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ovariectomy-induced bone loss in mice

Ka-Young Ryu'-, Nitin Kumar Pokhrel’-T, Hye-Jin Jung’-T, Hyo Jeong Kim?, Jiwon Seok’,
Tae-Young Kim?', Hyung Joon KimZ, Ji Hye Lee3, Jae-Young Kim' @), Yong-Gun Kim#,
Youngkyun Lee'”

'Department of Biochemistry, School of Dentistry, Kyungpook National University, Daegu 41940, Korea

2Department of Oral Physiology, School of Dentistry, Pusan National University, Yangsan 50612, Korea

3Department of Oral Pathology, School of Dentistry, Pusan National University, Yangsan 50612, Korea

4Department of Periodontology, School of Dentistry, Kyungpook National University, Daegu 41940, Korea

*Corresponding author: Youngkyun Lee, Department of Biochemistry, School of Dentistry, Kyungpook National University, 2177 Dalgubeol-daero, Jung-gu,
Daegu 41940, South Korea (ylee@knu.ac.kr).

TThese authors contributed equally to this work.

Abstract

Bone homeostasis is maintained by tightly coordinated activities of bone-forming osteoblasts and bone-resorbing osteoclasts. In the present
report, the role of Mer tyrosine kinase (MerTK) in bone metabolism was investigated. The expression of MerTK decreased upon BMP2 stimulation
of osteoblast precursors. The femurs of Mertk-deficient mice showed significantly increased bone volume with concomitant increase of bone
formation and reduction in bone resorption. These bone phenotypes were attributed to the increased osteoblast differentiation and mineralization
accounted by the enhanced B-catenin and Smad signaling in the absence of MerTK in osteoblast precursors. Although the Mertk-deficient bone
marrow macrophages were predisposed to enhanced osteoclast differentiation via augmented Ca?t-NFATc1 signaling, the dramatic increase
of Tnfsf11b/Tnfsf11 (Opg/Rankl) ratio in Mertk knockout bones and osteoblast precursors corroborated the reduction of osteoclastogenesis in
Mertk deficiency. In ligature-induced periodontitis and ovariectomy models, the bone resorption was significantly attenuated in Mertk-deficient
mice compared with wild-type control. Taken together, these data indicate novel role of MerTK in bone metabolism and suggest a potential
strategy targeting MerTK in treating bone-lytic diseases including periodontitis and osteoporosis.
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Introduction

Bone is a dynamic tissue that old bones are constantly
removed and replaced by new bones. Bone homeostasis
is maintained by a precisely coordinated actions of bone-
forming osteoblasts and bone-resorbing osteoclasts through
a process called bone remodeling.! Both systemic and
local hormones, growth factors, and cytokines consist of
a tight regulatory network to preserve skeletal integrity.?
In addition, the balance between receptor activator of
nuclear factor «B ligand (RANKL) and osteoprotegerin
(OPG) produced by osteoblast lineage cells determine
the extent of osteoclastogenesis,’™’ coupling the differ-
entiation and activities of these two cells that regulate
bone metabolism. The imbalance of bone formation and
resorption, for example, excessive osteoclastogenesis, is often
observed in many skeletal diseases such as osteoporosis,
rheumatoid arthritis, and periodontitis. In periodontitis,
persistent inflammatory conditions stimulate osteoclast
differentiation and function, leading to significant resorption
of alveolar bones®-? that ultimately contributes to the loss of
tooth.10>11

Mer tyrosine kinase (MerTK) is a member of TAM receptor
tyrosine kinase family named after the constituents Tyro3,
Axl, and MerTK.'"> The biological function of MerTK is
largely elucidated by the phenotype of mice that bear loss-
of-function mutation. Although the Mertk knockout (KO)
mice are viable and fertile, they exhibited susceptibility
to LPS-induced endotoxic shock!? and retinal dystrophy
due to the failure of phagocytosis by retinal pigment
epithelium cells,'* suggesting its role in immune regulation
and phagocytosis of apoptotic cells.'? Indeed, the Mertk KO
macrophages had defects in clearing apoptotic thymocytes.!®
In addition, recent studies suggest an involvement of
MerTK in carcinogenesis and suppression of anti-tumor
immunity.'®

In the present study, the role of MerTK in bone metabolism
is reported for the first time by analyzing the bone phenotype
of Mertk KO mice. The Mertk deficiency induced increased
bone formation and osteoblast differentiation, while reducing
the osteoblast-dependent osteoclastogenesis and bone resorp-
tion. These data not only suggest a novel role of MerTK
in bone metabolism but also provide a potential therapeutic
opportunity for bone-lytic diseases including periodontitis
and osteoporosis.

Materials and methods
Animals

The B6;129-Mertk?1Gl/] (Jax:011122) mice that harbor
deletion in exon 18 of Mertk gene!” were purchased from
the Jackson Laboratory (Bar Harbor, ME, USA). These mice
were bred with C57BL6/] mice (Central Lab. Animal Inc.,
Seoul, Korea) for 6 generations before maintaining colony
by crossing heterozygous males and females. Littermate wild-
type (WT) mice were used as controls. Mice were housed in
a specific pathogen-free facility with controlled temperature,
humidity, light/dark cycle, and free access to standard rodent
chow and tap water. All animal protocols were approved
by the committees on the care and use of animal research
at Kyungpook National University (KNU 2020-0056) and
followed the guidelines of Animal Research: Reporting of In
Vivo Research.'®
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Antibodies and reagents

Recombinant human RANKL and M-CSF were obtained
from PeproTech (Cranbury, NJ, USA). Recombinant human/-
mouse/rat BMP-2 (355-BM) was purchased from R&D
Systems (Minneapolis, MN, USA). Anti-mouse MerTK
antibody (AF591) was from R&D Systems. Anti-Samd1
(9743), phospho-Smad1/5/8 (9511), B-catenin (9562), GSK38
(12456), phospho-GSK38 (5558, Ser 9), and NF-«B (8242)
antibodies were from Cell Signaling Technology (Danvers,
MA, USA). Anti-NFATc1 antibody (7A6) was purchased
from BD Biosciences Pharmingen (San Diego, CA, USA). Anti-
Lamin B (M-20) was obtained from Santa Cruz Biotechnology
(Dallas, TX, USA). Anti-Osteocalcin antibody (ALX-210-
333) was from Enzo Lifesciences (Farmingdale, NY, USA).
Antibody against Osteoprotegerin (A2100) was purchased
from ABclonal (Woburn, MA, USA). Anti-8-actin was
obtained from Sigma-Aldrich (St. Louis, MO, USA). All other
reagents were purchased from Sigma-Aldrich unless otherwise
specified.

