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ARTICLE INFO ABSTRACT

Keywords: Mitochondria are not only responsible for cellular energy production but are also involved in signaling, cellular
IDH2 differentiation, cell death, and aging. Mitochondrial NADP *-dependent isocitrate dehydrogenase (IDH2) cata-
High bone mass lyzes the decarboxylation of isocitrate to a-ketoglutarate, accompanied by NADPH production. IDH2 plays a
RANKL central role in mitochondrial function in multiple cell types and various organs, including the heart, kidneys, and
Osteoblast-to-osteoclast crosstalk brain. However, the function of IDH2 in bone tissue is yet to be elucidated. Here, we report that disruption of
IDH2 in mice results in high bone mass due to decreased osteoclast number and resorption activity. Although
IDH2 played no cell-intrinsic role in osteoclasts, IDH2-deficient animals showed decreased serum markers of
osteoclast activity and bone resorption. Bone marrow stromal cells/osteoblasts from Idh2 knockout mice were
defective in promoting osteoclastogenesis due to a reduced expression of a key osteoclastogenic factor, receptor
activator of nuclear factor-kB ligand (RANKL), in osteoblasts in vivo and in vitro through the attenuation of
ATF4-NFATc1 signaling. Our findings suggest that IDH2 is a novel regulator of osteoblast-to-osteoclast com-
munication and bone metabolism, acting via the ATF4-NFATc1-RANKL signaling axis in osteoblasts, and they
provide a rationale for further study of IDH2 as a potential therapeutic target for the prevention of bone loss.

1. Introduction

Bone is a highly dynamic tissue that is continuously remodeled to
attain and maintain optimal bone integrity, mass, and strength [1-3].
Bone remodeling is tightly regulated by an equilibrium between os-
teoclast-mediated bone resorption and osteoblast-mediated bone for-
mation [4-6]. An osteopetrotic phenotype develops from a dysregula-
tion of osteoclast differentiation or function and is characterized by a
markedly high bone mass [7-9]. In contrast, osteoporotic diseases are
associated with an increase in osteoclast-mediated bone resorption and
are characterized by marked bone loss [10,11].

Osteoclast differentiation and bone resorption occur via molecular
intercellular communication between osteoblasts and osteoclasts that
regulates the commitment, proliferation, and differentiation of bone
cell precursors [12,13]. Although the mechanisms controlling osteo-
blast-to-osteoclast crosstalk are not completely elucidated, cytokines
secreted by osteoblasts and neighboring stromal cells play a dominant
role in osteoclast differentiation, including macrophage colony-

stimulating factor (M-CSF), receptor activator for NF-xB ligand
(RANKL), and its soluble decoy receptor osteoprotegerin (OPG)
[14,15].

Mitochondria are the powerhouses of the cell that provide energy
(ATP) for cell function. A significant amount of ATP is consumed during
bone remodeling, and its generation is regulated by cell type and is
temporally specific [16]. Previous studies have elucidated that mi-
tochondria also play a critical role in the differentiation of multiple cell
types [17,18]. In both osteoclasts and osteoblasts, robust mitochondrial
biogenesis and supercomplex formation are observed during differ-
entiation, accompanied by increased ATP production [19-22]. Con-
sistent with these findings, mitochondrial dysfunction, characterized by
a loss of ATP production efficiency, is closely related to alterations in
bone formation [23-25].

Mitochondrial NADP *-dependent isocitrate dehydrogenase (IDH2)
is an evolutionarily conserved protein that catalyzes the oxidative
decarboxylation of isocitrate, which is involved in ATP production,
through the production of a-ketoglutarate (a-KG) in the tricarboxylic
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acid (TCA) cycle [26-28]. Moreover, IDH2 participates in regulating
mitochondrial oxidative stress by catalyzing the production of NADPH
[29]. Hence, IDH2 is a pivotal factor in mitochondrial function as one of
the metabolic enzymes for ATP generation and as a donor of NADPH for
redox balance in multiple cell types and various organs, including the
heart, kidneys, and brain [30-32]. It is well known that ATP is a sig-
naling molecule that regulates several cellular activities that control
gene expression in bone cells [33-35]. ROS are reported to act as in-
tracellular signaling mediators for osteoclast differentiation [36,37]
and are involved in osteogenic gene expression in osteoblasts [38-40].
Therefore, a normal mitochondrial function that maintains the proper
levels of ATP and ROS is critical for balanced bone metabolism. Al-
though there is mounting evidence that the disruption of IDH2 causes
abnormal levels of ATP and ROS and contributes to overall mitochon-
drial dysfunction, an understanding of the physiological associations
between IDH2 and bone metabolism and the underlying mechanisms is
lacking.

