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Introduction: Estrogen deficiency leads to bone loss in postmenopausal osteoporosis,
because bone formation, albeit enhanced, fails to keep pace with the stimulated osteoclastic
bone resorption. The mechanism driving this uncoupling is central to the pathogenesis of
postmenopausal osteoporosis, which, however, remains poorly understood. We previously
found that Cxcl9 secreted by osteoblasts inhibited osteogenesis in bone, while the roles of
Cxcl9 on osteoclastic bone resorption and osteoporosis are unclear.

Materials and Methods: Postmenopausal osteoporosis mouse model was established by
bilateral surgical ovariectomy (OVX). In situ hybridization was performed to detect Cxcl9
mRNA expression in bone. ELISA assay was conducted to assess Cxcl9 concentrations in
bone and serum. Cxcl9 activity was blocked by its neutralizing antibody. Micro-CT was
performed to determine the effects of Cxcl9 neutralization on bone structure. Cell Migration
and adhesion assay were conducted to evaluate the effects of Cxcl9 on osteoclast activity.
TRAP staining and Western blot were performed to assess osteoclast differentiation. CXCR3
antagonist NBI-74,330 or ERK antagonist SCH772984 was administered to osteoclast to
study the effects of Cxcl9 on CXCR3/ERK signaling.

Results: Cxcl9 was expressed and secreted increasingly in OVX mice bone. Neutralizing
Cxcl9 in bone marrow prevented bone loss in the mice by facilitating bone formation as well
as inhibiting bone resorption. In vitro, Cxcl9 secreted from osteoblasts facilitated osteoclast
precursors adhesion, migration and their differentiation into mature osteoclasts. The positive
role of osteoblastic Cxcl9 on osteoclasts was eliminated by blocking CXCR3/ERK signaling
in osteoclasts. Estrogen negatively regulated Cxcl9 expression and secretion in osteoblasts,
explaining the increased Cxcl9 concentration in OVX mice bone.

Conclusion: Our study illustrates the roles of Cxcl9 in inhibiting bone formation and
stimulating bone resorption in osteoporotic bone, therefore providing a possible therapeutic
target to the treatment of postmenopausal osteoporosis.

Keywords: postmenopausal osteoporosis, bone resorption, osteoclast, Cxcl9

Introduction

Maintenance of bone mass depends on balanced activities between new bone
formation by osteoblasts and old bone resorption by osteoclasts.'? In postmeno-
pausal women, however, estrogen deficiency causes higher bone resorption levels
than those of bone formation. These women exhibit osteoporosis with increased
bone fragility and are susceptible to bone fractures.’ In the worldwide, about 100
million people are suffering from postmenopausal osteoporosis.* To treat
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osteoporosis, several drugs have been developed to pre-
vent bone resorption or promote bone formation,’ whereas
modulating of only one of the two processes (bone resorp-
tion and bone formation) limits the efficacy of these drugs.
The mechanism driving uncoupling is central to the patho-
genesis of postmenopausal osteoporosis and vital for
development of new drugs to restore the remodeling bal-
ance, which, however, remains poorly understood.

CXCL9, which is also called MIG (monokine induced
by interferon-y (IFN-y)), is a member of the CXC chemo-
kine family. CXCL9 is mainly produced by activated
macrophages.® We previously found that Cxcl9 is consti-
tutively expressed and secreted by osteoblasts in the bone
marrow microenvironment. Cxcl9 abrogates osteogenesis
by inhibiting differentiation of osteoblast as well as bone
marrow stem cells (BMSCs).”

Recently, researchers identified a unique vascular sub-
type, called type H vessels, which is characterized by high
expression of endothelial markers CD31 and endomucin
(CD31™Emen™).®®  This particular vascular subtype
decreases with age, which is consistent with a decrease
in the number of osteoprogenitor cells and a decrease in
bone mass. Our previous study showed that Cxcl9 secreted
by osteoblasts also attenuates type H vessels formation in
bone.” However, the effects of Cxcl9 on osteoclast bone
resorption and bone loss associated with estrogen defi-
ciency have not been illustrated.