Osteoblast differentiation

The calvarial cells were isolated by digesting calvariae of new-
born mice using 0.1% collagenase (type IA-S from Clostrid-
ium histolyticum; Sigma) and 0.2% Dispase II neutral pro-
tease (grade II; Roche, Basel, Switzerland). These cells were
seeded at a density of 10%/well in 48-well tissue culture plates
in «a-MEM (Welgene, Daegu, Korea) supplemented with 10%
FBS (Thermo Fisher Scientific, Waltham, MA, USA) and were
further stimulated with 30 ng/mL BMP-2. The osteogenic
differentiation and mineralization were confirmed by staining
for the alkaline phosphatase (ALP) activity (ALP kit; Sigma)
or by alizarin red staining. The cells were observed and
photographed under Olympus BX51 microscope equipped
with 10 x, 4 x, and 1.25 x objective lenses and DP73 digital
camera system (Olympus, Center Valley, PA, USA).

RNA isolation and quantitative RT-PCR analysis

Total RNAs were extracted by TRIzol reagent (Thermo Fisher
Scientific) and 1 ug of RNA in each sample was reverse
transcribed using SuperScript II reverse transcriptase (Thermo
Fisher Scientific). The resulting cDNAs in optical tubes
(Thermo Fisher Scientific) were amplified using SYBR green
master mix (Thermo Fisher Scientific) in an AB7500 real-
time PCR instrument (Thermo Fisher Scientific). The relative
expression of mRNAs against that of Hprtl was calculated
using threshold cycle (Ct) values. The primer sequences used
were published previously.'”

Immunoblotting

Cells were lysed in a buffer containing 10 mM Tris, pH 7.2,
150 mM NaCl, 5 mM EDTA, 1 mM NaF, 1 mM Na3VOu,
0.1% SDS, 1% Triton X-100, and 1% deoxycholic acid.
After separation by SDS-PAGE, proteins were transferred onto
nitrocellulose membranes. After blocking followed by incu-
bation with primary and secondary antibodies, the enhanced
chemiluminescence signals were detected in Fusion FX system
(Vilber Lourmat, Marne La Vallee, France). Blots against -
actin served as loading controls. When multiple blots were
performed using aliquots of same lysates, only one repre-
sentative control blot was shown, although B-actin blots
were carried out for every membrane. The densitometry of
western blots was performed using Fusion Capt Advance



JBMR Plus, 2024, Volume 8 Issue 2

software (Vilber Lourmat), and the band intensity of each
lane was divided by total band intensities of the protein of
interest.

Analysis of mouse bone phenotypes

Femurs and lumbar vertebrae were isolated from of 6-week-
old male (n=7 per group) and female (z=5 per group) WT
and Mertk KO mice. All mice were injected with 5 mg/kg
calcein i.p. at 10 and 3 d before sacrifice. The femurs were
subjected to microcomputed tomography (1 CT) analysis fol-
lowed by sequential decalcification, paraffin embedding, tis-
sue sectioning, and immunohistochemical/histological analy-
ses as described below. The femurs of contralateral side were
embedded in methyl methacrylate resin for further analysis of
bone histomorphometry. The L4 vertebrae were subjected to
uCT analysis.

Microcomputed tomography

Femurs, jaw bones, and vertebrae were fixed in 4%
paraformaldehyde and were subjected to wCT analysis in
SkyScan 1275 scanner (Bruker, Kontich, Belgium) at 50 kV,
75 uA, 11.7 pm/pixel spatial resolution, 100 ms exposure,
0.2° rotation step, 360° rotation, no frame averaging, and
1-mm Al filter. The 3-dimensional images were reconstructed
using CT-volume software (Bruker). The volumetric analysis
for bone volume to tissue volume (BV/TV), trabecular
thickness (Tb. Th), trabecular number (Tb. N), and trabecular
separation (Tb. Sp) of distal femur was performed using the
slices spanning 1 mm, along a region at 1 to 2 mm below
the lowest point of the growth plate using the CT-analysis
program (Bruker). The cortical thickness was measured by
volumetric analysis of 1-mm-thick cortical region spanning
2.5 to 3.5 mm below the growth plate. The volumetric
analysis of trabecular bones of L4 vertebrae was performed
in the approximately 1-mm-thick trabecular region in the
vertebral body, between the cranial and caudal growth plates.
The representative images of coronal, transverse, and sagittal
sections were obtained by Data viewer program (Bruker).
The average distance between cemento-enamel junction and
alveolar bone crest (CEJ-ABC) was measured at 3 points
(mesial cusp, distal cusp, and groove of the second molar)
from the reconstructed 3-dimensional images using CT-
analysis program (Bruker).2’

Immunohistochemistry and TRAP staining

Femurs and maxillary tissues were fixed in 4% paraformalde-
hyde, decalcified in 12% EDTA, and embedded in paraf-
fin. Bone sections of 5 um thickness were prepared using
RM 2245 microtome (Leica Microsystems, Bannockburn, IL,
USA). For immunohistological staining of osteoblasts, samples
were treated with citrate buffer (pH 6.0) for 15 min at 95 °C
followed by 3% H;O; in methanol for 20 min. After block-
ing with 2.5% horse serum, samples were incubated with
anti-Osteocalcin antibody (1:100) or anti-Osteoprotegerin
(1:100) overnight at 4 °C followed by secondary antibody
(1:1000) for 1 h. Then, the tissues were treated with 3,3'-
diaminobenzidine and counterstained with methyl green. For
the visualization of osteoclasts, decalcified tissue sections were
stained for tartrate-resistant acid phosphatase (TRAP) activity
using a leukocyte acid phosphatase kit (Sigma-Aldrich) fol-
lowed by counterstaining with methyl green.