In the present study, we investigated the role of IDH2 in bone for-
mation and remodeling using mice harboring a targeted disruption of
IDH2. These mice undergo normal skeletal development but exhibit
high bone mass in vertebrae and long bones due to a significant re-
duction in both osteoclast number and activity. IDH2 deficiency sig-
nificantly decreased RANKL expression in the early stage of osteoblast
differentiation of primary bone marrow stromal cells. Consistent with
these findings, co-culture with osteoblasts derived from IDH2-deficient
mice lowered the differentiation capacity of bone marrow-derived os-
teoclast progenitors. Inactivation of IDH2 was linked to reduced RANKL
expression through the activating transcription factor 4-nuclear factor
of activated T-cells c1 (ATF4-NFATcl) signaling pathway, acting partly
via mitochondrial ATP generation. Our findings provide the first evi-
dence of physiological control of bone metabolism by IDH2 via osteo-
blast-osteoclast communication that is in turn modulated, at least in
part, by RANKL expression in osteoblasts. Moreover, IDH2-deficient
mice were protected from ovariectomy-induced bone resorption by the
decrease in osteoclastic bone catabolism and the downregulation of
RANKL expression. These results suggest that IDH2 is a potential
therapeutic target in the treatment of bone loss diseases, such as os-
teoporosis.

2. Materials and methods
2.1. Animals

All animal procedures were reviewed and approved by the Ethics
Committee of Kyungpook National University Institutional Animal Care
(Approval No. KNU-2016-0093; Daegu, Korea). The mice used in this
study were Idh2 germline knockouts (Idh2~77) and their littermates
wild-type (WT, Idh2*/*) mice with a complete C57BL/6 background.
The mice were bred and maintained in climate-controlled, specific pa-
thogen-free conditions with a 12h light/dark cycle and were allowed
free access to water and standard mouse chow. The mice were geno-
typed using PCR, as previously described [41]. The final age of all mice
used for analysis was 16 weeks.

2.2. Microcomputed tomography (uCT)-based analysis of bone structure

The structure of long bones was evaluated using pCT with the
SkyScan 1272 scanner (Bruker, Kontich, Belgium) at School of
Dentistry, Kyungpook National University (Daegu, Korea). Briefly, fe-
murs were collected from female mice at 16 weeks of age, cleaned to
remove any soft tissues, fixed in 4% paraformaldehyde (PFA), and
rinsed with phosphate-buffered saline (PBS). The fixed femurs were
scanned using a high-resolution uCT. The X-ray tube voltage was 60kV
with a current of 166 4A and a 0.25-mm thick Al filter. The exposure
time was 424 ms, and the image pixel size was 10um. The acquired uCT
images were analyzed using the Comprehensive TeX Archive Network
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(CTAN) topographic reconstruction software (Bruker) to evaluate bone
parameters. For bone analysis, a region of 0.7-2.3 mm was selected as
the region of interest (ROI) in each image, and image information was
obtained based on computed automatic domain values. Trabecular
bone mineral density (BMD), bone volume per tissue volume (BV/TV),
trabecular bone thickness (Tb.Th), trabecular number (Tb.N), and tra-
becular separation (Tb.Sp) were measured and calculated.

2.3. Bone histomorphometry analysis

For bone histological analysis, mice were first intraperitoneally in-
jected with calcein green (30 mg/kg; Sigma, St. Louis, MO), then with
alizarin red S (60 mg/kg; Sigma) 6 days later. The mice were sacrificed
2 days after the alizarin red S injection. Undecalcified lumbar vertebrae
were embedded in destabilized methyl-methacrylate after dehydration
by an ethanol series and were cut into 5-um sections. Fluorochrome
images, double-labeled by calcein and alizarin red S, were visualized
using a fluorescence microscope at a magnification of 20 x. Sections
were stained with von Kossa/van Gieson staining to assess mineralized
bone, or with toluidine blue to analyze the number of osteoblasts on the
bone surface. Tartrate-resistant acid phosphatase (TRAP) staining in
osteoclasts was conducted using a Leukocyte TRAP Kit (Sigma), ac-
cording to the manufacturer's instructions. Finally, static and dynamic
bone histomorphometry analyses were performed using BioQuant
image analysis software (Bio-Quant, Inc., San Diego, CA).

2.4. Serum analysis

Serum samples were collected from Idh2~/~ and Idh2*/* mice at
16 weeks of age and assayed for bone degradation markers, e.g., CTX-1,
using commercially available enzyme-linked immunosorbent assay
(ELISA) kits (RatLaps™ EIA, Tyne & Wear, UK), according to the man-
ufacturer's instructions. The levels of OPG and RANKL in mouse serum
and osteoblast culture supernatants were measured using Quantikine
ELISA kits (R&D Systems, Minneapolis, MN), according to the manu-
facturer's instructions.

