described above in the Bone marrow mononuclear cell isolation and
differentiation section. RNA was isolated from OEBE with TRIzol (Invitrogen), using a
tissue homogenizer (TissueLyser I, Qiagen) and the Purelink RNA mini kit (Invitrogen,
Thermo Fisher) according to the manufacturers’ recommendations. In a separate set of
experiments, OEBEs were autoclaved (121 °C for 30 min) to eliminate cells but still
maintain the mineral and matrix component (non-viable OEBES).

Mass spectrometric analysis

Phenol-free medium (Gibco) without FBS was used to prepare CM from both Ocy454-

Gsa KO and Ocy454-Gsa. o cells. Amicon columns (30K; Millipore) were washed with 0.1
N NaOH and then with Milli-Q water. Amicon columns were used to separate proteins in
CM into > 30K and < 30K fractions. The < 30K fraction was placed in a C18 cartridge and
sequentially eluted with 30-60% acetonitrile and 1% formic acid. Flow samples through the
C18 cartridge were collected in 1.5-ml microcentrifuge tubes and placed in a speed vacuum
for drying; the dried samples were then suspended in 30 pl of 0.1% RapiGest in 100 mM
triethyl ammonium bicarbonate (TEAB). A solution of ethanol, acetone, and 0.1% acetic
acid was chilled at =20 °C for one hour, then 1 ml of this solution was added to the > 30K
fractions and these were kept at —20 °C overnight. The next day, the > 30K fractions were
centrifuged (20,000 x gat 4 °C for 10 minutes). The tubes were inverted to decant the
solution into new tubes without disturbing the pellets. The pellets were allowed to dry for
three minutes and were then suspended in 30 ul of 0.1% RapiGest in 100 mM triethyl
ammonium bicarbonate (TEAB) and mixed by vortexing. Both fractions were reduced with
dithiothreitol (DTT) and then were alkylated with iodoacetamide and digested overnight
with trypsin at 37 °C, then dried by speed vacuum and subjected to analysis by nano-HPLC
MS/MS for protein identification and relative quantification of protein expression change.
Label-free differential relative quantification was performed as described previously and
details are provided in the supplemental material (17-19). Select results are shown in Table
1.

Label-Free LC-MS/MS

LC-MS/MS was performed using a nanoAcquity UPLC (Waters Corp.) coupled with a Q
Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a TriVersa
NanoMate ion source (Advion). Separation was with 150 pm x 100 mm 1.7-uym BEH C18
material (Waters). A linear gradient of A:B solvents (1.5% ACN/0.1% FA: 98.5% ACN/
0.1%FA) was used (3 to 55% B over 120 min) at a flow rate of 0.5 pl/min. Mass spectra
were acquired in the positive-ion mode over m/z 400-2000 at 30,000 resolution (fwhm at )
m/z 400). MS/MS spectra were acquired on the top-10 precursors per duty cycle with signal
intensities > 1 x e4, using HCD at 35 V. MS and MS/MS data analysis was carried out using
Progenesis LCMS 4.1 (Nonlinear Dynamics/Waters) for label-free differential
quantification, and Mascot 2.3.01 (Matrix Science) for protein identification. MS/MS data
were searched against a UniProt Mouse proteome database (0589-10090) 08-2016 with
79,954 entries. Search parameters were as follows: tryptic cleavage with 4 missed sites,
carbamidomethyl-cysteine as a fixed modification. Precursor mass error was set to 10 ppm
and MS2 mass error was 0.05 Da. A protein false discovery rate of <5% was used. Label-
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free analysis was performed on all MS1 signals from the 2 groups of samples. ANOVA,
PCA and hierarchical clustering were performed yielding 2 distinct groups of features which
indicated an increase or decrease in protein expression related to the KO model. Final
protein fold changes were restricted to those with > 1.5 change with p-values <0.05.

CRISPR/Cas 9 gene editing in Ocy454 cells

Two guided (g)RNASs were generated to target exon 1 and 2 of the Gsa gene and. gRNA
(forward sequence: 5’-CCT CGG CAA CAG TAA GAC C-3’; reverse sequence: 5’-GAC
CGA GGA CCA GCG CAA CG-3) were subcloned into pSpCas9(BB)-2A-GFP (PX458; a
gift from Feng Zhang) (Addgene plasmid # 48138) (15), which co-express Cas9, and eGFP
and the construct was used to target Gsa in Ocy454 (16). A non-targeting gRNA was used to
generate control cells. Ocy454 cells were plated at 1 x 10° cells/ml in 6-well plates and after
48 hours in culture, cells were transfected using FUGENE® (Promega). Transfection solution
was prepared by mixing 3 pl of FUGENE®, 1 pg of plasmid, and 100 pl of serum-free
medium for each well of a 6-well plate. After 48 hours high GFP (GFPM) cells were sorted
by FACS and single cells were plated in 96-well plates. Medium was changed twice per
week during cell expansion. Cells were routinely maintained at 33°C in non-collagen coated
T-75 flasks. To account for clonal variability, three different knockout subclones (Ocy454-
Gsa KO-1, KO-2 and KO-3) and three different control subclones (Ocy454-Gsa Control-1,
Control-2 and Control-3) were used for the studies described here (17).

Quantitative real time PCR

Ocy454-Gsa KO and Ocy454-Gsa.Co" cells were plated at 1 x 10° cells per ml in 6-well
plates and cultured in complete medium for 3 days at 33 °C and for 7-14 days at 37 °C. RNA
was isolated at day 7 and 14 days. For BMNC, cells were plated at 1 x 10° in 12-well plates
and treated with M-CSF (50 ng/ml) and Ocy454-Gsa X and Ocy454-Gsa.®%" CM (50%
v/v). RNA was extracted after 6 days in culture. For osteoclast differentiation experiments,
BMNCs were plated at 1 x 10° in 12-well plates and treated with M-CSF and Ocy454-
Gsa O and Ocy454- Gsa oM CM for three days and with 50 ng/ml RANKL for an
additional three and five days. RNA was extracted after three and five days of RANKL
treatment. For all experiments, RNA was isolated using the RNAeasy kit according to the
manufacturer’s recommendations (RNAeasy, Qiagen). RNA was quantified by UV
absorbance (NanoDrop, Thermo Fisher). cDNA was synthesized from 0.5-1 ug of total
RNA using gScript™ cDNA Super Mix (Quanta, Biosciences), followed by SYBR Green
(Power SYBR, Thermo Fisher Scientific) quantitative real-time PCR (StepOnePlus, Life
Technologies). Gene expression differences between samples were calculated using the
comparative cycle threshold (Ct) method 2 (-AAC+). p-actin was used as reference.
Experiments were run in triplicate unless otherwise indicated.