Bone histomorphometry

The histomorphometric analysis of osteoclasts in femurs for
osteoclast number per bone perimeter (N. Oc/B. Pm) and
osteoclast surface per bone surface (Oc. S/BS) was performed
using Osteomeasure software (OsteoMetrics, Decatur, CA,
USA) in the trabecular region beginning 300 um below the
growth plate. The measurement of osteoclasts in alveolar
bones was performed using the coronal sections of tissues con-
taining maxillary second molar and surrounding periodon-
tium. The number of osteoblasts per bone perimeter (N. OB/B.
Pm) on endocortical surface of femurs was measured from the
osteocalcin-stained slides in a region 2 to 4 mm below the
growth plate. For the measurement of bone formation, mice
were injected with § mg/kg calcein twice with 7-d interval.
Femurs were fixed and embedded in methyl methacrylate
resin. The undecalcified tissue sections of 7 um thickness were
prepared using RM 2245 microtome equipped with tungsten-
carbide blades (Leica Microsystems). The calcein fluorescence
in the endosteal surface in the mid-diaphysis region (2 to 4 mm
below growth plate) was observed under LSM 800 confocal
microscope (Carl Zeiss Microscopy, Jena, Germany) furnished
with 20 x/0.45 S Fluor objective lens (Nikon Instruments,
Melville, NY). The mineral apposition rate (MAR), single- and
double-labelled surface, and mineralizing surface, and bone
formation rate (BFR/BS) were measured using the Osteomea-
sure software. The quantification was carried out in a blinded
fashion and was confirmed by at least two researchers. All
histomorphometric analyses followed the guidelines by Amer-
ican Society of Bone and Mineral Research.?!

Osteoclast differentiation

The bone marrow macrophage osteoclast precursors (BMM:s)
were prepared by treating bone marrow cells flushed from
femurs and tibias of 6-wk-old mice with 20 ng/mL M-CSF
for 3 d." BMMs were then stimulated with 100 ng/mL
RANKL for 3 to 4 d in the presence of 20 ng/mL M-CSF
before staining for TRAP activity using a leukocyte acid phos-
phatase kit (Sigma-Aldrich). For the co-culture experiments
with osteoblasts, BMMs (2 x 10*) were layered on top of
calvarial cells (10%) in 48-well culture plates and treated with
10 nM vitamin D3 and 1 uM PGE,; (Sigma-Aldrich) for 7 d
for TRAP staining.

Measurement of intracellular Ca?>* oscillations

The BMMs were stimulated with 20 ng/mL M-CSF and
100 ng/mL RANKL for 2 d and labeled with 5 uM
FLUO4/AM by incubation for 30 min. Cells were washed,
resuspended in Locke’s buffer (154 mM NaCl, 5.6 mM
KCl, 3.6 mM NaHCO3, 1.3 mM CaCl,, 5 mM glucose,
10 mM HEPES, pH 7.4), and observed for 10 min at room
temperature under an Eclipse Ti-S fluorescence microscope
(Nikon Instruments, Melville, NY, USA) equipped with a Zyla
5.5 sCMOS digital camera (Andor Technology, Belfast, UK).
The recorded FLUO4 signals were analyzed by MetaFluor
software (Molecular Devices, Sunnyvale, CA, USA).

Immunofluorescence

The BMMs were cultured on 10-mm-diameter glass cover
slips (Paul Marienfeld, Lauda-Konigshofen, Germany) with
M-CSF and RANKL for 2 d. Cells were fixed, permeabilized,
and immunostained with anti-Lamin B antibody followed
by Alexa Fluor 555-conjugated secondary antibody (Thermo



Fisher Scientific). Cells were further labeled with anti-NFATc1
antibody and Alexa Fluor 488-conjugated secondary anti-
body and observed under a LSM 5 PASCAL laser scanning
microscope (Carl Zeiss, Gottingen, Germany).

Sample size calculation

The number of animals required to get statistically significant
results was calculated via power analysis using G*Power 3.1
program (http://www.psychologie.hhu.de). Briefly, the pri-
mary outcome for ovariectomy experiments was set as 50%
reduction in bone loss by ovariectomy measured by femoral
trabecular BV/TV. The mean difference was 0.75% and the
SD was 1.60%. The required sample size was calculated to 38
to meet & = 0.05 and 1-8 = 0.8. Similarly, the primary outcome
for ligature experiments was 50% reduction in alveolar bone
loss measured by the CEJ-ABC distance, the mean difference
was 37.5 um, and the SD was 5.72 um. Then, the required
sample size was calculated to 21 to meet & =0.05 and 1-

B=0.8.

Ligature-induced periodontitis and ovariectomy

Eight-week-old male WT (z=11) and KO mice (n=10)
were anesthetized by i.p. injection of 250 mg/kg 2,2,2-
tribromoethanol (Sigma-Aldrich) and randomly divided into
two groups. Half of the mice in each genotype (n=6 for
WT and n=5 for KO) received a silk (6-0, Ailee, Busan,
Korea) ligature around the left maxillary second molar to
induce periodontitis.?’ The other half of the mice in each
genotype (n=5 for WT and KO, respectively) were left
unligated and served as sham-operated controls. At 7 d after
the operation, mice were euthanized, and the maxillary tissues
were isolated for the radiological and histological analyses.
Twelve-week-old female WT (2=20) and Mertk KO mice
(n=20) were anesthetized by i.p. injection (250 mg/kg) of
2,2,2-tribromoethanol. Half of the mice in each genotype
(n=10 for WT and KO, respectively) received bilateral
ovariectomy. The other half of the mice in each genotype
(n=10 for WT and KO, respectively) only received incisions
without ovariectomy and served as sham-operated controls.
At 4 wk after operation, mice were sacrificed, and tissues were
collected for further radiological and histological analyses.