2.5. Cell culture and in vitro differentiation

Bone marrow was harvested from the femur and tibia of 16-week-
old mice by centrifugation (10 s at 8000 X g). Whole marrow cells were
cultured in cell culture plates in Minimum Essential Medium Alpha
Modifications (a-MEM) for 20 h. For the primary osteoclasts, non-ad-
herent cells were collected by density gradient centrifugation using
Histopaque-1077 (Sigma) and were seeded in 96-well plates at a density
of 2 x 10* cells/well. Differentiation was induced by the addition of M-
CSF (20 ng/ml; PeproTech, Rocky Hill, NJ) and RANKL (20 ng/ml; R&D
Systems) to the culture medium. The medium was refreshed every other
day. For the primary osteoblasts, cells attached to the bottom of the
plate were cultured for 5 more days before being seeded in 24-well
plates at a concentration of 8 x 10* cells/well. Osteoblastic differ-
entiation was induced in medium supplemented with 10 mM (-glycer-
ophosphate and 100 pg/mli-ascorbic acid (Sigma). Both osteoclasts
(days 0 and 5 with differentiation media) and osteoblasts (days 0, 7,
and 14 with differentiation media) were harvested in TRIzol for RNA
isolation and in radioimmunoprecipitation assay (RIPA) buffer (Sigma)
for protein extraction. TRAP staining was conducted for the visualiza-
tion of differentiated osteoclasts, and TRAP-positive multinucleated
cells (MNCs) were counted using i-Solution image analysis software
(IMT i-solution, Daejeon, Korea). For actin ring staining, osteoclasts
were fixed in 4% PFA, permeabilized in 0.1% Triton X-100, rinsed in
PBS, and immunostained with TRIC-conjugated phalloidin (Invitrogen,
Carlsbad, CA). To analyze osteoclast resorption activity, 2 x 10* cells of
bone marrow macrophages were cultured on bone slices with differ-
entiation medium. Resorption pits were visualized by staining with
Mayer's hematoxylin solution (Sigma) after cells were eliminated, and
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the resorption area was measured using the threshold method in ImageJ
software (NIH, Bethesda, MD, USA). For the mineralization assay, os-
teoblast cells cultured for 7 or 14 days were fixed with 4% PFA and then
stained with alizarin red S for 10 min at room temperature. Cultures
were then washed three times with distilled water before capturing
images. The alizarin red stain was dissolved with 10% cetylpyridinium
chloride (Sigma) for 15min at room temperature, and the optical
density of the solution at 562nm was measured using a spectro-
photometer. For osteoblast-mediated osteoclast generation, bone
marrow cells were cultured in an equal mixture of growth medium and
osteoblast-conditioned medium (CM) or co-cultured with osteoblasts
plated on 0.4-um Transwell tissue culture inserts. The cells were then
fixed with 4% PFA and stained with TRAP before counting TRAP-po-
sitive MNCs.

2.6. RNA isolation, RT-PCR, and quantitative PCR (qPCR)

Total RNA was extracted from cells using TRIzol (Invitrogen). To
isolate total RNA from bone homogenates, the femurs and tibias from
Idh2~/~ and Idh2*/* mice were harvested. The bone marrow was
flushed with PBS and pulverized in TRIzol using a TissueLyser (Qiagen,
Valencia, CA). RNA was purified using the RNeasy Micro Kit with
DNase I (Qiagen), according to the manufacturer's instructions, and
cDNA was generated with 1 pg of total RNA and a reverse transcription
premix (Elpis Biotech, Daejeon, Korea). PCR reactions were performed
to assay for the presence of Idh2 and qPCRs were run in triplicate on a
7900HT sequence detector (Applied Biosystems, Foster City, CA) using
SYBR Green (Life Technologies, Carlsbad, CA, USA). The mRNA ex-
pression of each gene of interest was normalized to that of Gapdh. The
primer sequences used in this study are listed in Table S1.

2.7. Protein extraction and immunoblotting

Long bone tissue samples were snap-frozen in liquid nitrogen and
disrupted in a TissueLyser (Qiagen) with RIPA buffer. For whole-cell
lysates, cells were lysed in RIPA buffer. The samples were incubated on
a rotator at 4°C for 30 min and then centrifuged at 12,000 rpm for
10 min at 4 °C. The resulting supernatants were collected. The protein
concentrations of the supernatants were measured using a bicincho-
ninic acid assay (BCA) assay (Pierce, Rockford, IL). Proteins (30 pug/
lane) were separated by SDS-PAGE and then transferred to a poly-
vinylidene difluoride membrane (Immunobilon-P; Millipore, Milford,
MA) using a Bio-Rad wet transfer system. The membranes were then
blocked with 5% skim milk for 1h at room temperature before in-
cubating overnight with antibodies against IDH2 (Abcam, Cambridge,
MA); p-ATF4 and ATF4 (Thermo Scientific, Waltham, MA); and
NFATc1, RANKL, or [B-actin (Santa Cruz Biotechnology, Dallas, TX).
Signals were detected using a horseradish peroxidase-conjugated sec-
ondary antibody and an enhanced chemiluminescence detection kit
(ECL; GE Healthcare Life Science, UK).

2.8. Evaluation of mitochondrial damage

The mitochondrial membrane potential was visualized by using
rhodamine-123 (Invitrogen) according to the manufacturer's instruc-
tions. Briefly, after 3 days of differentiation, the cells were treated with
5uM rhodamine-123 for 20 min at 37 °C. The fluorescence intensity was
measured and analyzed. The mitochondrial ROS level was measured
using the MitoSOX Red fluorescent dye (Invitrogen). Cells were differ-
entiated for 3 days, washed with PBS, and incubated with 10uM
MitoSOX Red for 20min at 37 °C. Fluorescence was evaluated using a
Zeiss Axiovert 200 inverted microscope (Oberkochen, Germany).