In this study, we found that chemokine Cxcl9 is up-
regulated by estrogen deficiency in osteoblasts of ovariec-
tomized (OVX) mice. Neutralization of Cxcl9 alleviated
bone loss in the mice. Further studies revealed that Cxcl9
inhibited osteoblastic bone formation while stimulated
osteoclast adhesion, migration and differentiation.
Mechanistically, Cxcl9 facilitated activity of osteoclast
by binding and activating CXCR3/ERK signaling. We
propose a novel model, whereby upregulation of Cxcl9
leads to suppression of bone formation, while simulta-
neously repressing osteoclast differentiation and activity.
Therefore, reducing Cxcl9 concentration in bone marrow
might be beneficial for developing novel drugs to treat
osteoporosis.

Materials and Methods

Animal

12-week female C57BL/6 mice were purchased from the
Laboratory Animal Research Center of the Southern
Medical University. The mice were randomly divided

into sham, OVX, OVX+Veh (Vehicle) and OVX+Ab
(Cxcl9 antibody) groups. Under general anesthesia, the
mice were subjected to Sham surgery or bilateral surgical
ovariectomy (OVX) by dorsal approach.'® Bone loss was
observed in them 2 months after OVX. Mice in the OVX
+Veh or OVX + Ab group (n=5) were injected subcuta-
neously with saline or anti-Cxcl9 (R&D System, #AF-492-
NA, 1ug/50 pL) every other day for 2 months and then
sacrificed for further analysis. The treatment was con-
ducted with the first injection at the same day of OVX or
2 months after OVX. All procedures involving the mice
were approved by the Southern Medical University
Animal Care and Use Committee and were conducted
according to the recommendations of “Guide for the
Care and Use of Laboratory Animals, 8th edition”.

Cells

Primary osteoblastic cells were prepared from the calvaria

L12 and were

of newborn mice as described previously
maintained in a-MEM (Gibco) supplemented with 10%
fetal bovine serum (Gibco), 100 U/mL penicillin, and
100 mg/mL streptomycin sulfate, at 37°C with 5% CO2.
After reaching confluence in 60 mm culture dishes, the
medium was replaced with a-MEM (Gibco) supplemented
with 1% bovine serum albumin and the cells were cultured
for 16 h before harvesting the conditional medium.
Primary osteoclast precursors were generated from
mouse bone marrow cells as previously described.'> We
flushed tibia and femora of 6- to 7- week-old mice to
obtain bone marrow cells. Then we suspended the cells
in o-minimum essential medium (oa-MEM) containing
10% fetal bovine serum, 100 U/mL penicillin, 100pg/mL
streptomycin, 5 ng/mL M-CSF. After 3 days of culture, we
removed the floating cells. Adherent cells were used as
osteoclast cell precursors. To induce osteoclastic differen-
tiation, we plated osteoclast precursors in 96-well plates at
the concentration of 2x10° cells per well in DMEM with
75 ng/mL recombinant RANKL and 15 ng/mL M-CSF.

Cell Staining

Before cell staining, we fixed the cells in 4% paraformal-
dehyde for 20 minutes at room temperature before ALP
staining of the osteogenic differentiated osteoblasts. We
then washed the cells with PBS, incubated them with ALP
staining buffer (NBT-BCIP, Sigma-Aldrich) at 37°C for 30
minutes, and washed them with PBS again to remove
excess dye. Before TRAP staining of osteoclastic differ-
entiated cells, we fixed the cells 60% citrate buffered
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acetone to for 30 s. Then we stained the cells for TRAP
with 0.1 M acetate solution (PH 5.0) containing 6.76 mM
sodium tartrate, 0.12 mg/mL naphthol AS-MX phosphate,
and 0.07 mg/mL of fast Garnet GBC solution as described
in the manufacturer’s instruction (Waltham, MA, USA).
We counted osteoclasts as TRAP-positive multinucleated
cells (MNCs) containing more than three nuclei.

Migration Assay

Cell migration assays were performed as previously
described.'* Firstly, we cultured osteoclast precursors
were in 50ng/mL M-CSF. After 60 hours, we treated the
cells with cell dissociation solution (Sigma, St Louis,
MO), harvested and resuspended them in serum-free a-
MEM. Next, we seeded the cells in the upper well of the
Boyden chamber with polycarbonate filters containing 8-
pm pore membranes (Corning Costar, Cambridge, MA).
We loaded the lower well with conditional medium col-
lected from osteoblast. After 6 to 8 hours of incubation, we
fixed the migrated cells in 3.7% formaldehyde for 10
stained them with DAPI and counted the
migrated cells.

minutes,

Adhesion Assay

First, we coated 96-well microtiter plates with 20 ug/mL
fibronectin in PBS for 16 hours at 37°C. Then washed the
plates with PBS and incubated them with PBS containing
0.2% BSA for 1 hour at 37°C. Next, we suspended osteo-
clast precursors in serum-free a-MEM seeded them to
each well of fibronectin-coated 96-well plates and incu-
bated for 10 minutes at 37°C in the presence of conditional
medium collected from osteoblast.