Cell proliferation assays

BMNSs were plated in 96-well plates at 2 x 10% cells/well and treated either with CM from
Ocy454-Gsa KO and Ocy454-Gsa oM or complete medium (as an experimental control),
with or without M-CSF (50 ng/ml). CM and complete medium were changed every three
days. After 6, 24, 48, 72, 96, and 168 hours (7 days) in culture, cells were frozen at =80 °C
and then assayed for cell proliferation. Reagents were prepared according to the CYQUANT
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Cell Proliferation Assay protocol (Invitrogen). Plates were thawed at room temperature and
200 uL of fluorescent reagent was added to each well, followed by incubation for 15 minutes
at room temperature with light protection. From each well, 150 pL were transferred to a
black 96-well plate (Corning) and fluorescence was measured using a microplate reader at
490 nm excitation and 533 nm emission. Bacterial DNA was used to generate a standard
curve to determine the DNA concentration (ng/ml) in each sample.

Flow cytometry

BMNC (1 x 10° per well) were cultured in 12-well plates and treated with CM from
Ocy454-Gsa KO, Ocy454- GsaCoM or complete media (as an experimental control). After
four days in culture, BMNC were stained for 20 minutes with fluorescence-conjugated
antibodies against CD11b, F4/80, and Gr1 (1:200 dilution for all) (eBioscience). After
staining, cells were washed with 2% FBS-PBS and analyzed by flow cytometry using LSRII
(BD eBioscience).

Lentivirus production

ShRNAs were purchased from Sigma-Aldrich. HEK293T cells were plated at 2.2 x 10°
cells/ml in 6-well plates in high-glucose DMEM (Gibco) and 10% FBS without antibiotics.
Cells were transfected the next day when approximately 80% confluent. In each well, 100 pl
of serum-free DMEM, 500 ng of pLKO1 puro plasmid containing the gene of interest, 500
ng of psPAX2 (a gift from Dr. Trono, Addgene #12260) and 50 ng of pMD2.G (a gift from
Dr. Trono, Addgene #12259) were transfected using 3 pl of FUGENE® HD transfection
reagent (Promega). Twenty-four hours after the transfection, media were replaced with
DMEM + 10% FBS with antibiotic-antimycotic. After 48 hours, medium was collected from
each well, spun down at 1,000 rpm, 4 °C for 10 minutes, and virus supernatant was
collected, aliquoted, and stored at —80 °C.

Lentivirus infection

Ocy454-Gsa KO and Ocy454- Gsa Cont cells were plated at 1 x 10° cells/mL in 12-well
plates 24 hours before infection. Cells were infected at 80% confluency with 100 pl of
lentivirus in the presence of 10ug/ml polybrene. Culture media were changed 24 hours after
the infection and 5ul/ml of puromycin was added to the medium. Medium (containing
puromycin) were replaced every three days thereafter. After day 10 in culture, the cells were
trypsinized and transferred to T-25 flask. CM were collected as described above.

TRAP staining

For TRAP staining, culture media were aspirated from the 96-well plates and cells were
washed three times with PBS. Cells were fixed in 10% formalin (10-15 minutes, at room
temperature), fixed in acetone and methanol (50:50) and then incubated with TRAP staining
solution (0.1 M sodium acetate, 0.1 M of sodium tartrate, 0.1 mg/ml naphthol AS-MX
phosphate, 0.6 mg/ml red-violet LB salt in PBS) at 37 °C for 20-30 minutes. Plates were
washed with water and allowed to dry. Osteoclasts were counted under the microscope
(EVOS Cell Imaging System, Thermo Fisher). A cell with three or more nuclei was scored
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as a positive osteoclast. Occupancy of surface area by osteoclasts was calculated using
Image J software after manually tracing each osteoclast in each well.

TRAP activity

Cell culture supernatant (30 pl) was transferred into a 96-well plate and TRAP staining
solution was added to each well (170 pl/well). The plate was incubated at 37°C for up to two
hours in the dark and the OD values were read at 540 nm. TRAP solution alone was used as
a reference and subtracted from each sample reading.

Protein extraction and immunoblotting

Whole cell lysates from cell culture were prepared using lysis buffer containing 50 mM Tris
base, 1 mM EDTA, 1.5 mM MgCl,, 150 mM NacCl, 1% Triton X-100, and 10% glycerol
supplemented with protease and phosphatase inhibitors (Sigma, cat# P5726 and cat# P0044,
respectively). Protein concentration was determined using the Bradford protein assay
(Protein Assay Dye Reagent, Bio-Rad). Bovine serum albumin (BSA) (New England
Biolabs) was used to generate a standard curve. Approximately 15-20 pg of protein were
separated on a 10% polyacrylamide gel (Fisher Scientific) and transferred to a PVDF
membrane (Bio-Rad). The membranes were blocked with blocking buffer (TBST)
supplemented with 5% BSA (Sigma) for one hour and incubated overnight at 4 °C with anti-
Gsa antibody (diluted 1:2000) (Millipore, cat# 06—-237). Following overnight incubation,
membranes were washed three times with TBST, and hybridized with HRP-conjugated
secondary antibody (anti-rabbit 1gG, diluted 1:2000, Cell Signaling, #7074) in blocking
buffer for one hour at room temperature. The membranes were developed using enhanced
chemiluminescence or SuperSignal™ West Femto (Thermo Fisher Scientific) and the
signals were detected using a charge-coupled device (CCD) camera on G: Box (Syngene).

Statistical analysis

Data are presented as mean * standard error of the mean (SEM). Statistically significant
differences between groups and treatments were determined by the student t-test or ANOVA
using Graph Pad Prism software. P value and fold change are reported for each experiment.
Each experiment was conducted in triplicate and performed at least three times, unless
otherwise specified in the figure legends.

Results

Characterization of Ocy45- GsaXO cells

The Ocy454 cell line was derived as previously reported (13). Gnaswas knocked out using
the CRISPR/Cas9 technique and single cell colonies were isolated. To account for clonal
variability, three different knockout subclones (Ocy454-Gsa KO-1, KO-2, and KO-3) and
three control subclones (Ocy454-Gsa Control-1, Control-2, and Control-3) were studied.
Gsa deletion in Ocy454-Gsa O subclones was confirmed at both protein and transcript
level (Fig. 1A-1B). Deletion of Gsa. in the Ocy454 cell line resulted in an increase of Dmp1
(428 fold), Phex (62 fold), Sost (600 fold) expression and 84% decrease in expression of
Rankl (Fig. 1C-1F). Functional inactivation of Gsa. was further analyzed upon treatment
with PTH and forskolin. As expected, Ocy454-Gsa Mt clones responded to PTH with a
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significant suppression of Dmp1 and Sostand increased Rank/expression (Fig 1G). In the
absence of Gsa expression, there was no response to PTH treatment; this result confirmed
the successful deletion of Gsa (Fig. 1H). The response to forskolin (positive cotrol) was
similar in the two cell types, Ocy454-GsaXC and Ocy454-Gsa M cells (Fig. 1G—1H).
Deletion of Gsa did not affect cell proliferation: there was no difference in DNA
concentration between Ocy454-Gsa ™" and Ocy454-Gsa %O cells (Fig. S1A).