2.9. ATP and cyclic AMP (cAMP) measurement

The ATP and cAMP levels in cultured osteoblasts were measured
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using an ATP colorimetric/fluorometric assay kit and a cAMP direct
immunoassay kit (Abcam), respectively, according to the manufac-
turer's instructions. Briefly, 1 x 10° cells were harvested, lysed in
200pl of ATP assay buffer, and centrifuged at 12,000rpm for 5min at
4°C. The supernatant was deproteinized using ice-cold 4 M perchloric
acid and 2M KOH. For the cAMP assay, cultured osteoblasts were
scraped and dissociated completely, and centrifuged for at 12,000 rpm
for 10 min. Collected supernatants were then processed directly for
cAMP concentration. Values were normalized to the protein con-
centrations obtained using Bradford assays and expressed as pmol/ug
protein.

2.10. Ovariectomy (OVX)

Bilateral OVX and sham operations were performed on female mice
at 8 weeks of age. Briefly, OVX was performed under general anesthesia
by making a single 0.5-cm long midline dorsal skin incision. Using ar-
tery forceps, the ovarian fat pad was gently parted, and the ovaries
were exposed. After removing both ovaries, the fat pad was reposi-
tioned into the abdomen. The wound was closed by suturing the muscle
layer with a single stitch and the skin layer with sterile stainless-steel
wound clips. The sham control mice underwent the same procedure,
except for ovary removal. The surgically removed ovaries were ex-
amined histologically to verify successful OVX. At the age of 16 weeks,
mice were sacrificed by cardiac puncture. The success of OVX was also
confirmed based on the absence of ovaries and uterine atrophy at sa-
crifice.

2.11. Immunohistochemistry for RANKL detection

Paraffin sections of femur (5-um thick) were prepared for RANKL
immunolabeling. Briefly, following deparaffination and rehydration
with xylene and serial dilutions of ethanol, respectively, the sections
were treated with preboiled citrate buffer (pH 6.0) for antigen retrieval
for 30 min. Next, incubation with 0.3% hydrogen peroxide was per-
formed for 30min to inactivate endogenous peroxidase, and then the
sections were incubated in blocking solution (10% normal goat serum
in PBS) for 1 h to reduce non-specific staining. The sections were then
incubated overnight at 4°C with mouse anti-RANKL antibody (Santa
Cruz Biotechnology) at a dilution of 1:100 in PBS containing 1% bovine
serum albumin (BSA). After washing with PBS, the sections were in-
cubated with horseradish peroxidase-conjugated rabbit anti-mouse I1gG
(Thermo Scientific) for 1h at room temperature. The sections were then
rinsed with PBS three times and treated with diaminobenzidine (DAB)
(Dako, Glostrup, Denmark) to visualize the immunoreaction. All sec-
tions were counterstained with hematoxylin and observed under a light
microscope (Leica, Wetzlar, Germany).

2.12. Statistical analysis

All data are expressed as mean + SD. Means were compared using
Student's t-test. The significance level was set at P < 0.05.

3. Results
3.1. Idh2~/~ mice exhibit increased bone mass

To determine the role of IDH2 in bone metabolism, Idh2 mRNA and
protein expression were examined in Idh2*/" osteoblasts and osteo-
clasts derived from bone marrow stromal cells and macrophages, re-
spectively. Both cell types expressed Idh2, and the expression level in
osteoblasts was significantly higher than that in osteoclasts
(Supplementary Fig. S1A, B). As differentiation progressed, Idh2 mRNA
expression decreased in osteoblasts and increased in osteoclasts (data
not shown). However, in Idh2~/~ mice, bone development was not
altered by the lack of IDH2, as indicated by the normal longitudinal
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Fig. 1. Bone mass is increased in Idh2~/~ mice. (A) UCT analysis based on 3D reconstructed images of axial and coronal sections of the distal femur in WT (Idn2+’*)
or Idh2-knockout (Idh2~/7) mice. (B) Trabecular BV and architecture were assessed by uCT. BMD, bone mineral density; BV/TV, bone volume per tissue volume;
Tb.Th, trabecular bone thickness; Tb.N, trabecular number; and Tb.Sp, trabecular separation. (C) Lumbar vertebrae sections were stained with von Kossa/van Gieson
staining and (D) the following parameters were measured: BV/TV; Md-V, mineralized volume; Tb.Th; Tb.N; and Tb.Sp. Data are represented as the mean = standard

deviation (SD); n = 6 per group. *P < 0.05 versus control.

bone growth seen in 12-week-old mice (Supplementary Fig. S1C). Next,
we analyzed bone mass in 16-week-old mice by uCT of the femur
(Fig. 1A, B). Trabecular BMD was significantly increased in Idh2~/~
mice compared to WT (Idh2*/*) littermate controls. The pCT analysis
also showed an increase in BV/TV due to a significant increase in Tb.Th
and Tb.N, and a decrease in Tb.Sp in Idh2~/~ mice. Histological ana-
lysis of lumbar vertebrae sections with von Kossa/van Gieson staining
and quantification using BioQuant software confirmed these findings,
showing that BV/TV was increased in Idh2 7~ mice relative to Idh2*/*
mice (Fig. 1C, D). Moreover, cortical bone thickness was increased in
Idh2~/~ mice compared to Idh2*/* mice (Supplementary Fig. S1D).
Taken together, these results indicate that IDH2 deficiency results in
high bone mass in both the femur and the spine. This increase in bone
mass was detected in Idh2~/~ mice after 16 weeks, and no significant
difference was evident when the bone mass was compared in younger
mice (data not shown). These results indicate that the higher bone mass
in adult Idh2~/~ mice is likely to result from alterations in bone re-
modeling, which reflects the balance between bone formation and re-
sorption.

