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SIRT?2 deficiency prevents age-related bone loss in rats by inhibiting osteoclastogenesis
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| Abstract: Sirtuin 2 (SIRT2) is a deacetylase that belongs to class III family of histone deacetylases (HDACs). Although it is the most abundantly expressed
member of HDAC-III in human bone tissues, it is unclear whether SIRT2 plays a role in bone metabolism. In this study, the role of SIRT2 in bone metabolism, and
the underlying mechanism were investigated. In in vivo experiments, micro-CT analysis revealed that there were no differences in bone microstructures between
SIRT2-KO and WT rats at 12 weeks of age. However, in 36-week-old rats, increased Tb. BMD, bone volume fraction (BV/TV) and trabecular number (Tb. N) of
distal femurs were observed in SIRT2-KO rats, when compared with those of WT rats. Moreover, reduced serum B-CTX was identified in the 36-week old rats.
In in vitro studies, inhibition of SIRT2 with its specific inhibitor, AGK2, suppressed the differentiation of bone marrow-derived mononuclear cells (BMMs) into
osteoclasts via reduction of the expressions of c-Fos and NFATc1. These results suggest that SIRT2 plays a role in age-related bone loss, probably by regulating
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Introduction

Bone remodeling is regulated by matrix-forming
osteoblasts and bone-resorbing osteoclasts under the
coordination of various elements such as cytokines,
growth factors, adaptor proteins and hormones (1-4).
Osteoclasts are giant multi-nucleated cells that diffe-
rentiate from hematopoietic cell lineages of monocyte/
macrophages (5). The formation of mature osteoclasts
is governed by macrophage colony-stimulating factor
(M-CSF) and receptor activator of nuclear factor-kappa
B ligand (RANKL) (6, 7). Under M-CSF induction,
RANKL interacts with receptor activator of nuclear fac-
tor NF-kB (RANK) expressed on the surface of osteo-
clast precursors to trigger osteoclastogenesis-associated
signals, leading to the upregulation of nuclear factor-xB
(NF-xB), pro-osteoclastogenesis factor c-Fos, and mas-
ter terminal transcription factor T cells c1 (NFATc1) (6,
8-10). Due to abnormal osteoclast recruitment and acti-
vation, enhanced bone resorption leads to osteoporosis
and other bone-related diseases. The focus of skeletal
disease researches have always been to identify new
molecules regulating RANK signals, and to explore
potential drug targets for inhibition of osteoclast diffe-
rentiation and function.

Sirtuins (SIRTs) are a family of NAD"-dependent
deacetylases that belong to class III of HDACs consis-
ting of seven members (SIRT1-SIRT7). They are in-
volved in regulating numerous biological processes
such as lifespan, DNA repair, stress responses, genomic
stability, apoptosis and metabolism (11, 12). A previous
study has reported that osteoclast-specific deletion of

SIRT1 led to increased osteoclast numbers and bone
resorption in female mice (13). It has been revealed
that among the seven SIRTs, silent information regu-
lator 2 (SIRT?2) is the most expressed isoform in adult
bone, and also among the least understood (14, 15).
The reported biological functions of SIRT2 include adi-
pogenesis, gluconeogenesis, carcinogenesis, as well as
its important roles in neuronal degeneration, oxidative
stress and inflammatory pathways (14, 16-18). Howe-
ver, the involvement of SIRT2 in the skeleton has never
been investigated to date. In the present study, the effect
of global SIRT2 knockout (KO) on bone phenotype of
Sprague-Dawley (SD) rats, and the underlying mecha-
nism were investigated.

Materials and Methods

Experimental animals

Sprague Dawley (SD) rats were purchased from
Biocytogen (Beijing, China). Heterozygous rats of glo-
bal SIRT2 +/- were produced through clustered, regu-
larly interspaced, short palindromic repeat (CRISPR—
CRISPR)-associated protein (Cas) 9-mediated genome
modification, which was used to generate SIRT2-KO
rats and their wild type (WT) littermates. All rats were
maintained in a specific pathogen-free environment
and housed in an air-conditioned atmosphere with 12-h
day/12-h night cycles, and fed on a normal chow diet.
The rats were sacrificed through carbon dioxide inhala-
tion and femur samples were collected for further analy-
sis. The limb bones of 4-week-old female rats were iso-
lated for the extraction of bone marrow stem cells. All
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animal protocols were reviewed and approved by the
Animal Care Committee of Rui-jin Hospital affiliated
to Shanghai Jiao-tong University School of Medicine.