Osteocytes secrete factors supporting myeloid cell proliferation in vitro

Mice lacking expression of Gsa in osteocytes have increased numbers of myeloid cells in
bone marrow, spleen, and peripheral blood. Ex vivo studies using conditioned medium (CM)
from osteocyte-enriched bone explants (OEBE) from Dmp1-GsaWT and Dmp1-Gsa KO
animals demonstrated that osteocytes secrete factor(s) that support myeloid proliferation
(11). To study the molecular mechanisms of osteocyte-mediated myeloid cell proliferation,
we used an 77 vitro model in which media from Ocy454-Gsa %" and Ocy454-Gsa KO cells
were used to induce myeloid cell proliferation. When supportive methylcellulose medium
(M3534, containing insulin and citokines) was used, there was a 1.6 and 1.3 fold increase in
the number of myeloid colonies after treatment with Ocy454-GsaK© CM as compared to
medium alone or CM from Ocy454-Gsa ™ respectively (Fig. 2A). We then tested if similar
effects were obtained when using additional Ocy454-GsaX© clones. As shown in Fig. 2B,
Ocy454-Gsa K02 and Ocy454-Gsa KO3 significanlty increased the number of myeloid
colonies by 1.4 and 1.7 fold respectively, as compared to medium alone. Furrhermore,
Ocy454-Gsa KO3 also significanlty increase by 1.5 fold the number of colonies as compared
to Ocy454-Gsa.CoM2 whereas Ocy454-GsaKO2 did not, suggesting some variability among
clones. Next, we examined whether osteocyte-secreted factors present in the CM could
promote myeloid cell proliferation in non-supportive conditions (i.e, in the absence of added
insulin, stem cell factor, interleukin 3 and interleukin 6). Consistent with previous results,
there was a significant 23 fold increase in the number of myeloid cells when CM from
Ocy454-Gsa.toM was added to non-supportive cultures (M3231) and the number of colonies
was further increased 2.3 fold upon treatment with CM from Ocy454-Gsa KO cells (Fig. 2C
and 2D). CM from Ocy454-Gsa KO cells significantly increased myeloid cell DNA synthesis
compared to Ocy454-Gsa "t or medium control (Fig. 2E) by 2.2 and 5.3 fold respectively,
demonstrating that osteocytes control myeloid cell proliferation in a Gsa.-dependent manner.

Osteocytes promote proliferation of bone marrow mononuclear cells (BMNC) and
macrophages

As reported previously, mice lacking Gsa in osteocytes have increased numbers of myeloid
cells and marked osteopenia (11). Progenitor cells in the myeloid lineage comprise
macrophages which differentiate into osteoclasts upon stimulation with M-CSF and
RANKL. We hypothesized that osteocytes secrete factors that regulate BMNC proliferation
and that these factors are dependent on Gsa signalling. To test this hypothesis we treated
BMNCs with CM from Ocy454-Gsa." and Ocy454-Gsa %O or with medium alone. As
shown in Fig. 3, CM from both the investigated cell lines, Ocy454-Gsa. "t and Ocy454-
Gsa KO, significantly induced cell proliferation, as demonstrated by a 12-14 fold increase in
DNA synthesis (Fig. 3A-B) in BMNC, as compared to the medium alone. Time-course
analysis showed that BMNC proliferation was already increased by 2 fold after 24 hours of

FASEB J. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Azab et al.

Page 11

treatment with CM, and increased even further (5 fold) over time (Fig. 3C). Flow cytometric
analysis demonstrated a 8-10 fold increase in the number of CD11b*F4/80M9" cells
(macrophages) after treatment with CM from Ocy454-Gsa.®" and Ocy454-Gsa KO, as
compared to the no-treatment control. CD11b*/F4/80-°W cells (monocytes) and CD11b
*/Gr1™* cells (granulocytes) were not affected by treatment with CM (Fig. 3D). Taken
together these results demonstrated that Ocy454 cells secrete factors which promote
macrophage proliferation and that these factors are not regulated by Gsa signaling (Gsa.-
independent). Next, we investigate if the same effect, i.e macrophage proliferation, could be
induced by CM from bone explanst (i.e OEBESs) from mice lacking Gsa in osteocytes
(DMP1-Cre; GsaVfl or Dmp1GsakO) or littermate controls (Gsa ™/ or Dmp1GsaWT) (11).
CM from OEBE-Dmp1GsaWT and OEBE- Dmp1GsaK® were used to treat BMNC isolated
from bone marrow of wild-type mice. CM from non-viable OEBE (OEBEs exposed to 121
C for 30 min to eliminate the cellular component) was also used as a control to assess the
effects of factors released from the bone matrix independent of cellular activities. BMNC
proliferation was increased by 4-5 fold after treatment with CM from OEBE-Dmp1Gsa T
and OEBE-Dmp1GsaXO. There was no difference in BMNC or macrophage proliferation
upon treatment with CM from Dmp1GsaWT and Dmp1GsaK® OEBEs, demonstrating an
osteocyte-mediated, Gsa-independent effect. Interestingly, CM from non-viable OEBE was
also able to support BMNC proliferation, as compared to no treatment control (Fig. 3E),
suggesting that the bone matrix can release factors or denatured proteins, independently of
cellular activities. These results demonstrate that osteocytes, and possibly some osteoblasts
or other cells still present in the OEBEs, secrete factors that support proliferation of
macrophages and these factors are not dependent on Gsa signaling.

Osteocytes suppress osteoclast differentiation via secreted factor(s)