Statistics

All in vitro data including blots and photographs are repre-
sentative of at least 3 experiments performed in triplicates
with similar results unless otherwise specified. All quanti-
tative data were tested for normal distribution by Shapiro-
Wilk normality test. To determine the significant difference
between experimental groups, one-way or two-way ANOVA
followed by Tukey’s multiple comparisons or unpaired, two-
tailed Student’s # test was used. When the data did not
follow normal distribution, the significance of difference was
examined by Mann-Whitney U test. The P-value <.05 was
considered significant.

Results

Mertk deficiency increases bone volume in mice
Although the expression of Mertk has been reported in a
wide range of cells and tissues,'® the role in skeletal home-
ostasis is yet to be identified. To explore the potential role
of MerTK in osteoblasts, the expression of Mertk mRNA
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was examined in mouse calvarial cells upon BMP2 treat-
ment. As shown in Figure 1A, BMP2 significantly reduced
the expression of Mertk, most dramatically at 7 d after
stimulation. The expression of MerTK protein corroborated
the reduced mRNA expression, being conspicuously reduced
at day 7 after BMP2 stimulation (Figure 1B). To gain insights
into the physiological role of MerTK in bone metabolism,
the bone phenotype of Mertk KO mice was examined by
analyzing the femurs of 6-wk-old male and female WT and
KO littermates by uCT. A 3-dimensional reconstruction of
the data represented significant increase of trabecular bones
in KO femurs compared with WT in male mice (Figure 1C).
The trabecular bone parameters including trabecular bone
volume, trabecular number, and trabecular separation were
significantly higher in KO femurs, while trabecular thickness
remained unchanged (Figure 1D-G). The increased trabecular
bone density was also observed in female mice, with sig-
nificantly higher trabecular bone volume, trabecular thick-
ness, and trabecular number in KO mice compared with WT
(Supplementary Figure S1A and B). The cortical thickness
was significantly higher in male KO mice (Supplementary
Figure S1C and D). However, the cortical thickness was
not statistically different between WT and KO in females
(Supplementary Figure S1E and F). The role of Mertk in
axial skeletons was also noticeable, with significantly higher
trabecular bone volume in the vertebral bodies of KO mice
compared with WT in both males and females (Supplemen-
tary Figure S1G to J). To further confirm whether these bone
phenotypes originated from the increased bone formation, the
incorporation of calcein into newly formed bones was exam-
ined (Figure 1H). Compared with WT, the distance between 2
calcein labels was wider in KO femurs. In addition, the double-
labeled surface was much larger in endocortical surface of
KO femurs compared with WT. These results are reflected in
significantly higher MAR (Figure 1I) and bone formation rate
(Figure 1]) in Mertk KO mice compared with WT. Further-
more, immunohistochemical staining indicated distinctively
larger surface of osteocalcin-positive cells on KO bones, which
were larger and more cuboidal in shape (Figure 1K). The
number of osteoblasts was significantly higher in KO femurs
compared with WT (Figure 1L). Finally, femoral tissue sec-
tions were stained for TRAP activity to assess the effect of
Mertk deficiency on osteoclastogenesis (Figure 1M). Notably,
the number of osteoclasts per bone perimeter was significantly
lower in KO femurs compared with WT (Figure 1N). The
decrease of osteoclast number was in good accordance with
the significantly lower level of serum carboxy-terminal colla-
gen type 1 crosslinks (CTX) in KO mice compared with WT
for both males (Figue 10) and females (Supplementary Fig-
ure S1K).

Mertk deficiency increases osteoblast
differentiation

To investigate whether MerTK directly regulate osteoblasto-
genesis, primary calvarial cells isolated from Mertk KO and
WT mice were stimulated with BMP2 to induce osteogenic
differentiation. Staining for the ALP activity in Figure 2A
clearly shows that osteoblast differentiation is dramatically
enhanced in KO cells compared with WT. In addition, alizarin
red staining indicated mineral deposition is also greatly
increased in KO calvarial cells upon BMP2 stimulation
for 14 d (Figure 2B). The enhanced ALP production and
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Figure 1. Bone phenotypes of Mertk KO mice. (A) Expression of Mertk mRNA was measured from mouse calvarial cells treated with 30 ng/mL BMP2
by real-time PCR analysis. The results from 4 independent experiments performed in triplicates are combined, in which relative expression levels to the
control cells are shown. The F and P-values for one-way ANOVA analysis were 12.41 and <.001, respectively. (B) WT or Mertk KO calvarial cells were
stimulated with 30 ng/mL BMP2 for 7 d. The expression of MerTK protein was examined by western blot. (C) Distal femurs of 6-wk-old male WT and
Mertk KO mice were subjected to microcomputed tomography analysis followed by 3-dimensional reconstruction of the data. Scale bar indicates 200 xm.
(D to G) Trabecular bone parameters were calculated from the data obtained in (C). (H) After calcein double labeling of 6-wk-old male mice, cortical bones
in the diaphysis of femurs were observed under a confocal fluorescence microscope. Scale bar indicates 50 um. (I and J) The mineral apposition rate and
bone formation rate were calculated from the results in (H). (K) The femur sections of 6-wk-old male WT and Mertk KO mice were immunostained for
Osteocalcin. The cortical area in the mid-diaphysis was shown. Scale bar indicates 50 um. (L) The number of Osteocalcin-positive osteoblasts per bone
perimeter was counted from the results in (K). (M) The femur sections of 6-wk-old male WT and Mertk KO mice were stained for TRAP activity. The
secondary spongiosa are shown. Scale bar indicates 50 um. (N) The number of osteoclasts per bone perimeter was counted from the results in (M). (O)
The serum CTX levels were examined in 6-wk-old male mice using a CTX-1 ELISA kit. The results were normalized by protein concentrations in the sera.

mineralization by KO calvarial cells was also observed
when the cells were cultured in osteogenic media containing
B-glycerophosphate, ascorbic acid, and dexamethasone
(Supplementary Figure S2A and B). UNC 569, a MerTK
inhibitor, potently augmented osteogenic differentiation
of calvarial cells (Supplementary Figure S2C and D),
further confirming the role of MerTK in osteoblasts. The
significantly increased mRNA expression of osteoblast
marker genes, such as Alpl (Alkaline phosphatase), Sp7
(Osterix), and Bglap (Osteocalcin), in KO calvarial cells
after BMP2 stimulation verified the enhanced osteoblast
differentiation (Figure 2C). To gain insights into the signaling
events leading to the accelerated osteoblastogenesis, the
expression and phosphorylation of several key regulators
of osteoblast differentiation were examined. The western
blot analysis in Figure 2D confirmed that the expression
of MerTK significantly decreased during the culture of
WT mouse calvarial cells with BMP2 while there was no
detectable MerTK protein in KO cells. In these conditions,
the B-catenin expression and GSK3p8 phosphorylation was
conspicuously higher in KO calvarial cells compared with WT,
as evidenced by densitometry analysis (Figure 2E). In addition,
the phosphorylation of Smad1/5/8 and the expression of

NFATc1 were also significantly higher in KO cells compared
with WT.