Reagents

Cytochemical staining kits for tartrate-resistant
acid phosphatase (TRAP) and AGK2 were purchased
from Sigma-Aldrich (St. Louis, USA). Recombinant
M-CSF was purchased from Sinobiological (Beijing,
China). Soluble recombinant RANKL was obtained
from R&D Systems (Minneapolis, USA). Dulbecco's
Modified Eagle's medium (DMEM), fetal bovine serum
(FBS) and penicillin-streptomycin-glutamine solution
were products of Gibco (Grand Island, USA). Antibo-
dies against NFATc1 and SIRT2 were purchased from
Santa Cruz Biotechnology (Dallas, Texas, USA), while
antibodies against a-tubulin and GAPDH were obtai-
ned from Cell Signaling Technology (Danvers, USA).
ELISA kits for measuring bone turnover markers were
bought from Senxiong BioTech (Shanghai, China).

Micro-comPuted tomograPhy (micro-CT) analysis

The right femurs were isolated from 12-week- and
36-week-old female rats (12-week-old: n = 9 -10 per
group; 36-week-old: n =10 per group). The femurs were
fixed in 4% paraformaldehyde (PFA) for one week and
stored in 75% ethyl alcohol for micro-CT. The micro-
CT analysis was performed using Small Animal Tomo-
graphic Analysis facility (SkyScan-1176 p-CT, Bruker,
Kontich, Belgium). The femurs were scanned at a reso-
lution of 7.93 um per voxel, 180° scan, I mm optical
filter, 70 kV, 278 pA and 450 ms exposure. The regions
of interest (ROI) were quantitatively analyzed from
0.5 mm to 2.7 mm above the medial and lateral growth
plates at the distal metaphysis. The NRecon Software
was used to reconstruct and visualize the image data,
while the parameters were quantified using CTan Eva-
luation Software.

Hematoxylin and eosin (HE) staining

The left femurs were isolated from 36-week-old
female rats, fixed in 4% PFA for 48 hours, and decal-
cified by transfer into 15% ethylene diamine tetraacetic
acid (EDTA). The decalcified femurs were embedded
in paraffin (when it was ascertained that a fine needle
could be smoothly inserted into the bone tissues). After
coagulation, the embedded blocks were sliced along the
longitudinal axis of the bone at a thickness of 6 um, and
subjected to H&E staining.

Serum levels of bone turnover markers

Whole blood was extracted from the heart of
36-week-old rats, and serum was obtained through cen-
trifugation after keeping it standing at room temperature
for 2 hours. The concentrations of serum bone forma-
tion marker procollagen type 1 N-terminal pro-peptide
(PINP) and bone resorption marker C-terminal cross-
linking telopeptide of type I collagen (B-CTX) were
measured using their respective ELISA kits.

Cell culture and osteoclast differentiation

Whole bone marrow cells were isolated from limb-
long bones of 4-week-old female rats, including hume-
11, femurs and tibias. Bone marrow cells were plated in

DMEM supplemented with 10% FBS and 1 x 1% peni-
cillin-streptomycin-glutamine solution in a 5% CO, at-
mosphere at 37°C overnight. Then, the culture medium
was replaced with fresh medium containing recombi-
nant 30 ng/ml M-CSF. After culturing for 5 days, a mass
of BMMs were proliferated.