Micro-CT Scanning and Quantitative
Analysis

Femurs were wiped off all surrounding soft tissue, fixed
for 48 h in 4% paraformaldehyde and analyzed at 12 um
resolution on a micro-CT Scanner (Viva CT40; Scanco
Medical AG, Bassersdorf, Switzerland). The femurs were
scanned at the lower growth plate and extended proximally
for 300 slices. Morphometric analysis was started with the
first slice in which the femoral condyles were fully merged
and extended for 100 slices proximally. We segmented the
trabecular bone from the cortical shell manually on key
slices using a contouring tool, and morphed the contours
automatically to segment the trabecular bone on all slices.
The three-dimensional structure and morphometry were

constructed and analyzed for trabecular bone volume frac-
tion (BV/TV), trabecular thickness (Tb. Th), trabecular
number (Tb. N) and trabecular separation (Tb. Sp).

Decalcified Sections, Histochemistry and

Immunohistochemistry (IHC)

After micro-CT scanning and analysis, we decalcified the
femurs in 15% EDTA (pH 7.4) at 4°C for 14 days. Then
we embedded the decalcified tissues in paraffin and pre-
pared 5 pm sagittal-oriented sections for histological ana-
lyses. After removal of the paraffin, we performed
(TRAP)
according to a standard protocol (Sigma-Aldrich). For

Tartrate-resistant acid phosphatase staining
immunohistochemistry, the sections were incubated pri-
mary antibodies recognizing mouse Runx2 (Cell
Signaling, #12556S, 1:100) and osteocalcin (Abcam,
1:500, ab93876) overnight at 4°C. Then the sections
were washed with PBS and sequentially incubated with
fluorescently-labeled secondary antibodies for 1 h at room
temperature. All sections were observed and photographed
on an Olympus BX51 microscope. Immunohistochemical
staining was evaluated by positive cell number per bone
perimeter (B.Pm).

ELISA Analysis

Using Mouse CXCL9/MIG (Monokine induced by inter-
feron-gamma) ELISA Kit (Elabscience, # E-EL-M0020),
we analyzed Cxcl9 concentrations in serum, bone marrow
supernatant and conditional medium respectively. We per-
formed the ELISA analysis according to the manufac-
turer’s instructions.

Real-Time Reverse Transcription-

Polymerase Chain Reaction

We extracted total RNA from cell pellets with TRIzol
Reagent (Life Technologies, #15,596-018). Total RNA
was then reverse transcribed using PrimeScript Reverse
Transcriptase (Takara, #2680B). A volume of 2 pL of
cDNA (corresponding to 100 ng of total RNA) was used
for real-time PCR using SYBR Premix Ex Taq (Takara,
#RR420A). The primer sequences used are as follows:
Cxcl9 forward, GGAGTTCGAGGAACCCTAGTG and
reverse GGGATTTGTAGTGGATCGTGC. PCR amplifi-
cation program was 94 °C for 3 minutes, 94 °C for 15
seconds, and 60 °C for 30 seconds, 40 cycles. Relative
gene expression was determined using the AA-ct method
versus the housekeeping gene GAPDH.
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Western Blot Assay