3.2. Bone resorption is reduced in Idh2~/~ mice

To determine whether the balance between bone formation and
resorption is altered, and to identify the underlying cellular mechanism
leading to the increased bone mass in adult Idh2~/~ mice, bone his-
tomorphometry was performed. We first examined the bone formation
parameters in the L3 and L4 lumbar vertebrae. Osteoblast number
(Fig. 2A upper panel and 2B left graph), mineral apposition rate, and

bone formation rate (Fig. 2C) were not altered in Idh2~/~ mice com-
pared to those in Idh2"/* mice, indicating that the osteoblast char-
acteristics are not substantially changed as a result of IDH2 deficiency.
In addition, in vitro differentiation of isolated bone marrow stromal
cells into osteoblasts showed no difference between the two genotypes,
as evidenced by qPCR, which shows comparable mRNA expression le-
vels of the osteoblast markers Runx2, Alp, Coll, and osteocalcin (Sup-
plementary Fig. S2A), and comparable alkaline phosphatase staining
(Supplementary Fig. S2B). Finally, in vitro mineralization detected by
alizarin red S staining on days 7 and 14 of osteoblast differentiation
does not differ considerably between the two genotypes (Supplemen-
tary Fig. S2C). IDH2 is present in osteoblast lineage cells (Supplemen-
tary Fig. S1), but it is not critical for the differentiation or mineraliza-
tion of osteoblasts (Supplementary Fig. S2). Therefore, the increased
bone mass in the adult Idh2 ™/~ mice could not be caused by alterations
in bone formation, suggesting that bone resorption may be affected.
Indeed, fewer osteoclasts were detected in tartrate-resistant acid
phosphatase (TRAP)-stained lumbar vertebrae from adult Idh2 ™/~ mice
than in vertebrae from Idh2*/* mice (Fig. 2A lower panel). The
quantification of TRAP-positive osteoclasts on the bone surface re-
vealed a 40% decrease in the number of osteoclasts in Idh2~/~ mice
(Fig. 2B right graph). Serum levels of C-terminal telopeptides of type 1
collagen (CTX-1), a marker of osteoclast activity and bone resorption,
were also reduced in Idh2~/~ mice (Fig. 2D). These data indicate that
bone resorption activity is decreased, with a reduced number of os-
teoclasts in Idh2 7/~ mice, which also explains the increased bone mass
observed. However, in vitro osteoclast differentiation of bone marrow
macrophages of Idh2™/~ mice was not significantly altered



S.H. Lee, et al.

>

Idh2++

Toluidine Blue

12

-
o

Ob.NBS (mm-)
ON & O

Idh2-"~ Idh2*

3.0
2.0
1.0

Oc.NBS (mm-)
o

Idh2-"~ Idh2*

c ldh2++

Bone 129 (2019) 115056

15
12
9

MAR (mcm/day)

6
3
0

Idh2*~ Idh2*

D

16 -
§A12-
E o
Eg

0-

6
5 4
44
34
2 4
14

BRRBS (mcm/day)

Idh2~~ Idh2*

ldh2~ Idh2*

Fig. 2. Bone resorption is decreased in Idh2~/~ mice. Bone histomorphometry analysis of lumbar vertebrae from Idh2*/" and Idh2 =/~ mice (n = 4 per group). (A)
Tissue sections were stained with toluidine blue for osteoblasts (upper) or with TRAP for osteoclasts (lower, arrow), and (B) osteoblast number (Ob.N) and osteoclast
number (Oc.N) per bone surface were calculated. (C) Representative images of calcein-alizarin red labeling on the unstained tissue section, and the measurements of
mineral apposition rate (MAR) and bone formation rate (BFR) based on the images. (D) Serum concentrations of CTX-1 in Idh2*/* and Idh2~/~ mice (n = 6). Data
are represented as the mean * SD. *P < 0.05 versus control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

A

100
80
60
40
20

0

RANKL (pg/ml)

Idh2+* Idh2*

500
= 400
g 300
a
o 200
o
O 100

0

RANKL/OPG ratio

Idh2+"* Idh2*

Idh2+* serum Idh2/ serum

TRAP

Resorption pi

_
P

0.25
0.20
0.15 «
0.10
0.05

0.00
ldh2*> ldh2*

O Idh2+* serum
B /dh2" serum

- 50
[
340
g 30 -
= )
&20 =
210

0

Tnfsf11
1.2
g 1.0
£ 0.8 =
0.6
§ 0.4
& 0.2
1dh27" I[dh2*

20

resorption (%)
w
o

-
o o

Fig. 3. IDH2 deficiency diminishes RANKL expression in vivo, and osteoclast differentiation and resorption activity are reduced in co-culture with Idh2~/~ mouse
serum. (A) Serum RANKL and OPG levels, and the RANKL/OPG ratio (n = 6 per group). (B) In vivo bone marrow expression of Tnfsf11 (encoding RANKL) quantified
by qPCR. (C) TRAP staining of WT bone marrow macrophages cultured in osteoclast differentiation medium with serum from Idh2*’* or Idh2~/~ mice. TRAP*
MNCs containing more than three nuclei were counted. Osteoclast resorption activity was assessed by culturing osteoclasts on bone slices and measuring the
resorption area using ImageJ software. Data are represented as the mean + SD. *P < 0.05 versus control.