Osteoclasts are terminally differentiated macrophages derived from the myeloid lineage. We
hypothesize that osteocyte-secreted factors also affect osteoclast differentiation. BMNC
were treated with CM from Ocy454-Gsa. " or Ocy454-Gsa. KO cells in the presence of M-
CSF (50 ng/ml) and RANKL (50 ng/ml). Time-course experiments demonstrated that, after
two days of treatment with M-CSF and RANKL (M+R), there was a significant 60-80%
decrease in the osteoclast number upon treatment with CM from Ocy454-Gsa " and
Ocy454-Gsa KO cells respectively (Fig. 4A and B), whereas TRAP activity, percentage of
surface area covered by osteoclasts, and average cell area were unaffected (Fig. 4C-F). After
three days of M+R treatment, CM from both Ocy454-Gsa ™" and Ocy454-Gsa O cells
significantly suppressed osteoclast number, TRAP activity, the surface area covered by
osteoclasts, and the average cell area, when compared to no CM treatment (Fig. 4A-E).
After five days of M+R treatment, CM from Ocy454-Gsa. "t and Ocy454-Gsa. KO
significanlty reduced the number of osteoclasts (Fig. 4B), TRAP activity (Fig. 4C), the
surface area covered by osteoclasts (Fig. 4D), and the average cell area (Fig. 4E), when
compared to medium alone (no CM). In addition, CM from Ocy454-Gsa X0 further reduced
TRAP activity (Fig. 4C), the surface area covered by osteoclasts (Fig. 4D), and the average
cell area (Fig. 4E), when compared to Ocy454-Gsa " CM, indicating that these effects are,
in part, regulated by Gsa signaling. After seven days of M+R treatment, despite the presence
of osteoclasts apoptosis, as demonstrated by a decrease in the number of osteoclasts (Fig.
4B) and the surface area (Fig. 4D), there was still a decrease in both the number of
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osteoclasts (in both cont and KO) and in TRAP activity (in KO cells)(Fig. 4C) as compared
to controls. Next we evaluate gene expression in osteoclasts, upon treatment with M+R in
the presence or absence of CM. Expression of 7rap, Ctsk, and Dc-stamp were significantly
decreased upon treatment with CM from Ocy454-Gsa ™ and Ocy454-Gsa X0, as compared
to medium alone after three days of M+R treatment (Fig. S1 B). In addition, Mmp9, Dc-
stamp, and Atp6v0d2 expression was further reduced upon treatment with Ocy454-Gsa KO
CM, as compared to CM from Ocy454-Gsa " or medium alone after five days of treatment
with M+R (Fig. 4F), demonstrating Gsa. dependent mechanism, similarly to what observed
in Fig. 4C-E. Osteoclast apoptosis was also significantly increased in cells treated with CM
from Ocy454-Gsa " and Ocy454-Gsa. KO cells, as compared to control (Fig. 4G). Taken
together, these results demonstrated that osteocytes secrete factors which inhibit osteoclast
differentiation (even in the presence of M-CSF and RANKL) and promote their apoptosis
and that Gsa signaling further controls the expression Dc-stamp, and Atp6v0d2.

Osteocytes inhibit osteoclast function

Next, we examined several functional parameters of osteoclasts upon treatment with
Ocy454-Gsa.to™ or Ocy454-Gsa KO CM. As shown in Fig. 5, there was a significant
decrease in pit formation in cells treated with CM from Ocy454-Gsa %" and Ocy454-
Gsa KO, as compared to the medium control (Fig. 5A—C). The percentage of the resorbed
area was not significantly different between Ocy454-Gsa.M or Ocy454-Gsa KO CM
treatment (Fig. 5B), however, the number of the resorbed areas was significantly higher in
cells treated with Ocy454-Gsa "t CM, as compared to Ocy454-GsaKC CM (Fig. 5C).
Formation of F-actin rings in osteoclasts is essential for proper function. There was a
significant decrease in the number of osteoclasts with an intact F-actin ring when cells were
treated with CM from Ocy454-Gsa " and the number was further reduced by treatment
with CM from Ocy454-Gsa O cells (Fig. 5D and 5E), demonstrating that factors released
from osteocytes affect osteoclast differentiation and functions.

To further validate our /n vitrofindings in an ex vivo model, we isolated OEBE from Dmp1-
Gsa KO and littermate controls (Dmp1-GsaWT) (11). There was a significant decrease in
osteoclast differentiation, as indicated by a significant decrease in osteoclast number, TRAP
activity, and surface area covered by osteoclasts when BMNC were treated with CM from
OEBE-Dmp1GsaWT and OEBE-Dmp1GsaX©, in the presence of M+R, as compared to
medium alone (Fig. S2A-C). Furthermore, after five days of treatment with M+R, there was
a significant decrease in the percentage of surface area covered by osteoclasts between cells
treated with CM from Dmp1Gsa¥C, when compared to Dmp1GsaWT OEBE (Fig. 6C).
Taken together these results demosntrate that osteocytes within OEBEs secrete factor(s) that
suppress osteoclast differentiation and this effect is partially Gsa.-dependent. (Fig. 6C).

Identification of osteocyte-secreted factors

To identify factors secreted by osteocytes, we performed comparative proteomic analysis of
cell lysates and CM from Ocy454-Gsa KO and Ocy454-Gsa oM cells. Numerous proteins
(3,748 proteins in total) were detected in the CM of these cells. We focused our initial
screening on secreted proteins that were significantly different between Ocy454-GsaXC and
Ocy454-Gsa oM cells. As a result, several secreted proteins known to control myeloid
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proliferation or differentiation were identified, as shown in Table 1. Among the top
upregulated secreted proteins we identified Ceruloplasmin (CP) (13.6-fold), neuropilin-1
(NRP-1) (9.3-fold), p2-microglobulin (32M) (2.28-fold), and granulin (GRN) (1.5-fold). In
contrast, Collagen 3al1 (COL3al) and several semaphorins (SEMA 3A, C and D) were
significantly decreased in CM from Ocy454-Gsa.K©, when compared to Ocy454-Gsa cont
CM (Table 1). Additional proteins known to have a role in myeloid proliferation or
osteoclast differentiation, such as M-CSF, osteopontin (OPN), macrophage migration
inhibitory factor (MIF), OPG, and TGF-B were identified in the CM of these cells but the
levels were not significantly different between Ocy454-Gsa O and Ocy454-Gsa.cont,

Consistent with proteomic analysis, mRNA expression of NrpZ, Grn, and S2m was also
significantly increased in Ocy454-GsaX© cells (Fig. 7A), whereas expression levels of
Col3al, Sema3c, CollaZ, Sema3a, MmpZ2, Emilin2, and Sema3dwere significantly
decreased in Ocy454-Gsa X0 cells, as compared to Ocy454-Gsa o cells (Fig. 7B).
Expression levels of 7impZ2, Mif, Opn, 1gsf10, Collal, Mcsf, and Tgf-3 were not
significantly different between the two cell types (Fig. S3A). Expression levels of Cp, Nrpl,
Grn, Opg, and Sema3c were similarly regulated in OEBE-Dmp1Gsa X0 and OEBE-
Dmp1GsaWT (Fig. 7C), whereas Mcsf. Mif. Mmp2, 1gsf10, Opn, Sema3a, Collal, CollaZ,
Col3al1, Timp2, Emilin2, and Tgf-g were not significantly different between the two groups
(Fig. S3B). Taken together these results identified several transcripts and proteins which are
differentially regulated by Gsa-signaling in osteocytes.

Bioinformatics analysis of Ocy454-Gsa "t and Ocy454-GsaXO cell lysates

Proteomic analysis of Ocy454-Gsa.®"t and Ocy454-Gsa. KO cell lysates was then performed
to identify proteins differentially regulated in these cells. Ingenuity Pathway Analysis (IPA,

Qiagen) identified proteins in Ocy454-GsaX© cells that were significantly upregulated when
compared to Ocy454-Gsa % cells, including B2M and GRN, among others (Suppl Table 1).