We first lysed cells in 2% sodium dodecyl sulfate with 2 M
urea, 10% glycerol, 10 mM Tris-HCI (pH 6.8), 10 mM
dithiothreitol and 1 mM phenylmethylsulfonyl fluoride.
We then centrifuged the lysates and separated the super-
natants by SDS-PAGE and blotted them onto a nitrocellu-
lose (NC) membrane (Bio-Rad Laboratories). We next
incubated the membrane with specific antibodies to
Runx2 (Cell Signaling Technology, #12556S, 1:1000),
Osteocalcin (Abcam, #ab76690, 1:1000), NFATc1 (Cell
Signaling Technology, # 8032S, 1:1000), c-FOS (Cell
Signaling Technology, #2250, 1:2000), CTSK (Abcam, #
ab19027, 1:2000), phospho-Akt (Ser473) (Cell Signaling
Technology, #4060, 1:1000), phospho-Src (Tyr416) (Cell
Signaling Technology, #2101, 1:1000), phospho-ERK1/2
(Thr202/Tyr204) (Cell Signaling Technology, #4370,
1:1000), ERKI1/2 (Abclonal #A0229,
1:1000). The membrane was then visualized by enhanced

Technology,

chemiluminescence (ECL Kit, Amersham Biosciences).

siRNA Knockdown

We transiently transfected cells with Cxcl9 siRNA using
Lipofectamine RNAi MAX (Invitrogen, Carlsbad, CA,
USA) in Opti-MEM medium (Invitrogen), according to
the manufacturer’s instructions. The efficiency of transfec-
tion was measured by Western blot. The sequence of
Cxcl9 siRNA was as follows: 5-GUUUGUAAGCACGA
ACUUUA-3' (GenePharma, Shanghai, China).

Statistics

All results are presented as the mean = S.D. Curve analysis
was determined using Prism (GraphPad). All data demon-
strated a normal distribution and similar variation between
groups. The data in each group were analyzed using
unpaired, two-tailed Student’s t-test. The level of signifi-
cance was set at P < 0.05.

Results

Osteoblasts Secrete Increased Cxcl9 in
OVX Mice

First, 12-week old C57BL/6 mice were subjected to sham
surgery (Sham) or OVX, and were sacrificed 8 weeks later,
a length of time used by others to investigate the acute
phase of bone loss induced by OVX.'*> We first measured
the uterine wet weight to confirm the estrogen status in the
OVX or sham-operated mice. Uterine weight of mice
after

significantly decreased by 80% ovariectomy

(Figure S1). Expectedly, OVX mice exhibited significant

bone loss as compared with their Sham control
(Figure 1A), as characterized by lower trabecular bone
volume (BV/TV), number (Tb.N) and thickness (Tb.Th)
and increased trabecular separation (Tb.Sp) 8 weeks after
OVX when compared to sham mice (Figure 1B). In con-
sistent with previous reports, OVX mice presented signifi-
cantly reduced type H vessels in the metaphysis of the
femur as compared with the sham group (Figure S2).
Moreover, an increase in osteoclast number was also wit-
nessed in OVX mice (Figure 1C and D). Then we sought
to determine the role of osteoblastic Cxcl9 in osteoporosis
induced by OVX. As we reported previously, Cxcl9 exhib-
ited specific expression in osteoblasts in bone and showed
increased expression in osteoblasts in OVX mice
(Figure 1E and F). We also detected secretion of Cxcl9
into bone and blood in these mice by ELISA assay, results
from which confirmed that osteoblasts secreted more

Cxcl9 in OVX mice (Figure 1G).

Neutralizing Cxcl9 in Bone Marrow
Alleviates Bone Loss in OVX Mice

To investigate the role of the increased Cxcl9 in develop-
ment of OVX-induced osteoporosis, we subcutaneously
injected neutralizing antibody against Cxcl9 into OVX
mice to block Cxcl9 in vivo with the first injection on
the same day as OVX. Treatment of Cxcl9 antibody sub-
stantially increased trabecular bone volume and both the
cortical bone thickness and perimeter in OVX mice
(Figure 2A and B). These results show that inhibition of
Cxcl9 can prevent bone loss in OVX mice. Furthermore,
we established another group of OVX mice and treated
them with Cxcl9 antibody 2 months after OVX, when
bone loss has occurred, to determine the therapeutic role
of anti-Cxcl9 in OVX-induced bone loss. After 2 months,
anti-Cxcl9 caused a significant regain of bone mass in
OVX mice (Figure S3), from which we inferred that
suppression of Cxcl9 leads to the recovery of bone mass.
Together, these results proved that the increased Cxcl9
contributes to bone loss in OVX mice and suggested a
preventative as well as a therapeutic role of Cxcl9 suppres-
sion in postmenopausal osteoporosis.