S.H. Lee, et al.

A

Tnfsf11 Tnfrsf11b
3.0 q 1.4 1
i 1.2
é 2.5 el
o 2.0 1 i
£ * 0.8 -
g 1.5 4 0.6
§ 1.0 1 0.4 -
0.5 4 0.2 -
0.0 - 0.0 —

do d3 d7 d10

d0 d3 d7 d10 d14 d14

O Idh2** media
M /dh2 media

180
£ 150 i
2 120 = 70
E 90 2 60
< 60 @ 50
2 S 4
£ 30 = 30
-+
0 o 20
E 10
0

Ratio

Bone 129 (2019) 115056

Tnfsf11/Tnfrsf11b M-csf
3.0 - 1.8 -
25 | -O- Idh2** 15 | -O- Idh2**
-o- ldh2" < -~ ldh2"
2.0 - g12 -
£
1.5 - o 0.9
2
1.0 T 0.6
Q
0.5 - 0.3
0.0 , 0.0

d0 d3 d7 d10 d14 d0 d3 d7 d10 d14

0O Idh2** Ob
W /dh2" Ob

0O Idh2** CM
W /dh2" CM

TRAP+ MNCs/well

Fig. 4. Multinucleated osteoclast formation is repressed when bone marrow macrophages are cultured with conditioned medium from Idh2~/~ osteoblasts or co-
cultured with Idh2 ™/~ osteoblasts. (A) Tnfsf11 and Tnfrsf11b (encoding OPG) expression in primary osteoblasts from bone marrow on days 0, 3, 7, 10, and 14 of
differentiation and the calculated ratio. (B) M-csf expression in primary osteoblasts on days 0, 3, 7, 10, and 14 of differentiation. (C) RANKL secreted on day 3 from
Idh2™*/* or Idh2~/~ osteoblasts cultured in differentiation medium as measured by ELISA. (D) TRAP staining of WT bone marrow macrophages cultured with either
Idh2*/™ or Idh2~/~ osteoblast-conditioned medium (CM) collected on day 3 of differentiation and the number of TRAP* MNGs containing more than three nuclei.
(E) TRAP staining of WT bone marrow macrophages co-cultured with either Idh2*/* or Idh2~/~ primary osteoblasts (Ob) and the number of TRAP* MNCs

+

containing more than three nuclei. Data are represented as the mean

(Supplementary Fig. S3A, B); the functional activity of these osteoclasts
was also comparable to that of their WT cells (Supplementary Fig. S3C,
D).

3.3. RANKL/OPG serum levels are reduced in Idh2 ™/~ mice

Because bone marrow macrophages from Idh2-deficient mice dis-
played normal osteoclast differentiation and resorptive function in
vitro, we next aimed to elucidate the mechanisms by which IDH2 ex-
pression in osteoblasts/stromal cells may control osteoclast differ-
entiation. Since RANKL and its decoy receptor, OPG, modulate osteo-
clastogenesis, and both proteins are produced by osteoblasts/stromal
cells, we measured the serum and bone marrow levels of RANKL and
OPG. In Idh2~/~ mice, the RANKL/OPG ratio in serum was half that
measured in the serum of WT mice due to a low RANKL concentration
(Fig. 3A). The expression of the RANKL-encoding gene, Tnfsf11, was
also decreased in the bone marrow of Idh2~/~ mice relative to that
seen in WT mice (Fig. 3B). Treatment with serum from Idh2~/~ mice
decreased the differentiation and resorption activities of bone marrow
macrophages cultured in osteoclast differentiation medium (i.e., in the
presence of RANKL and M-CSF) compared to treatment with serum
from WT mice (Fig. 3C).

3.4. IDH2 disruption suppresses RANKL expression in the early stages of
osteoblast differentiation and inhibits osteoclastogenesis

Primary bone marrow-derived osteoblasts lacking IDH2 showed
significantly reduced RANKL mRNA expression in the early stages of
differentiation on day 0 and 3 in vitro, while mRNA levels of the anti-

SD of three independent experiments conducted in triplicate. *P < 0.05 versus control.

osteoclastogenic factor OPG were similar between cells isolated from
Idh2~/~ and WT mice (Fig. 4A). The mRNA expression level of M-CSF,
another critical cytokine for osteoclast differentiation and produced by
osteoblasts, showed no significant difference between Idh2~/~ and
Idh2*/* mice (Fig. 4B). Consistent with this finding, RANKL protein
expression was decreased in the culture medium of Idh2~/~ osteoblasts
on day 3 of differentiation compared to that seen in the culture medium
of WT osteoblasts (Fig. 4C). To determine the ability of Idh2-deficient
osteoblasts/stromal cells to support osteoclastogenesis, we performed
co-culture experiments. Since the lack of IDH2 in osteoblasts resulted in
decreased RANKL expression, we hypothesized that co-culturing with
primary osteoblasts isolated from Idh2~/~ mice would suppress os-
teoclastogenesis in WT osteoclast precursors (bone marrow macro-
phages in primary culture). WT osteoclast precursors co-cultured with
Idh2-deficient osteoblasts showed reduced TRAP staining compared to
WT osteoclast precursors co-cultured with WT osteoblasts, indicating
diminished osteoclastogenesis in the absence of Idh2 (Fig. 4E). A
comparable decrease in osteoclastogenesis was observed when osteo-
clast progenitors were incubated with medium conditioned by me-
senchymal stem cells undergoing osteoblast differentiation (Fig. 4D).