The effect of osteocyte-secreted factors on BMNCs and osteoclasts

Nrp, Grnand B2M expressions were upregulated in CM from Ocy454-Gsa X cells
compared to that from Ocy454-Gsa %" therefore we investigated the effects of these factors
on BMNC and osteoclast proliferation and differentiation. We used two complementary
approaches; we supplemented Ocy454-Gsa " CM with each of these proteins, to
recapitulate the GsaX© phenotyp, and we generated Ocy454-Gsa O cells in which the
corresponding gene of interest was silenced by shRNA. When recombinant mouse Nrp-1 (1
pg/ml) was added to osteoclast cultures in the presence of Ocy454-Gsa " CM, there was a
significant decrease in the TRAP activity (Fig. 8A) and osteoclast areas (Fig. 8A),
demonstrating that NRP-1 partially inhibits osteoclastogenesis. Similarly, treatment of
BMNC with recombinant GRN (1 pg/ml) and Ocy454-Gsa " CM induced a significant
decrease in osteoclast area, when compared to Ocy454-Gsa "t CM treatment alone (Fig.
8B), whereas TRAP activity was not significantly changed. These results suggest that GRN
only partially suppresses osteoclast activity and other proteins might also be involved.

Next, ShRNAs targeting Grn, Nrp-1, B2m and Mcsfwere used to knock down each of these
genes in Ocy454-Gsa KO cells. Scrambled shRNA was used as a control. Real-time PCR
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demonstrated successful suppression of these genes, as demonstrated by a significant
decrease in Grn (80%), 52m (90%), and Nrp-1 (50%), Mcsf(70%) expression, as compared
to control cells (Fig. S4). Osteoclasts treated with CM from Arp-1 knockdown (KD) or Grr-
KD Ocy454-Gsa O cells showed a significant increase in the surface area covered by
osteoclasts (Fig. 8C and D), but no changes in the TRAP activity, as compared to the cells
treated with CM from Ocy454-Gsa KO cell (Fig. S5A,B). CM from g2m-KD cells showed
no changes in osteoclasts TRAP activity, when compared to Ocy454-GsaK® CM treatment
(Fig. S5C), suggesting that this factor does not control osteoclast differentiation or
proliferation.

Lastly, we investigated the role of these proteins in BMNCs proliferation. There were no
significant changes in BMNC proliferation when cells were treated with CM from Grn,
Nrp-1 and B2m KD cells, as compared to CM from shRNA controls. In contrast, treatment
of BMNC with CM from Mcs£EKD cells showed a significant decrease in proliferation,
when compared to the shRNA control, demonstrating that osteocytes contribute to BMNC
proliferation, at least in part, through M-CSF secretion (Fig. 8D).

Discussion

Mutations in the GNAS locus, which contains the gene encoding the Gsa subunit, are
associated with several human diseases, including Albright hereditary osteodystrophy
(AHOQ), fibrous dysplasia, McCune-Albright syndrome (MAS), progressive 0sseous
heteroplasia (POH), pseudohypoparathyroidism, and thyroid and pituitary gland tumors
(20). Osteocytes express several GPCRs, including the PTH1R, the prostaglandin receptors
E,-E4, the B, adrenergic receptors and possibly others. In mice, deletion of Gsa in
osteocytes (Dmp1-Gsa KO mice) induces severe osteopenia associated with increased
myeloid cells in the bone marrow, spleen, and peripheral blood. The osteopenia is associated
with increased Sost/sclerostin expression; treatment with anti-sclerostin antibodies partially
rescued the skeletal phenotype, but not the myelopoiesis, thereby suggesting that additional
mechanisms control the proliferation of myeloid cells (11, 12).

Due to the complexity of the physiological settings and the difficulty of studying osteocytes
in vivo, we used an /n vitro (Ocy454 osteocytic cells) and ex vivo (OEBES) models (13) to
investigate, at the molecular level, the mechanisms by which osteocytes control
myelopoiesis. Here we report that osteocytes /n vitro and ex vivo secrete Gsa-dependent and
independent factors which support myeloid cell proliferation and osteoclast differentiation
and function. This finding is consistent with previous /7 vivo and ex vivoresults (21) and
supports the hypothesis that osteocytes directly regulate myeloid cells by providing soluble
paracrine factors that are regulated by Gsa signaling. Moreover, osteocytes secrete factor(s)
which promote macrophage proliferation and inhibit osteoclast formation through Gsa-
dependent and independent mechanisms. Interstingly, whereas osteocyte-secreted factor(s)
promote macrophage proliferation and inhibit osteoclast differentiation quite rapidly
(between 24 hr and 2 days, see Fig. 3C and Fig. 4A-D) and independently of Gsa-signaling,
the effects mediated by Gsa require at least 5 days of treatment with RANKL and M-CSF to
become evident. One possible explanation is that Gsa.-dependent factors control later stages
of osteoclastogenesis, like cell fusion and adicification of the resorption pit, as suggested by
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the marked distruption of the actin ring (Fig. 5D) and by the decrease in expression of Dc-
Stamp and Afp6v0dZ. Further studies will be needed to further elucidate these effects.

Many cytokines and hormones have been reported to increase proliferation of myeloid cells,
including G-CSF, M-CSF, GM-CSF, IL-1, IL-3, IL-6, erythropoietin, thrombopoietin,
vascular endothelial growth factor (VEGF), and others (22-27). Serum G-CSF was elevated
in DMp1-Gsa O mice and in CM of their OEBE, suggesting that G-CSF secreted by
osteocytes was promoting, in part, the myelopoiesis (21). However, the origin of G-CSF
remained unclear. To investigate whether osteocytes were the source of G-CSF, we sought to
measure its level in CM of Ocy45 using both proteomic and ELISA methodologies, but we
could not detect any, suggesting that the G-CSF involved in myelopoiesis derives from other
cells that are regulated, directly or indirectly, by osteocytes. Osteoblasts, monocytes,
fibroblasts and endothelial cells have all been found to secrete G-CSF (28-32). We
hypothesized that osteocytes might secrete factors other than G-CSF that control
myelopoisies. To test this hypothesis we used CM from Ocy454-Gsa.®"t and Ocy454-
GsaKO cells to treat myeloid progenitors. We reported here, for the first time, that osteocytes
in vitro, support proliferation of myeloid cells through a Gsa.-dependent mechanism. We can
speculate that signaling via Gsa either inhibit a pro-myelogenic factor or induce an anti-
myelogenic one. Indeed, among the proteins identified in our proteomic analysis, few have
been associated with myeloid cells, such as CP and Nrpl and further studies will be needed
to elucidate their role.