Cxcl9 Inhibits Bone Formation in vivo and
in vitro

We then explored how anti-Cxcl9 alleviated bone loss in
OVX mice. We found that type H vessels density was
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Figure | Osteoblasts secrete increased Cxcl9 in OVX mice. (A) Representative uCT images of metaphyseal trabecular bone and cortical bone in femur. Scale bar, | mm.
(B) Quantitative pCT analysis of the trabecular bone volume/total volume (Tb. BV/TV), trabecular number (Tb. N), trabecular thickness (Tb. Th), cortical thickness (Ct. Th)
and periosteal perimeter (Ps. Pm) of femora. n=5 per group. (C) TRAP staining of distal femur from Sham and OVX mice. Scale bar, 100 pm. (D) The number of osteoclasts
(N.OC) on bone surface (/B.Pm) was measured. (E) Representative images of in situ hybridization of Cxcl9 mRNA in conjunction with immunostaining of Ocn in femur
sections. Scale bar, 50 um. (F) Cxcl9" osteoblasts out of total osteoblasts were also quantified. (G) Cxcl9 concentrations assessed by ELISA in bone marrow (BM) and
serum. n=5 per group. Data are shown as mean # s.d. *P < 0.05, **P < 0.01 (Student’s t-test).

significantly elevated in OVX mice injected with Cxcl9 anti-
body (Figure S4). We then detected numbers of osteoblast,
the chief bone-making cells, in bone. Immunostaining of
osteocalcin (Figure 3A), marker of mature osteoblasts,
showed that anti-Cxcl9 increased osteoblast number in
OVX bone (Figure 3B). These results suggested that Cxcl9
inhibited osteoblast formation in bone. To reveal the under-
lying mechanism, we firstly studied the effect of Cxcl9 on
osteoblast proliferation using BrdU assay. As shown in
Figure 3C and D, Cxcl9 markedly inhibited proliferation of
mouse primary calvarial osteoblasts. We then induced osteo-
blastic differentiation of the cells. When Cxcl9 was added to

the osteogenic medium, the alkaline phosphatase (ALP)
staining showed a decrease in comparison with the untreated
cells (Figure 3E). Moreover, Cxcl9 impaired expression of
Runx2 and osteocalcin in osteoblasts (Figure 3F). These
results proved that Cxcl9 attenuated bone formation in vivo
and in vitro.

Cxcl9 Promotes Bone Resorption in vivo

and in vitro

We then investigated whether Cxcl9 affected bone resorption
in OVX mice. We performed TRAP staining of tibia slices to
detect osteoclasts in OVX mice bone, results from which
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Figure 2 Neutralization of endogenous Cxcl9 alleviates bone loss in OVX mice. (A) Representative micro-computed tomography (uCT) images of metaphyseal trabecular bone
and cortical bone in the distal femur of OVX mice treated with vehicle (OVX+Veh) or Cxcl9—neutralizing antibody (OVX+Ab) (11g/50 pulL) every other day for 2 months with the
first injection at the same day of OVX. Scale bar, | mm. (B) Quantitative uCTanalysis of the trabecular bone fraction (Tb. BV/TV), trabecular number (Tb.N), trabecular thickness
(Tb.Th), cortical bone thickness (Ct. Th) and periosteal perimeter (Ps. Pm) of femora. n=5 per group. Data are shown as mean * s.d. *P < 0.05, **P < 0.0 (Student’s t-test).
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Figure 3 Cxcl9 attenuates bone formation in vivo and in vitro. (A) Immunofluorescent staining of Ocn in the distal femur of OVX mice treated with vehicle or Cxcl9—
neutralizing antibody (Anti-Cxcl9) with the first injection at the same day of OVX. Scale bar, 50 um. (B) Number of osteocalcin positive osteoblasts (Ocn™ OB) on the bone
surface was measured as cells per millimeter of perimeter in sections (/B.Pm). n=9 per group. (C) Representative confocal images of immunostaining of BrdU (green) in
mouse primary calvarial osteoblasts. Scale bar, 100 um. (D) Quantitative analysis of BrdU" cells over total cells. n=9 per group. (E) ALP staining differentiated calvarial
osteoblasts on the 7th day of osteogenic induction. (F) Western blot analysis of osteoblastic marker Runx2 and Ocn expression in differentiated calvarial osteoblasts on the
7th day. Data are shown as mean # s.d. *P < 0.05, **P < 0.01 (Student’s t-test).
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clearly showed that anti-Cxcl9 reduced osteoclast numbers in
OVX mice (Figure 4A and B). As we previously showed that
Cxcl9 in the bone marrow mainly derived from osteoblasts,
these results suggested that osteoblasts might secrete Cxcl9 to
promote osteoclast formation. In order to test this hypothesis,
we treated osteoclast precursors with conditional medium
(CM) collected from osteoblasts interfered with Cxcl9 expres-
sion. It has been reported that Cxcl9 facilitates the adhesion of
hematopoietic progenitor cells,'® we firstly examined whether
osteoblastic Cxcl9 affects adhesion of osteoclast precursors.
Osteoclast precursor cells were allowed to attach to the fibro-
nectin-coated substratum in the presence of osteoblasts CM.
The CM of osteoblasts interfered with Cxcl9 decreased the
adhesion of osteoclast precursors (Figure 4C), indicating that
osteoblastic Cxcl9 promoted adhesion of osteoclasts.
Osteoclasts are recruited from bone marrow or peripheral
circulation and migrate to a local site to resorb bone. We then
performed migration assays to test whether Cxcl9 could induce
the migration of osteoclasts. As shown in Figure 4D, osteoclast
migration was significantly decreased on treatment with CM of
osteoblasts with impaired Cxcl9 expression. This suggested
that osteoblastic Cxcl9 facilitated osteoclast migration. We
then induced osteoclastic differentiation of the cells in the
presence of osteoblasts CM and observed that TRAP" mature
osteoclast formation was significantly impaired when cultured
in CM from osteoblasts with decreased Cxcl9 expression
(Figure 4E). Moreover, osteoclast markers (NFATc1, c-FOS
and CTSK) expression were all reduced by this osteoblast CM
(Figure 4F). These results suggested that osteoblastic Cxcl9
enhanced osteoclast differentiation.