For osteoclast differentiation, BMMs were seeded
into 24-well plates at a density of 1 x 10 cells/well, and
stimulated with DMEM containing 50 ng/ml RANKL
and 30 ng/ml M-CSF. The culture medium was changed
every 2 days for a total of 6 days, and TRAP staining was
performed to identify osteoclasts according to protocols
of the manufacturer. Multinucleated cells with three or
more nuclei were defined as TRAP-positive cells, and
the number of nuclei were counted in randomly selected
fields. The Fusion Index of osteoclasts was calculated

as follows:
Number of nuclei (TRAP — positive cells) x 100
Number of nuclei (field of vision)

Fusion Index (%) =

Cell viability assay

The BMMs were seeded into 96-well plates at a
density of 2.5 x 10* cells/well, and treated with graded
concentrations of AGK2 (1, 2.5, 5.0, 7.5, 10.0, 12.5 and
15 uM) in the presence of M-CSF (30 ng/ml) for 12, 24
or 48 hours. Untreated BMMs served as control. Cell
viability assay was performed using Cell Counting Kit-
8 (Dojindo, Japan) in line with the manufacturer’s ins-
tructons. Absorbance was measured at 450 nm using an
automatic microplate reader (CLARIOstar, BMG Lab-
Tech, Germany).

Treatment with inhibitors

The BMMs were cultured in the presence of 30 ng/
ml M-CSF for 48 hours. Then, the negative control
group (30 ng/ml M-CSF group), positive control group
(30 ng/ml M-CSF group given 50 ng/ml RANKL) and
treatment group (30 ng/ml M-CSF group given 50 ng/
ml RANKL and 10 pmol/L AGK2) were set up, with
their respective treatments in DMEM. The medium was
changed every 2 days for a total of 6 days.

Quantitative real-time PCR (qPCR)

The BMMs were seeded into 12-well plates at a
density of 2 x 10° cells/well, and cultured as described
earlier. Total RNA was extracted using TRI-Reagent
(Sigma-Aldrich, USA). The RNA was reverse-trans-
cribed into cDNA following the instructions of Pri-
meScript™ RT Master Mix (Takara, Japan). The
mRNA levels of osteoclast markers were quantified
using qPCR with SYBR Premix Ex Taq™ (Takara,
Japan) in a LightCycler® 480 Real-Time PCR Sys-
tem (Rocha, USA). The sequences of the primers
used were: B-actin: forward: 5’-CCACCATGTACC-

CAGGCATT -3°, reverse: 5 -CGGACTCATCG-
TACTCCTGC-3’; SIRT2: forward: 5-GAATTC-
GAGATGGACTTCCTACGG-3’, reverse: 5’-CTC-

GAGCTAGTGTTCCTCTTTCTCTTTG-3’; TRAP:
forward: 5°-ACGGCTACTTGCGGTTCAC-3’, reverse
5. TCCTTGGGAGGCTGGTCTTA-3’; ITGaVp3:
forward: 5’-CAAGATTGGAGACACGTGA-3’, r
verse: 5S’CCTGGACTGTAAGG TGTCC-3’; NFATcl:
forward 5’-AGCCATCATCGACTGTGCTG-3’, re-
verse: 5’-GGATGTGGACTCGGAAGACC-3’; c-Fos:
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forward 5’-ACGTGGAGCTGAAGGCAGAAC-3’,
reverse: 5’-AGCCACTGGGCCTAGATGATG-3’;
RANK: forward 5’-GGCTGGCTACCACTGGA CT-
3’, reverse: 5’-TCCTGTAGTAAACGCCGAAGA-3’;
CAIl:  forward 5’-CCAGTTTCACTTTCACTG-3’,
reverse: 5’-AGGCAGGTCCAATCTTCAA-3’, and
Cathepsin  K: forward 5’-TAATGTGAACCATG
CGTGT-3’, reverse: 5-CGAGCCAAGAGAACA-
TAGCC-3’.