Recent studies provided strong evidence that osteocytes serve as a master regulator of bone
hemostasis through their secreted factors sclerostin and RANKL (3, 33, 34). Studies in mice
in which osteocytes were eliminated using the diphtheria receptor suggested that dying
osteocytes release osteoclastogenic cues. Here we demonstrated, using both /n vitroand ex
vivo models, that osteocytes secrete factors which promote monocyte/macrophage
proliferation and, at the same time, restrain osteoclast differentiation and functions. Mice
lacking Gsa. in osteocytes (Dmp1-GsaKO) have a significant decrease in both trabecular and
cortical bone and histomorphometric analysis showed that the osteopenia was mostly driven
by more than 90% decrease in osteoblast number and activity. Interstingly, osteoclast
numbers and activity was also reduced in these mice, suggesting that osteocytes control bith
osteoblasts and osteoclasts through Gsa.-dependent mechanisms. Here, we identified
neuropilin-1 and granulin as two important Gsa.-dependent osteocyte-derived factors
capable of controlling osteoclasts. We also demonstrated that BMNC and monocyte/
macrophage proliferation is regulated by factors secreted by osteocytes, including M-CSF.

Interestingly, CM from cell-deprived OEBE was still able to significantly increase BMNC
proliferation, suggesting that proteins secreted by osteoblasts or present in the bone matrix,
such as TGF-p, BMPs, OPN, IGFs, VEGF, PDGF, Collagen I, and BSP (35-37), could be
released in the culture and support cell proliferation. In addition, potential release of mineral
ions from the bones, including calcium and phosphate, might also contribute to cell growth
and proliferation. It has been shown (and previously reported) that collagen undergoes
denaturation and degradation when heated above 60°C. In our experiment, bone were
autoclaved for 30 min at 121°C, a condition that has been shown to denature collagen into a
gelatin solution (38). We can speculate that when OEBES are autoclaved, the cellular
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component is inactivated, the proteins are denatured and collagen is partially transformed
into gelatin. OEBES can then release gelatin in the CM and gelatin has been reported to
promote not only cell adhesion, but also cell proliferation (39). Future studies will be needed
to elucidate this effect.

Our results are in agreement with a previous study on isolated rat calvaria organ cultures that
suggested that osteocytes were constitutively negative regulators of osteoclastic activity and
that the inhibitory activity was lost upon osteocyte apoptosis (40). Here we showed that,
when BMNC were treated with conditioned medium from Ocy454 cells or OEBEs, there
was a significant suppression of osteoclast differentiation and maturation. Functional assays
indicated a significant and dramatic inhibition of bone resorption upon treatment with CM
from osteocytes. No difference in the size of the osteoclast resorption area between Ocy454-
Gsa ot CM and Ocy454-Gsa KO CM treatments was detected, suggesting a Gsa
independent mechanism; however, a significant decrease in the number of resorption areas
was observed with Ocy454-Gsa O CM treatment, demonstrating that there was a decrease
in the number of active osteoclasts and/or a defect in osteoclast activity. The F-actin ring is
required for proper osteoclast function and osteocyte-secreted factors alter the osteoclast
cytoskeleton and inhibit F-actin ring formation, leading to the defect in podosomes and in
osteoclast activity. These findings indicated that osteocytes and associated Gsa signaling
play a role in controlling osteoclastogenesis (40-42). For example, a previous study reported
that viable osteocytes secrete factors that suppress osteoclast activity, whereas apoptotic
osteocytes activate osteoclasts and trigger bone resorption (40). Similarly, /n vivo depletion
of osteocytes, using the diphtheria toxin receptor, increased the number of osteoclasts (43).
Our data are in agreement with such previous studies that established the concept that
osteocytes control osteoclastogenesis. Consistent with these results, we found that osteocytes
secrete factor(s) that promote(s) osteoclast apoptosis. In addition, mechanically stimulated
osteocytes secrete MEPE which upregulate OPG and decrease the RANKL/OPG ratio,
leading to osteoclast inhibition (41).

It has been reported that osteocytes are the primary source of RANKL in adult mice and that
genetic deletion of RANKL in osteocytes results in osteopetrosis (34). However, our
proteomic analysis did not identify RANKL as a secreted factor. One possible explanation
for this discrepancy is that the amount of RANKL secreted by Ocy454 cells may be below
the detection limit of the mass spectrometry method used in this investigation. Additional
studies are needed to elucidate the role of osteocyte’s RANKL on osteoclastogenesis. When
Gsa was ablated from Ocy454 cells, there was a significant increase in OPG expression,
whereas RANKL was downregulated, significantly reducing the RANKL/OPG ratio.
Interestingly, although RANKL was added to the osteoclast cultures, the decrease in
osteoclast formation and function remained, suggesting that osteoclast inhibition is mediated
by other, or additional factors.

To delineate the osteocyte secretome and to identify Gsa-dependent factors capable of
controlling myelopoiesis and osteoclastogenesis, we performed proteomic analysis of CM
and cell lysates from both Ocy454-Gsa M cells and Ocy454-Gsa KO cells. Several Gsa.-
dependent and -independent factors were identified. Among proteins we identified, NRP-1,

FASEB J. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Azab et al.

Page 17

GRN, p2M, and CP were significantly increased in Ocy454-GsaXO CM, when compared to
their levels in Ocy454-Gsa 2" CM.

NRP-1 is a transmembrane glycoprotein that plays a role in the development of the nervous
system and angiogenesis. NRP-1 acts as a receptor for SEMA3A protein and some isoforms
of VEGF (44). Increased levels of NRP-1 have been found to be associated with human
tumors, including brain, prostate, lung, colon, and breast cancers, as well as with tumor
metastasis (45, 46). The semaphorin family of proteins, which was initially identified in
neuronal development and guidance, was recently shown to be associated with bone
hemostasis. Semaphorin 3 is the secreted form of the semaphorin family proteins, which are
further divided into several subclasses, including SEMA3A, SEMA3B, SEMAS3C,
SEMAS3D, SEMA3E, SEMA3F, and SEMA3G. Plexins (PLXN A, B, C, D) and neuropilins
(NRP-1 and NRP-2) are the receptors for semaphorins (47, 48). A previous study showed
that SEMAS3A binds to NRP-1 and blocks RANKL-induced osteoclast differentiation by
inhibiting Rho and immunoreceptor tyrosine-based activation motif (ITAM) signaling
pathways. The same study showed that SEMAS3A also supports osteoblast differentiation by
stimulating the Wnt signaling pathway (5). Furthermore, SEMA3A-KO and NRP-1 knock-in
mice presented with severe osteopenia both in cortical and trabecular bone, associated with
an increase in osteoclastogenesis (5). In our study, we identified NRP-1 as an osteocyte
Gsa-dependent secreted protein capable of inhibiting osteoclastogenesis when added to
Ocy454-Gsa.®o" CM. GRN was also identified as a secreted factor which belongs to a group
of glycoproteins with 7.5 repeats of a highly conserved 12-cysteine granulin/epithelin motif.
GRN is expressed in a variety of tissues, including hematopoietic cells, macrophages,
skeletal muscles, neurons, adipocytes, and chondrocytes (49-52). It has been shown that
GRN is involved in inflammation, tumorigenesis, epithelial proliferation, wound healing,
and insulin resistance (49, 53-55).