3.5. IDH2 regulates RANKL expression in osteoblasts in an ATF4/NFATc1-
dependent manner

Next, we examined the effect of IDH2 on mitochondrial functions by
analyzing mitochondrial membrane potential (Fig. 5A) and mitochon-
drial redox status (Fig. 5B) in WT and IDH2-deficient osteoblasts. Idh2
knockout altered the mitochondrial membrane potential associated
with elevated mitochondrial reactive oxygen species (ROS) levels,
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strongly suggesting that a decrease in the level of ATP and its derivative
cAMP content was attributable to alterations in mitochondrial functions
seen in IDH2-deficient mice. We measured the levels of ATP and cAMP
in osteoblasts cultured under differentiation conditions. As expected,
the ATP and cAMP levels in the IDH2-deficient osteoblasts were lower
than those in WT osteoblasts, with a prominent difference on day 3 of
differentiation (Fig. 5C), correlating with the reduced RANKL expres-
sion on day 3 in Idh2”/~ osteoblasts. Because ATP and cAMP play
essential roles in the regulation of transcriptional activity of the cAMP
response element-binding protein (CREB), and ATF4, another CREB
family member, has been reported to regulate RANKL expression in
combination with NFATc1, one of target genes of ATF4 in osteoblasts,
we examined changes in phosphorylated (p-) ATF4 and the expression
of NFATc1. The level of p-ATF4 on day 3 of osteoblast differentiation
was reduced in Idh2~/~ cells compared to WT cells (Fig. 5D). The level
of Nfatc1 mRNA expression was also reduced in Idh2~/~ osteoblasts
(Fig. 5E), which is similar to the pattern observed with RANKL mRNA
expression (Fig. 4A). Accordingly, the levels of NFATcl and RANKL
protein in Idh2~/~ osteoblasts on day 3 of differentiation were lower
than those in WT osteoblasts (Fig. S5F). Taken together, these data in-
dicate that the loss of IDH2 results in impaired mitochondrial function
with decreased membrane potential and increased mitochondrial ROS
levels, leading to decreased ATP production and cAMP-dependent
NFATc1/ATF4 signaling in the early stages of osteoblast differentiation,
which in turn diminishes RANKL expression, thereby suppressing os-
teoclastogenesis and resorption activity.

3.6. IDH2 deficiency reduces bone loss in mice with OVX-induced
osteoporosis

Next, we determined whether the inhibition of osteoclast differ-
entiation and bone resorption due to IDH2 inactivation protects against
bone loss in osteoporosis. A mouse model of OVX-induced osteoporosis

was used to determine the importance of IDH2 in postmenopausal os-
teoporosis. OVX led to a significant decrease in the bone mass of WT
mice, as indicated by the 36% decrease in BV/TV measured using pCT
analysis, whereas Idh2 ™/~ mice were less affected, experiencing only a
21% decrease (Fig. 6A, B). Idh2~/~ mice were protected from OVX-
induced bone loss, indicating that IDH2 deficiency was closely asso-
ciated with preventing the enhanced osteoclast-mediated bone resorp-
tion that occurs following OVX in WT mice. OVX caused a significant
increase in osteoclast numbers on the bone surface in WT mice, but this
increase was less significant in Idh2~/~ mice (Fig. 6C). There was no
difference in osteoblast numbers on the bone surface between two
genotypes (Fig. 6D). BFR was not also altered in either sham or OVX-
induced Idh2*/* and Idh2~/~ mice (Supplementary Fig. S4). The
prevention of OVX-induced osteoporosis in Idh2~/~ mice was con-
firmed by reduced Tnfsf11 (Fig. 6E) and RANKL (Fig. 6F) expression.
Taken together, these data indicate that the loss of IDH2 leads to a
decrease in RANKL expression, which in turn reduces osteoclast number
and activity, finally resulting in a protective effect against osteoporosis.

4. Discussion

Mitochondrial NADP*-dependent isocitrate dehydrogenase, en-
coded by Idh2, plays a critical role in the regulation of mitochondrial
functions, including intermediary metabolism and energy production
[26-28]. Although many studies focus on its role in mitochondrial
function, the role of IDH2 in bone formation and remodeling has not
been studied. To elucidate the function of IDH2 in bone tissue, we
analyzed Idh2-knockout C57BL/6 mice. We found that IDH2-deficient
mice had a high bone mass phenotype associated with decreased
numbers of osteoclasts on bone surfaces and decreased osteoclast re-
sorption activity in vivo. However, IDH2 deficiency did not result in
any significant changes in osteoclast differentiation and resorption ac-
tivity in vitro. Therefore, targeting of IDH2-mediated cellular signaling
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needs to be considered in the context of the interaction between bone
cells and factors involved in the process of bone remodeling.