Cxcl9 Facilitates Osteoclast Activity via
CXCR3/ERK Signaling Pathway

We then investigated the mechanisms responsible for the
impaired osteoclast activity by Cxcl9. CXCR3 is a well-
known receptor bound with high affinity by Cxcl9. We asked
whether Cxcl9 activates CXCR3 in osteoclast. We first inves-
tigated by immunofluorescence whether osteoclast precursors
express this chemokine receptor. As shown in Figure 5A and
B, osteoclast precursor cells cultured in vitro and CTSK posi-
tive osteoclasts in mice bone clearly presented expression of
CXCR3. Moreover, Srk/ERK signaling pathways, down-
stream of CXCR3,'” was activated in osteoclast precursors
treated with Cxcl9 (Figure 5C, Figure S5A). However, the
cells pretreated with CXCR3 antagonist did not exhibit activa-
tion of Srk/ERK signaling pathway upon Cxcl9 treatment
(Figure 5D, Figure S5B). Therefore, Cxcl9 activates CXCR3/

ERK signaling in osteoclasts. We next investigated whether
CXCR3/ERK signaling mediated the effects of Cxcl9 on
osteoclast. Indeed, the positive roles of Cxcl9 on osteoclast
precursors adhesion (Figure 6A), migration (Figure 6B) and
differentiation (Figure 6C—E) were markedly abrogated by
supplement of CXCR3 antagonist NBI-74,330 or ERK antago-
nist SCH772984. Totally, these results proved that Cxcl9 facil-
itates osteoclast activity via CXCR3/ERK signaling pathway.

Estrogen Negatively Regulates Cxcl9

Secretion in Osteoblasts

Finally, we investigated how Cxcl9 secretion is elevated in
osteoblasts in OVX mice bone. Bone phenotypes of OVX
mice are mainly caused by estrogen deficiency, we thus
determined whether estrogen regulate Cxcl9 expression
and secretion in osteoblasts and contributes to the increased
Cxcl9 secretion in OVX mice bone. We treated mouse
primary osteoblasts with estradiol and fulvestrant (estrogen
receptor antagonist) respectively and examined Cxcl9
expression and secretion. Cxcl9 mRNA (Figure 7A), pro-
tein (Figure 7B) and secretion (Figure 7C) were all signifi-
cantly increased upon estradiol treatment while reduced by
fulvestrant. These results suggested that estrogen negatively
regulates Cxcl9 expression and secretion in osteoblasts.