We also identified p2M as a Gsa-dependent secreted factor. B2M is a part of type | and type
Il major histocompatibility complexes and CD1 complexes that are expressed by most cell
types and play roles in immunity. It was previously reported that increased CP serum levels
were associated with acute and chronic inflammation and with rheumatoid arthritis (56, 57).
Interestingly, Dmp1-GsaX© mice have increased numbers of neutrophils, suggesting the
occurrence of inflammation in these mice.

Osteocyte-secreted factors significantly decreased in Ocy454-GsaKC CM, as compared to
Ocy454-GsatoMt CM, include COL3a1, SEMA3D, SEMA3C, COL1al, COL1a2,
SEMAZ3A, IGSF-10, MMP2, EMILINZ2, and TIMP-2. The decrease in secreted collagens
(COL1al, COL1a2, and COL3al) in Ocy454-GsaKC CM is consistent with our previous
observations that Dmp1-GsaXO mice exhibit an osteopenic phenotype. SEMA3A is
expressed by osteoblasts and osteocytes and plays a role in bone remodeling by enhancing
osteoblast differentiation as well as inhibiting osteoclast formation. It has been reported that
SEMA3A-deficient mice are osteopenic due to suppressed osteoblast-mediated bone
formation and increased osteoclast-mediated bone resorption. Furthermore, treatment with
CM from OPG knockout osteablasts inhibited osteoclast formation, suggesting that
osteoblasts secrete SEMAS3A and other factors that inhibit osteoclast formation
independently of OPG (5). In our study, we found SEMA3A, SEMA3D, and SEMA3C to be
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osteocyte-secreted proteins. Future studies are needed to define the role of semaphorins in
osteocytes.

Osteocytes also produce other secreted proteins, including M-CSF, OPN, MIF, TGF-B, and
OPG. M-CSF is important for the proliferation and survival of osteoclast precursors and
mice lacking M-CSF display an osteopetrotic phenotype and hematopoietic abnormalities
(58, 59).

One of the limitations in this work was that deletion of a G protein that transduces the signal
through multiple receptors may yield changes in multiple signaling pathways. Future studies
will be needed to identify the different signaling pathways and receptors associated with
them.

In summary, we demonstrated that osteocytes secrete factors controlling myeloid cell
proliferation in a Gsa-dependent manner. We showed that osteocytes secrete factors that
promote BMNC and macrophage proliferation in a Gsa-independent manner and we
demonstrated that osteoclast differentiation and function were suppressed by Gsa-dependent
osteocyte-mediated secreted factor(s). We identified NRP-1 as a novel osteocyte-secreted
factor capable of inhibiting osteoclastogenesis. In addition, we found that M-CSF secreted
by osteocytes is responsible in part for BMNC proliferation. Future studies are needed to
determine the role of osteocyte-mediated NRP-1 and the other identified secreted factors in
myelopoiesis and osteoclastogenesis.
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BM Bone Marrow

BMNC Bone Marrow Mononuclear Cells
BSA Bovine Serum Albumin

cAMP cyclic adenosine mono-phosphate
Cas9 CRISPR Associated (Cas) system
CM Conditioned medium
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Figure 1: Characterization of Ocy454 cell lines.

Figure 1: Characterization of Ocy454 cell lines.
CRISPR/Cas9 was used to delete Gsa expression in Ocy454 cells. A) Realtime gPCR for

Gsa expression in Ocy454-Gsa control and KO cells. B) Western Blot analysis of Ocy454
Gsaot (Control 1, 2 and 3) and Ocy454 Gsa KO (KO 1, 2 and 3) clones. The 37-KDa band
corresponding to Gsa was not present in KO clones. Loading was normalized with tubulin.
Realtime gPCR showed a significant increase in Dmp1 (C), Sost (D) and Phex (E)
expression in KO cells compared to control, whereas Rankl (F) was significantly suppressed.
Gene regulation in response to treatment with PTH (100 nM) and Forskolin (10 pM) in
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Ocy454 Gsa control (G) and KO (H) cells. Realtime data are expressed as relative to beta
actin and normalized to control. Data are expressed as mean + SEM. Each experiment was
run in duplicate or triplicate samples and repeated at least three times. (One-way ANOVA)
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Figure 2: Osteocytes support myeloid cell proliferation through Gsa-dependent secreted
factor(s).

A) Quantification of myeloid colonies grown in myeloid-supporting medium and treated
with conditioned medium (CM) from Ocy454-Gsa. control (Gsa. cont CM) and
Ocy-454Gsa KO (Gsa KO CM) cells. B) Treatment with CM from one additional control
and two additional Ocy-454Gsa.KO clones using supporting myeloid medium. C)
Microscopic images of myeloid cells after CM treatment in non-supporting medium. D)
Quantification of the number of myeloid colonies after treatment with CM from Ocy454-
Gsa control and Ocy-454Gsa KO cells in non-supporting medium. E) Proliferation of
myeloid cells after CM treatment compared to non-treatment control. Each experiment was
run in duplicate or triplicate samples and repeated at least three times. (One-way ANOVA)

FASEB J. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Azabetal.

O

Comp-PE-Cy7-A

Control {No CM)

Gsa Control CM

600~

400+

200+

DNA concentration (ng/ml)

(=]
[

6H

Gsa Control CM

Page 27

Gsa KO CM

P<0.0001

P<o.ooo1|
P02
Pﬁw! —

P<0.0001

Hm NOCM
[ Gsa cont CM
N Gsa KO CM

24H 48H 72H 96H

Gsa KO CM

CD11B+ F480 +
320

D116+ F480 -

10°

10%

CD11B+ F480 +
456

Comp-PE-Cy7-A

129

0.4 mm -
800+
%‘ P<0.0001
=) * P<0.0001 _
£ 6004
=
2
®
£ 400+
|-
3]
c
8 200+
<
=
o
0-
No CM Gsa ContCM Gsa KOCM
Control (No CM)
10° o 10° o
10* o CD11B+ F480 + < 10%
E 333 = 4
10° o g 10° =
o 3 o3
1023 PEE
R ot "o
Comp-PE-A
40+
P<0.0001
—

P=0.0003
—

% of cells

CD11b* F480/0w CD11b* F4/g0High

CD11b* Gr1*

Comp-PE-A

Il NoCM

[ Gsa control CM
Bl Gsa KOCM

DNA concentration {ng/ml)

Comp-PE-A

P<0.0001
! P<0.0001 .
—_——s  m—
P<0.0001
P<0.0001
—

2501

2004

1504

100+

a
o
1

o
I

Control

Autoclaved OEBE OEBE cont OEBE KO

Figure 3: Osteocytes promote BMNC proliferation via secreted factor(s) independent of Gsa

signaling.