Bone remodeling is controlled by multiple local and systemic factors
that are responsible for the tightly coupled temporal and spatial inter-
play between bone-resorbing osteoclasts and bone-forming osteoblasts
that maintain bone mass and integrity [1,2,4,5]. RANKL and M-CSF,
expressed by the osteoblastic cells, are essential factors for further
differentiation, maturation, function, and survival of osteoclasts
[14,15]. While M-CSF promotes proliferation and survival of osteoclast
precursor cells [42], RANKL directly controls the differentiation and
function of osteoclasts by binding to its receptor, RANK, which is ex-
pressed in osteoclast lineage cells [43]. Furthermore, osteoblasts and
stromal cells synthesize OPG, which is a decoy receptor for RANKL
[44]. Thus, the balance between RANKL and OPG expression levels is
crucial for regulating osteoclast differentiation and function. We found
a marked decrease in levels of RANKL protein in serum and in Tnfsf11
(RANKL-encoding gene) mRNA expression in bone tissue, while the
levels of OPG protein in serum and the levels of Tnfrsf11b (OPG-

encoding gene) mRNA in bone tissue remained unchanged. These
findings indicate that IDH2 deficiency leads to the downregulation of
RANKL expression, which explains why both decreased osteoclast
number and resorption activity lead to increased bone mass and pro-
tection against OVX-induced bone loss.

NFATc] acts as a master transcriptional regulator in osteoclast dif-
ferentiation [45]. The binding of RANKL to its receptor RANK on os-
teoclast precursor cells induces NFATc1 expression and activates os-
teoclast marker gene transcription. For example, embryonic stem cell
lines with an NFATcl deficiency fail to differentiate into osteoclasts
[46,47]. In addition to the effect of NFATc1 in osteoclast lineage cells,
several studies report that NFATs play a crucial role in osteoblast-
mediated regulation of osteoclast differentiation. Mice that con-
stitutively express nuclear NFATc1 in osteoblasts show elevated os-
teoclast number and bone resorption activity [48]. NFAT also plays a
critical role in isoproterenol-induced RANKL expression in mouse os-
teoblastic cells [49]. RANKL expression is increased in both a cAMP/
PKA- and calcineurin/NFAT-dependent manner, and CREB and NFAT
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cooperate functionally at the RANKL promoter, which is also required
for parathyroid hormone related-protein (PTHrP)-induced RANKL ex-
pression in osteoblastic cells [50].

Activated CREB mediates parathyroid hormone 1 receptor (PTH1R)-
induced RANKL expression by binding to multiple distal enhancers of
the RANKL gene [51,52]. CREB2, also known as ATF4, is a critical
transcription factor in osteoblast differentiation, including the induc-
tion of RANKL expression, which is activated in an ATF4-NFATc1 de-
pendent manner [49]. Accordingly, we found that IDH2 regulates
RANKL expression through ATF4-NFATcl signaling in osteoblasts. We
measured cellular ATP and cAMP as well as mitochondrial membrane
potential to determine the mitochondrial function. The increase in ATP
production on day 3 of differentiation in osteoblasts/stromal cells was
reduced in IDH2-deficient cells. Consequently, the utilization of ATP
and cAMP for the phosphorylation and activation of ATF4 was also
decreased, resulting in down-regulated RANKL expression in the early
stages of osteoblast differentiation.

Various studies have reported that mitochondrial ROS are key
mediators of the communication between mitochondria and the cell in
the regulation of homeostasis and maintenance of normal cellular
function [53,54]. IDH2 plays an important role in the control of redox
balance and oxidative stress levels, which are tightly correlated with
intermediary metabolism and energy production. Moreover, there is
abundant evidence supporting a general role for IDH2 in the relation-
ship between mitochondrial redox status and the regulation of essential
signaling pathways, such as p53, MAP kinase, NF-kB, and AMPK, that
control cell growth and differentiation, cell death, and metabolism
[41,55,56]. Many recent reports indicate that a-KG, an intermediate
metabolite generated by IDH2, is a cofactor for both the Jumonji do-
main-containing histone demethylases and the TET family of DNA de-
methylases. Thus, a-KG regulates gene expression through epigenetic
controls [57,58]. Therefore, although we provide evidence that ATF4-
NFATc1-RANKL signaling in osteoblasts is a primary mediator of the
consequences of IDH2 deficiency in controlling bone mass via RANKL-
mediated osteoclast differentiation and function, we do not exclude the
possibility that other signaling pathways, such as ROS-mediated cel-
lular responses or a-KG-mediated epigenetic control of gene expres-
sions, may also be modulated by IDH2 in osteoblasts. Additional studies
are required to elucidate answers to this important question.

Taken together, we have shown that the high bone mass phenotype
of IDH2-deficient mice is likely attributable to reduced bone resorption,

which is closely associated with the downregulation of RANKL in os-
teoblasts. As depicted in Fig. 7, our findings suggest that IDH2 is a novel
regulator of osteoblast-to-osteoclast communication, at least in part via
the ATF4-NFATc1-RANKL signaling axis in osteoblasts. This study de-
monstrates that IDH2 is a novel regulator of bone mass through os-
teoblastic modulation on osteoclast activity and provides new per-
spectives to further investigate the clinical conditions in which small
molecule IDH2 inhibitors may protect bone mass, particularly for the
treatment of bone loss and osteoporosis.
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