Mertk deficiency inhibits osteoblast-dependent
osteoclast differentiation

The Mertk expression was also detected in BMMs, which
sharply decreased upon stimulation of these cells with
RANKL (Figure 3A). The expression of MerTK protein in
BMMs corroborated the mRNA expression, also decreasing
over time following treatment with RANKL for 3 d
(Figure 3B). To our surprise, when Mertk KO BMMs were
stimulated with RANKL, the formation of TRAP-positive
osteoclasts was significantly augmented compared with WT
controls (Figure 3C and D). In accordance with the enhanced
osteoclastogenesis, KO BMMs generated larger resorbed area
compared with WT when cells were cultured on dentin discs
(Supplementary Figure S3A and B). The enhanced osteoclast
differentiation in Mertk-deficient cells was accompanied
by the increased expression of marker genes for osteoclast
differentiation (AcpS and Ctsk) as well as fusion (Atp6v0d2
and Dcstamp) (Figure 3E). In addition, the expression of
NFATc1, a key transcription factor for osteoclastogenesis,
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Figure 2. The effect of MerTK deficiency on osteoblast differentiation. (A) Calvarial cells isolated from WT or Mertk KO mice were stimulated with 30 ng/mL
BMP2 for 7 d. Cells were then stained for alkaline phosphatase activity. Scale bar indicates 2 mm. (B) Calvarial cells were incubated with 30 ng/mL BMP2
for 14 d and subjected to alizarin red staining. Scale bar indicates 2 mm. (C) WT or Mertk KO calvarial cells were stimulated with 30 ng/mL BMP2 for
7 d. The mRNA expression levels of alkaline phosphatase (Alp/), Osterix (Sp7), and Osteocalcin (Bglap) were measured by real-time RT-PCR analysis.
Data are mean of 4 experiments performed in triplicates. The P-values for two-way ANOVA in the order of interaction, genotype, and BMP2 stimulation
were Alpl (<.001, <.001, <.001), Sp7 (<.001, <.001, <.001), and Bglap (.156, <.001, <.001). (D) Cell lysates in (C) were subjected to western blotting
for the expression or phosphorylation of key regulators of osteoblast differentiation. (E) The band intensities in (D) were quantified using results from
three independent experiments. The P-values for two-way ANOVA in the order of interaction, genotype, and BMP2 stimulation were g-catenin (.027, .002,
<.001), pGSK (.991, <.001, .788), pSmad (<.001, <.001, .002), and NFATc1 (.099, <.001, <.001).

was significantly unregulated in KO BMMs compared
with WT cells upon RANKL treatment (Figure 3F and
Supplementary Figure S3C). However, the NF-«B expression
was not significantly affected by Mertk deficiency (Supple-
mentary Figure S3D). In an NFATc1 autoamplification model,
increased intracellular Ca?* induces nuclear translocation
and its own transcription of NFATc1.22:23 When the Ca?*
responses were examined in RANKL-treated BMMs loaded
with fluorescent Ca?* indicator, Mertk KO cells exhibited
significantly more robust Ca®* oscillations compared with
WT controls (Figure 3G). The Mertk-deficient cells not
only manifested significantly higher number of cells with
Ca®t oscillations (Supplementary Figure S3E) but also
showed higher frequency of Ca** peaks (Supplementary Fig-
ure S3F) and amplitude (Supplementary Figure S3G). Finally,
immunofluorescence staining of BMMs after RANKL stim-
ulation demonstrated extensive nuclear NFATc1 localization
in KO cells compared with WT (Figure 3H). The proportion
of cells showing nuclear NFATc1 expression in Mertk KO
cells was more than double of that observed in WT BMMs
(Figure 3I). The increased expression of nuclear NFATc1
upon RANKL stimulation in Mertk-deficient BMMs was
further confirmed by western blot analysis of nuclear extracts
(Supplementary Figure S3H and I).