A) Microscopic images of BMNC after treatment with regular medium (Control, No CM) or
with CM from Ocy454-Gsa control (Gsa control CM) and Ocy-454 Gsa KO (Gsa KO CM)
cells. B) CM from control and KO cells promotes cell proliferation, as shown by a 12-14
fold increase in DNA concentration . C) Time course of BMNC cells proliferation upon
treatment with regular medium (black bars, no CM) or with CM from Ocy454-Gsa control
(light grey bars) and Ocy454-Gsa KO (dark grey bars) cells. D-E) Flow cytometric analysis
of BMNC treated with regular medium (Control, No CM) or CM from Ocy454-Gsa control
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and Ocy454-Gsa KO cells. BMNC were stained with anti-CD11b and F4/80 fluorescently
conjugated antibodies prior to flow cytometry. F) Proliferation of BMNC after treatment
with CM from OEBES (ex vivo bone explants) from Dmp1-GsaWT (OEBE cont) or Dmp1-
Gsa O (OEBE KO) animals. To test non-cell effects, bones were autoclaved to eliminate the
cellular components prior to collection of CM. Error bars represent mean £ SEM. Each
experiment was run in duplicate or triplicate samples and repeated at least three times. (One-
way ANOVA).
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Figure 4: Osteocytes suppress osteoclast differentiation and promote apoptosis via Gsa.-
dependent secreted factor (s).

BMNCs were treated with M-CSF (50 ng/ml) and RANKL (50 ng/ml) (M+R) for various
time (2,3,5 and 7 days), in the presence of regular medium (No CM, black bars) or CM from
Ocy454-Gsa.®M (light grey bars) or Ocy454-Gsa KO (dark grey bars) cells. A) TRAP
staining, B) Number of multinucleated TRAP+ osteoclasts, C) TRAP activity, D)
Percentages of surface area covered by osteoclasts and E) Average cells area after 2, 3, 5 and
7 days of treatment with M+R. F) Realtime gPCR for osteoclast-specific genes 7rap, Ctsk,
Mmp9, Dc-stamp and Alp6v0d2 after 5 days of treatment with M+R. G) Quantification of
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apoptotic cells measured by Caspase3/7 activity in BMNC treated with regular medium (No
CM) or CM from control and KO cells. Error bars represent mean = SEM. Each experiment
was run triplicate samples and repeated at least three times. (One-way ANOVA).
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Figure 5: Osteocytes inhibit osteoclast functions via Gsa-dependent secreted factors.
CM from Ocy454-Gsa control and Gsa. KO cells suppresses osteoclast function, as shown

by a reduction in the resorption area. BMNCs were seeded into Osteo-assay plates and
resorption pits were analyzed after 10 days of treatment with CM and M-CSF and RANKL.
A) Microscopic images of resorption area induced by osteoclasts. Quantification of B) the
percentages of resorbed area and C) the average number of resorbed area in each well.
Regular medium (No CM, black bars), CM from Ocy454-Gsa ™ (light grey bars) or
Ocy454-Gsa. KO (dark grey bars) cells. D) Rhodamine-phalloidin staining of F-actin rings in
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osteoclasts treated with regular medium (No CM), CM from Ocy454-Gsa control or CM
from Ocy454-Gsa KO cells. E) Quantification of the number of osteoclasts with an intact F-
actin ring. (One-way ANOVA). Error bars represent mean + SEM. Each experiment was
repeated at least 3 times.
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Figure 6 : Osteocytes-enriched bone explants suppress osteoclast differentiation via Gsa.-
dependent secreted factors.

A) TRAP staining of osteoclasts after treatment with medium alone (No CM) or CM from
Dmp1GsaWT and Dmp1GsaKC OEBEs. B) TRAP activity and C) percentages of surface
area covered by osteoclasts. Regular medium (No CM, black bars), CM from Dmp1-GsaWT
(light grey bars) or Dmp1-GsaKC (dark grey bars) OEBEs (One-way ANOVA). Error bars
represent mean = SEM. Each experiment was repeated at least 3 times.
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Figure 7: Gene expression of identified secreted factors in Ocy454-Gsa.°™ and Ocy454-Gsa <O
cells and Dmpl-GSaWT or Dmpl—GSu.KO OEBEs.

A) mRNA expression of Nrp-1, Grn and 2m was significantly increased in Ocy454 Gsa KO
cells (grey bars) compared to Ocy454-Gsa Control cells (balck bars). B) mRNA expression
of Col3al1, Sema3c, CollaZ2, Sema3a, MmpZ2, Emillin2, and Sema3d was significantly
reduced in Ocy454 GsaKO cells (grey bars) compared to Ocy454-Gsa Control cells (black
bars). C) mMRNA expression of Nrp-1, Grn and CPwas significantly increased in OEBES
from Dmp1-GsaXC animals (grey bars) compared to Dmp1-Gsa.coMr0! (black bars)
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(unpaired t-test). Error bars represent mean + SEM. Each experiment was repeated at least 3
times.
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Figure 8: Effects of osteocyte-derived secreted NRP-1 and GRN on osteoclasts differentiation.
A) BMNCs were treated with CM from Ocy454-Gsa." (black bars), Ocy454-Gsa KO (light

grey bars) or Ocy454-Gsa " in the presence of recombinant mouse neuropilinl (NRP-1)
(1000 ng/ml) (dark grey bars) or vehicle (black and grey bars). NRP-1 inhibited osteoclasts
formation in BMNC treated with Ocy454-Gsa.c®" CM (and vehicle) as shown by a
significant decrease in TRAP-positive cells, TRAP activity and the percentage of surface
area covered by osteoclasts as compared to Ocy454-Gsa "t CM + vehicle treated cells
(black bars compared to dark grey bars). B) Treatment with recombinant mouse GRN (1

FASEB J. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Azab et al.

Page 37

ug/ml) partially reduced the number of osteoclasts, as shown by decreased percentage of
surface area covered by osteoclasts upon treatment with GRN, whereas it had no effect on
TRAP activity . D) Knock-down (KD) of Grn in Ocy454-Gsa %O cells (Grn KD, dark grey
bar) partially restored osteoclasts number, as shown by increased surface area. C) Knock-
down (KD) of NRP1 in Ocy454-Gsa. KO cells (Nrpl KD, dark grey bar) partially restored
osteoclast numbers, as shown by increased surface area compared to cells treated with CM
from Ocy454-Gsa X0, E) Treatment of BMNC with CM from Ocy454-Mcsf-KD cells
showed a significant decrease in proliferation, when compared with CM from
Ocy454shRNA control (light grey bar). (One-way ANOVA). Error bars represent mean +
SEM. Each experiment was repeated at least 3 times.
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Secreted proteins identified as significantly changed in expression levels in Ocy454 Gsa O CM and Ocy454
Gsa.Cont CM, as determined by mass spectrometry

GSA-DEPENDENT SECRETED FACTORS

Proteins
CP
NRP-1
B2M
GRN
Col3al
SEMA3D
SEMA3C
Collal
Colla2
SEMA3A

P-values
0.017
0.028
0.01
0.04
0.047
0.045
0.005
0.03
0.02
0.01

Fold changes
13.6
9.3
2.28
15
-17.4
-8.7
-5.2
-5.1
-4.8
-2.9
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