Discussion

In women with postmenopausal osteoporosis, the withdra-
wal of estrogen leads to bone loss because bone formation,
albeit enhanced, fails to keep pace with the stimulated
osteoclastic bone resorption,® a phenomenon known as
uncoupling.'® The mechanisms driving this uncoupling,
however, is not yet fully demonstrated. In this study, we
examined the role of Cxcl9 in the development of post-
menopausal osteoporosis in ovariectomized (OVX) mice
and investigated the mechanisms by which Cxcl9 uncou-
ples bone formation from bone resorption. We provide
demonstrations that estrogen deficiency upregulates the
levels of Cxcl9 in the bone marrow, and that Cxcl9 neu-
tralization in vivo alleviates bone loss after OVX. These
observations demonstrate that Cxcl9 plays a pivotal role in
the pathogenesis of postmenopausal osteoporosis.

Bone remodeling depends a tight balance of the activ-
ities of bone formation and resorption. Various types of
cells and factors are involved in the process of bone
remodeling.'® Osteoblast and osteoclast are the two main
cells participating in those progresses.”’ Moreover, it has
been shown that osteoblast and osteoclast communicate
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Cxcl9) with the first injection at the same day of OVX. Scale bar, 100 um. (B) The number of osteoclasts (N.OC) on bone surface (/B.Pm) was measured. (C) Osteoclast
precursors (Bone Marrow-Derived Macrophages (BMM)) were treated with 50 ng/mL M-CSF for 60 hours. Cells were incubated for 10 minutes on fibronectin-coated
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Nonadherent cells were washed with PBS, and adherent cells were stained with DAPI and counted under a fluorescence microscope. Scale bar, 50 pm. (D) Osteoclast
precursors were cultured in the presence 50 ng/mL M-CSF plus 100 ng/mL RANKL for 60 hours. Cells were washed with PBS, suspended in serum-free a-MEM, and loaded
to the upper well of transwell chambers. The lower well contained conditional medium from osteoblasts (OB CM) pretreated with Cxcl9 siRNA (si-Cxcl9) or negative
control (NC). After 6 hours, cells migrated onto the lower well were stained with DAPI and counted under a fluorescence microscope. Scale bar, 50 um. (E) BMMs were
incubated with conditional medium from osteoblasts (OB CM) pretreated with Cxcl9 siRNA (si-Cxcl9) or negative control (NC) with supplementary M-CSF and RANKL.
After 72 h, osteoclast formation was analyzed by TRAP staining and numbers of osteoclasts were counted as TRAP-positive multinucleated cells (TRAP* MNCs). (F)
Immunoblotting was carried out to detect expression of osteoclast markers in the differentiated BMMs. Data are shown as mean + s.d. *P < 0.05 (Student’s t-test).
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with each other to keep the balance of the bone formation
and resorption through direct cell-cell contact, cytokine or
cell-bone matrix.?! Several mechanisms have been
reported to be utilized by osteoblasts to control osteoclas-
togenesis, among which the RANKL/OPG axis is the best
studied pathway.”*** Here, we describe Cxcl9 as novel
mediator of interactions between osteoblasts and osteo-
clasts and illustrate its function on bone formation and
resorption. Phosphorylation of MAPKs (ERK, JNK, and
p38) in BMMs is the early event of RANKL/RANK sig-
that

Mechanism research in this study showed that stimulation

naling activation controls  osteoclastogenesis.

of osteoclast formation by Cxcl9 also depends on ERK

phosphorylation in BMMs, indicating synergy of Cxcl9/
CXCR3 and RANKL/RANK signaling in osteoclast
activation.

We previously found that Cxcl9 inhibited prolifera-
tion and osteoblastic differentiation of bone marrow
(BMSCs)
Therefore, the finding that treatment with anti—-Cxcl9

stem cells and osteoblast precursors.’

prevents bone loss by enhancing bone formation was
not unexpected. However, we provide additional evi-
dence that Cxcl9 also influences osteoclast adhesion,
migration and differentiation by stimulating CXCR3/
ERK signaling pathway. In accordance with this,