Since the increased osteoclast differentiation in vitro
contrasted the significantly reduced osteoclast number in
bone (Figure 1), the ratio of Tnfrsf11b/Tnfsf11 (Opg/Rankl)
was measured in RNAs isolated from the femurs. Figure 4A
shows that the Tnfrsf11b/Tnfsf11 ratio is significantly higher
in KO bone, suggesting that the Mertk deficiency generates
an environment that suppresses osteoclast differentiation.
The enhanced Opg expression in Mertk-deficient femurs was
further confirmed by immunostaining (Supplementary Fig-
ure S4A). Interestingly, the Opg expression in the absence
of Mertk was significantly more conspicuous not only in
cells on bone surface but also in cells in lacunae and bone
marrow (Supplementary Figure S4B). The Tnfrsf11b/Tnfsf11
ratio in calvarial cells was also significantly higher in Mertk-
deficient calvarial cells compared with WT (Figure 4B).
To test whether the altered balance of Tnufrsf11b and
Tnfsf11 regulates osteoclastogenesis, WT and KO osteoclast
precursors cells (BMMs) were co-cultured with either WT
or KO calvarial cells. When these cells were stimulated with
vitamin D3 and PGE,, WT calvarial cells efficiently supported
the formation of osteoclasts, while KO calvarial cells did
not (Figure 4C). The number of osteoclasts generated in
the presence of Mertk KO calvarial cells was dramatically
reduced compared with that by WT calvarial cells regardless
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Figure 3. The role of MerTK in osteoclast differentiation. (A) WT BMMs were stimulated with 20 ng/mL M-CSF and 100 ng/mL RANKL for 3 d. The mRNA
expression of Mertk was examined by real-time RT-PCR analysis. The F and P-values for one-way ANOVA analysis were 23.62 and .0002, respectively.
(B) Cell lysates in (A) were subjected to western blotting for the expression of MerTK protein. (C) WT and Mertk KO BMMs were treated with 20 ng/mL
M-CSF and 100 ng/mL RANKL for 4 d before staining for TRAP activity. Scale bar indicates 500 um. (D) The number of TRAP-positive osteoclasts was
counted from (C). (E) WT and Mertk KO BMMs were treated with 20 ng/mL M-CSF and 100 ng/mL RANKL for 3 d. The mRNA expression of osteoclast
marker genes was measured by real-time RT-PCR analysis. Data are mean of three experiments performed in triplicates. The P-values for two-way ANOVA
in the order of interaction, genotype, and RANKL stimulation were Acp5 (.023, .018, <.001), Ctsk (.082, .048, <.001), Atp6v0d2 (.48, .025, <.001), and
Dcstamp (.056, .089, .002). (F) Cell lysates in (E) were subjected to western blotting for the expression of indicated proteins. (G) WT and Mertk KO BMMs
were stimulated with 20 ng/mL M-CSF and 100 ng/mL RANKL for 2 d. The intracellular Ca2*-dependent FLUOA4 fluorescence was monitored for 10 min.
Each line represents Ca2* response of individual cell. The cells depicted in the graph were randomly selected among oscillating cells. (H) WT and KO
BMMs grown on cover slips with 20 ng/mL M-CSF and 100 ng/mL RANKL for 2 d were immunostained with fluorescence-labeled antibodies against
NFATc1 and Lamin B. Scale bar indicates 100 um. (I) The number of cells exhibiting nuclear NFATc1 expression was counted from (H).

of the genotype of BMMs (Figure 4D). These results were
further confirmed by use of a MerTK inhibitor, UNC 569,24
during the co-culture of WT calvarial cells and bone marrow
macrophages (Figure 4E). The inclusion of UNC 569 in the
co-culture significantly reduced the number of TRAP-positive
osteoclasts (Figure 4E and F), confirming the role of MerTK
in osteoblast-dependent osteoclastogenesis. In consistence
with the increased Opg/Rankl ratio in Mertk-deficient bones
and calvarial cells, inhibition of MerTK by UNC 569 also
resulted in a significant increase of Opg/Rankl mRNA
expression in calvarial cells (Supplementary Figure S4C).

Mertk deficiency ameliorates bone resorption in
periodontitis and ovariectomy

Since Mertk deficiency enhanced osteoblast differentiation
and bone formation while reducing osteoclastogenesis, we
next tested whether the altered bone metabolism in the
absence of MerTK exert beneficial effect on the inflammatory

bone loss using a mouse model of periodontitis. The placement
of ligature around the second molar for 7 days induced
significant loss of alveolar bones around the site in WT
mice as shown in Figure 5A. In contrast, only modest bone
loss was observed in Mertk KO mice following periodontitis
induction. The measurement of the distance between cemento-
enamel junction and alveolar bone crest clearly demonstrated
severe bone loss in WT mice after ligation, while such bone
erosion was significantly reduced in KO mice (Figure 5B).
To confirm the role of osteoclasts in bone resorption in WT
and KO mice, decalcified tissue sections were subjected to
TRAP staining (Figure 5C). The significantly increased TRAP-
stained area in alveolar bones after ligature in WT compared
with only modest increase in KO bones corroborated the
reduced periodontitis-induced bone resorption in the absence
of MerTK. Histomorphometry analyses of osteoclast number
per bone perimeter (N. OC/B. Pm, Figure 5D) and eroded
surface per bone surface (ES/BS, Figure SE) confirmed
dramatic increase of osteoclasts and their activity in WT
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Figure 4. The effect of MerTK deficiency on osteoblast-dependent osteoclast differentiation. (A) The mRNA expression levels of Osteoprotegerin
(Tnfrsf11b) and RANKL (Tnfsf17) in the femurs of WT and Mertk KO mice were measured by real-time RT-PCR analysis. The results were expressed
as a ratio of 2 genes from individual mouse. (B) The mRNA expression of Tnfrsf11b and Tnfsf11 was measured by real-time RT-PCR analysis in calvarial
cells isolated from WT and Mertk KO mice. (C) WT of Mertk KO calvarial cells were co-cultured with WT or Mertk-deficient bone marrow macrophages
in the presence of 10 nM vitamin D3 and 1 uM PGE, for 7 d. Cells were stained for TRAP activity. Scale bar indicates 200 um. (D) The number of
TRAP-positive osteoclasts was counted from the results in (B). The P-values for two-way ANOVA in the order of interaction, calvarial cell genotype, and
BMM genotype were (.003, <.001, <.001). (E) WT calvarial cells and bone marrow macrophages were co-cultured in the presence of vitamin D3, PGE»,
and 20 nM UNC 569 (MerTK inhibitor) for 7 d followed by TRAP staining. Scale bar indicates 500 um. (F) The number of osteoclasts was counted from

the results in (E).

bones following ligature, while both the number of osteoclasts
and bone erosion were significantly reduced in Mertk KO
mice. The Mertk deficiency also affected microarchitecture of
alveolar bones in the furcation area in addition to the alveolar
bone height. As shown in the Supplementary Figure SSA,
ligation induced significant resorption of the alveolar bones
between the mesial and distal roots of molar 1 and molar 2 in
WT mice. However, such dramatic loss of alveolar bones was
not observed in KO mice after the induction of periodontitis.
The analysis of BV/TV (Supplementary Figure S5B) and
Tb. N (Supplementary Figure S5C) confirmed that the
microarchitecture of alveolar bones in the furcation area were
preserved following ligation in the absence of Mertk.

The role of Mertk during pathological bone resorption
was further investigated in an ovariectomy-induced bone loss
model in mice (Figure 6A). The bilateral ovariectomy induced
significant trabecular bone loss in WT mice. Notably, the bone
volume was significantly higher in Mertk KO mice compared
with WT in both sham and ovariectomy groups. In accor-
dance, the trabecular parameter of bone volume per tissue
volume (Figure 6B) was significantly higher in Mertk-deficient
mice compared with WT in both sham and ovariectomy
groups with similar pattern observed in trabecular number
(Figure 6C). To examine whether the decreased osteoclasto-
genesis in the absence of Mertk contributed to the reduced
bone loss, femur sections were stained for TRAP activities
(Figure 6D). The histomorphometry analyses revealed that
both N. OC/B. Pm (Figure 6E) and ES/BS (Figure 6F)
significantly increased following ovariectomy in WT mice.
However, no such increase in the osteoclast number and
activity were observed in ovariectomized Mertk-deficient

mice. The reduced number and activity of osteoclasts
corroborated the reduced serum CTX levels in KO mice com-
pared with WT after ovariectomy (Figure 6G). Conversely,
the serum levels of procollagen 1 N-terminal propeptide
(PINP) were consistently higher in KO mice compared
with WT in both sham-operated and ovariectomized groups
(Supplementary Figure S4B).

Discussion

MerTK is a member of TAM family receptor tyrosine kinases,
the activity of which is mostly related to the clearance of
apoptotic cells by phagocytosis, the regulation of innate
immune responses, and cancer.!>>'® The physiological roles
of MerTK are well-demonstrated in Mertk KO mice that
exhibited dramatically reduced phagocytosis of apoptotic
thymocytes by macrophages.!® These mice were susceptible
to the LPS-induced endotoxic shock with concomitantly
increased TNF-o production compared with WT mice.'3 In
addition, pathologic roles of MerTK are found in numerous
leukemias as well as in solid tumors that the aberrant
expression of the protein endows cell proliferation and
survival leading to the carcinogenesis.”>~2” In the present
study, we demonstrated novel bone phenotype of Mertk KO
mice. Compared with littermate controls, Mertk KO femurs
exhibited dramatically increased trabecular bone volume
accompanied by increased number of osteoblasts and the rate
of bone formation, with concomitant decrease of osteoclast
number (Figure 1). The increase in the bone volume was also
observed in trabecular bones in vertebral bodies, suggesting
a global role of Mertk in regulating both limb and axial


https://academic.oup.com/jbmrpl/article-lookup/doi/10.1093/jbmrpl/ziad014#supplementary-data
https://academic.oup.com/jbmrpl/article-lookup/doi/10.1093/jbmrpl/ziad014#supplementary-data
https://academic.oup.com/jbmrpl/article-lookup/doi/10.1093/jbmrpl/ziad014#supplementary-data
https://academic.oup.com/jbmrpl/article-lookup/doi/10.1093/jbmrpl/ziad014#supplementary-data

JBMR Plus, 2024, Volume 8 Issue 2

A Sham Ligation 8 1.00 _Sham __Ligafion ¢ Sham Ligation
mM g pe0001
WT | 4 % = : s
- } § . o 0757 p<0.001 £ e
: S WT * v
©
2 0.50 p<0.001
© 5 i %
3 e 7
< |
< 025 ==
Ll
o
0.00 T T T T KO
WT KO WT KO
D s0- Sham Ligation E e Sham Ligation
- p<0.001
p=0.006
E p<0.001
g p<0.001 9 :
= 20 <
£ p=0.024 < p=0.007
o »n 64
s} a
8 10 &
. 3_
z = @
0 T T T T 0 T I T T
WT KO WT KO WT KO WT KO

Figure 5. The effect of Mertk deficiency on periodontitis-induced alveolar bone resorption. (A) The left maxillary second molar of 8-wk-old male WT and
Mertk KO mice were ligated for 7 d to induce periodontitis. The tissue samples were subjected to microcomputed tomography analysis, and the data
were reconstructed for 3-dimensional visualization. Scale bar indicates 500 um. (B) The distance between cemento-enamel junction and alveolar bone
crest was measured from the results in (A). The P-values for two-way ANOVA in the order of interaction, genotype, and ligature were (.001, <.001, <.001).
(C) Tissue sections from experiments in (A) were subjected to TRAP staining. Scale bar indicates 200 um. (D and E) The number of osteoclasts per bone
perimeter and eroded surface per bone surface were calculated from the results in (C). The P-values for two-way ANOVA in the order of interaction,
genotype, and ligature were N. OC/B. Pm (.176, .001, <.001) and ES/BS (.032, <.001, <.001).
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Figure 6. The effect of Mertk deficiency on ovariectomy-induced bone resorption. (A) Twelve-week-old female WT and Mertk KO mice were bilaterally
ovariectomized. At 4 wks after operation, femur samples were subjected to microcomputed tomography analysis, and the data were reconstructed for
3-dimensional visualization. Scale bar indicates 200 um. (B) The trabecular bone volume per tissue volume was calculated from the data in (A). (C) The
trabecular number was calculated from the data in (A). The P-values for two-way ANOVA in the order of interaction, genotype, and ovariectomy were
BV/TV (.544, <.001, <.001) and Th. N (.540, <.001, <.001). (D) The femur sections from the experiments in (A) were subjected to TRAP staining followed
by methyl green counterstaining. Scale bar indicates 200 um. (E and F) The number of osteoclasts per bone perimeter and eroded surface per bone
surface were calculated from the results in (D). The P-values for two-way ANOVA in the order of interaction, genotype, and ovariectomy were N. OC/B.
Pm (.027, <.001, <.001) and ES/BS (<.001, <.001, <.001). (G) The serum levels of CTX were examined by ELISA. The results were normalized by protein
concentrations in the sera. The P-values for two-way ANOVA in the order of interaction, genotype, and ovariectomy were (<.001, <.001, <.001).
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skeletons. However, the limitation of current study is that the
bone metabolism was only assessed in young adults. Thus,
further studies are required to fully understand the role of
Mertk in bone metabolism including the age-related changes.
While this manuscript was in preparation, Engelmann et al.
published that Collal promoter—driven deletion of Mertk
induced the increase of tibia trabecular bone density in mice,?$
which was in agreement with our results. The increased bone
formation was due to the intrinsic increase of osteogenic
activity of osteoblast precursors, since stimulation of calvarial
cells from Mertk KO mice resulted in dramatically enhanced
ALP activity, mineralization, and expression of osteoblast
marker genes (Figure 2).