CXCR3 signaling has been reported to activate
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Figure 6 Cxcl9 facilitates osteoclast activity via CXCR3/ERK signaling pathway. (A) BMM cells were treated with 50 ng/mL M-CSF for 60 hours, and were then incubated for
10 minutes on fibronectin-coated culture plates supplemented with Cxcl9, Cxcl9 plus NBI-74,330 or Cxcl9 plus SCH772984 (ERK antagonist) as indicated. Nonadherent
cells were washed with PBS, and adherent cells were stained with DAPI and counted under a fluorescence microscope. (B) BMM cells were cultured in the presence 50 ng/
mL M-CSF plus 100 ng/mL RANKL for 60 hours. Cells were washed with PBS, suspended in serum-free 0-MEM, and loaded to the upper well of transwell chambers. The
lower well contained Cxcl9, Cxcl9 plus NBI-74,330 or Cxcl9 plus SCH772984 as indicated. After 6 hours, cells migrated onto the lower well were stained with DAPI and
counted under a fluorescence microscope. BMMs were incubated with Cxcl9, Cxcl9 plus NBI-74,330 or Cxcl9 plus SCH772984 as indicated with supplementary M-CSF and
RANKL. After 72 h, osteoclast formation was analyzed by TRAP staining (C) and numbers of osteoclasts were counted as TRAP-positive multinucleated cells (TRAP*
MNCs) (D). (E) Immunoblotting was carried out to detect expression of osteoclast markers in the differentiated BMMs. Data are shown as mean * s.d. *P < 0.05, **P < 0.01
(Student’s t-test).

osteoclastogenesis by other studies.’** However, the
effects of Cxcl9 on osteoblasts are independent on its
established receptor CXCR3, since CXCR3 antagonist
did not reversed the inhibitory role of Cxcl9 on osteo-
blasts. Instead, Cxcl9 exerts its function by binding with
VEGF and abrogated its osteogenesis stimulation.” It is
interesting that Cxcl9 acts on osteoblasts and osteoclasts
through different mechanisms. We suspected that the

different origins of the two cell types (osteoblasts from

mesenchyme stem cells’® and osteoclasts from bone
marrow hematopoietic stem cells*’) might contribute to
the different mechanism of Cxcl9 action.

Our data revealed that Cxcl9 contributes to the uncoupled
bone formation and resorption in postmenopausal osteoporo-
sis by affecting osteoblasts as well as osteoclasts. However,
we could not rule out that effects of Cxcl9 on other cells
might contribute to the bone phenotypes observed in OVX

mouse model. For instance, Cxcl9 is a chemokine that is
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Figure 7 Estrogen negatively regulates Cxcl9 secretion in osteoblasts. (A) gPCR analysis of Cxcl9 mRNA in primary osteoblasts treated with vehicle, estradiol or fulvestrant
(estrogen receptor antagonist). (B) Western blot of Cxcl9 in primary osteoblasts. (C) Cxcl9 concentrations assessed by ELISA in supernatant of primary osteoblasts treated
with vehicle, estradiol or fulvestrant. n=5 per group. Data are shown as mean * s.d. *P < 0.05, **P < 0.01 (Student’s t-test).

known to recruit T-cells which have a key role in OVX-
induce bone loss.”**° Blockade of Cxcl9 might disrupt the
trafficking and co-localization of T-cells to the bone remodel-
ing unit and affect the onset of osteoporosis. However, osteo-
blasts and osteoclasts cultured in vitro were subjected to the
same effects as those in bone marrow when exposed directly
to Cxcl9, which consolidated our conclusion that Cxcl9
affects bone formation as well as resorption and contributes
to the bone loss in postmenopausal osteoporosis.

Several drugs have been developed to treat osteoporosis,
many of which inhibit bone resorption and only a few drugs
can promote bone formation.**' Administration of antiresorp-
tive agents such as bisphosphonates increases bone mass by
suppression of bone remodeling in osteoporosis patients.>>*
However, bone quality is reduced in these patients due to
accumulation of microfractures and reduced restructuring of
bone architecture resulted by suppressed bone remodeling.**>°
Therefore, understanding mechanisms of the uncoupling
between osteoclast and osteoblast is essential to design drugs
to gain bone mass as well as maintain bone quality. This study
establishes Cxcl9 as a novel factor contributing the uncoupling
of bone formation and resorption in postmenopausal osteo-
porosis. Drugs coordinating Cxcl9 expression and secretion in
osteoblasts might be beneficial for osteoporosis treatment.
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