The Mertk deficiency in osteoblast precursors rendered
significant stimulation of several key regulatory signaling
pathways in osteoblast differentiation. The canonical Wnt
signaling pathway is crucial for the maintenance of bone
mass by directly regulating osteoblast differentiation.2’=3! In
Mertk KO calvarial cells, significantly increased expression
of B-catenin accompanied by increased phosphorylation
of GSK38 was observed in response to culture with
BMP2 for at least 4 d (Figure 2D and E). Upon binding of
BMPs on osteoblast precursors, Smad signaling crucially
translates ligand binding to osteogenic gene expression, for
example, Runx2.>> The BMP2 induced markedly higher
phosphorylation of Smad1/5/8 in Mertk KO cells compared
with control, conforming to the increased osteogenic activity.
Interestingly, BMP2 stimulation for 30 min did not alter 8-
catenin expression, GSK38, or Smad1/5/8 phosphorylation
(Supplementary Figure S2E), suggesting potential involvement
of transcriptional regulations. In this context, we observed
considerable increase in the expression of Smad4 with
conspicuous reduction in Nog expression in KO calvarial
cells compared with WT at 7 d after BMP2 stimulation
(Supplementary Tables 1 and 2) using an RT-PCR-based array
analysis (Supplementary Figure S5). It has been reported that
Smad4 is required for BMP2-dependent osteoblast differen-
tiation and mineralization,3*»3* while the overexpression of
Noggin, a BMP antagonist, reduced osteoblast differentiation
and bone formation in mice.>® Notably, BMP2 induces
Wnt3a expression in osteogenic cells,>® while Wnt/g-catenin
signaling stimulates BMP2 expression.>” Taken together, these
results raise a possibility that B-catenin and Smad pathways
might cooperate to enhance osteogenic differentiation in
Mertk KO osteoblast precursors. Furthermore, the expression
of NFATc1 was also significantly increased in Mertk KO
cells after BMP2 stimulation. Importantly, transgenic mice
expressing constitutively active NFATc1 exhibited signifi-
cantly increased osteoblast proliferation, bone formation, and
bone volume.3® Introduction of additional copy of Dyrkla
gene, the product of which phosphorylates and inactivates
NFATcl1, resulted in reduced osteoblast differentiation and
bone formation in mice.? Thus, it is likely that NFATc1
might be one of the downstream targets of MerTK involved in
the regulation of bone metabolism. However, how the Mertk
deficiency stimulates these regulatory signaling pathways of
osteoblast differentiation could not be determined in the
current experiments, which might be an interesting subject
of further studies.

Another notable role of MerTK in bone metabolism discov-
ered in the current study is the regulation of osteoclastogene-
sis. The absence of Mertk endowed BMMs with significantly
increased osteoclastogenic potential (Figure 3), in contrast
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to the conspicuously decreased osteoclast number in bone
tissues (Figure 1). The dramatic increase of intracellular Ca?*
oscillations, NFATc1 expression, and its nuclear localization
suggested that the augmented Ca?t-NFATc1 signaling axis
plays a key role in the enhanced differentiation potential of the
osteoclast precursors. However, the absence of Mertk signifi-
cantly elevated the Opg/Rankl ratio in bones and osteoblast
precursors (Figure 4), likely causing the reduced osteoclasto-
genesis in vivo and osteoblast-osteoclast co-cultures (Figures 1
and 4). As far as we know, no study has been reported
regarding the role of MerTK on Tnfrsf11b expression. In the
present report, we showed that Mertk deficiency significantly
increased Smad1/5/8 phosphorylation (Figure 2D and E) and
Smad4 expression (Supplementary Table S1). Interestingly,
the proximal region of human TNFRSF11B promoter con-
tained Smad binding element*” that is activated by Smad4-
containing complexes.*! Thus, it is likely that the increased
BMP signaling in the absence of Mertk induced Tnfrsf11b
expression in our experiments.

Aberrantly increased osteoclast number and activity are
responsible for severe destruction of alveolar bones found
in periodontitis. Indeed, periodontitis is a major cause of
adult tooth loss.!%!! In addition, numerous studies indi-
cate that periodontitis is also associated with other systemic
diseases.®**> However, currently no antiresorptive therapy
is available to prevent alveolar bone loss in periodontitis.
Here, the absence of Mertk ameliorated alveolar bone loss
in a mouse model of periodontitis. Furthermore, the role of
MerTK in bone resorption was further confirmed in ovariec-
tomized mice. In addition, a MerTK inhibitor UNC 569
exhibited significant inhibition of osteoclastogenesis while
increasing osteoblast differentiation suggesting that targeting
MerTK might be a plausible strategy against inflammation-
induced and hormone-deprival-induced bone lysis. Thus, it
is likely that the inhibition of MerTK activity/expression
might exhibit dual benefits of enhancing bone formation while
reducing bone resorption in conditions of pathological bone
loss. Yet, it should be noted that some repercussions were
reported in Mertk-deficient mice including retinal dystrophy,
susceptibility to LPS-induced endotoxic shock, and defec-
tive phagocytosis.'2~13 Indeed, one study indicated potential
adverse effect of UNC 569 on the phagocytic function of reti-
nal pigment epithelial cells,*? suggesting that caution is need
when developing drug candidates that inhibit MerTK activity.
To conclude, this study reported novel role of MerTK in bone
metabolism by showing the increased bone density in both
axial and limb skeletons of male and female Mertk-deficient
mice, due to increased bone formation and decreased bone
resorption. The bone-protective effect of Mertk deficiency in
the ligature- and ovariectomy-induced models of bone lysis
suggests potential development of MerTK inhibitors as drug
candidates for osteolytic diseases such as periodontitis and
osteoporosis.
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