Western blotting

The BMMs were seeded into 6-well plates at a densi-
ty of 4 x 105 cells/well, and cultured as described earlier.
The cells were lysed in cold radioimmunoprecipitation
assay (RIPA) buffer (Beyotime Biotechnology, China)
containing phenylmethylsulfonyl fluoride (PMSF)
(Beyotime Biotechnology, China) for 30 min. The cell
lysate was centrifuged at 12,000 rpm for 15 min at 4°C,
and the protein concentration was determined using the
bicinchoninic acid (BCA) assay kit (Pierce BCA Pro-
tein Assay Kit, Thermo Scientific, USA). Samples were
separated by subjecting them to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE),
and transferred to polyvinylidene difluoride (PVDF)
membranes (Thermo Scientific, USA). The membranes
were blocked with 5% non-fat milk in Tris buffered
saline-Tween 20 (TBST). , and then incubated with
primary antibodies at 4 °C overnight, after which the
membranes were washed and incubated with secondary
antibodies for 1 h.The blots were visualized using an
enhanced chemiluminescence (ECL) detection system
(Tanon Science & Technology, China).

Statistical analysis

Data are expressed as mean + standard deviation
(SD). One-way ANOVA or two-tailed Student’s #-test
was performed to compare groups. Statistical signifi-
cance was established at p <0.05.

Results

Effect of SIRT2-KO on bone phenotype

Global SIRT2-KO and WT rats were identified
through genotyping (Figure 1A). The SIRT2-KO had
no impact on body weight and bone length in 12-week-
old and 36-week-old SIRT2-KO female rats (Figure
1B-1D). Micro-CT analysis revealed no difference in
bone microstructures between 12-week-old SIRT2-KO
and WT rats. However, when 36-week-old SIRT2-KO
rats were compared with age-macthed WT rats, statisti-
cal differences were observed in Tb. BMD (WT: 0.17 +
0.04 g/cm?, KO: 0.19 £ 0.02 g/cm?, p < 0.05) and trabe-
cular bone volume fraction (BV/TV%) (WT: 8.3 £5.4,
KO: 12.0 £ 8.6, p < 0.05). These results are shown in
Figure 2A and Figure 2B). The higher BV/TV resulted
from an increased trabecular number (Tb. N) (WT: 1.0 +
0.4 mm!, KO: 1.5 + 0.6 mm, p < 0.05), with no signi-
ficant change in trabecular thickness (Tb. Th) and tra-
becular spacing (Tb. Sp) (Figure 2D-2F). Bone surface
area/tissue volume (BS/TV) displayed an increasing
trend, while trabecular bone pattern factor (Tb. Pf) and
structure model index (SMI) showed decreasing trends
in SIRT2-KO rats, although the differences were not
statistically significant (Figure 2C, Figure 2G and Fi-
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Figure 1. Genotype identification, body weight and bone length
in SIRT2 KO female rats and age-matched WT rats. A: Genomic
DNA determined using qPCR. (B) Body weight (g); C and D: fe-
mur and tibia length (mm). Data are expressed as mean + SD (n =
9-10 per group). (ns: no significance versus WT group; HZ: hete-
rozygote; WT: wild type; KO: SIRT2 knockout).
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Figure 2. Bone microstructures of femurs of SIRT2 KO female
rats and age-matched WT rats. A: Tb. BMD (g/cm’), trabecular
bone mineral density; B: BV/TV (%), bone volume per total vo-
lume; C: BS/TV (mm), bone surface per total volume; D: Tb. N
(mm™), trabecular number; E: Tb. Sp (mm), trabecular spacing; F:
Tb. Th (mm), trabecular thickness; G: Tb. Pf (mm), trabecular
bone pattern factor; H: SMI, structure model index; I: Ct. BMD (g/
cm?®), cortical bone mineral density; J: Ct. Th (mm), cortical thic-
kness; K-N: Representative reconstruction micro-CT images of
distal femurs metaphysis of rats aged 36 weeks. K: Cross-sectional
images of cortical with cancellous bone area; L: Cross-sectional
images of trabecular bone area; M: Longitudinal images of tra-
becular bone area; N: Longitudinal two-dimensional structures of
femurs distal metaphysis. O: HE staining for bone tissues near epi-
physeal plates of rats aged 36 weeks (the arrows show the growth
plates); P: PINP, serum bone formation marker procollagen type 1
N-terminal pro-peptide of female rats aged 36 weeks; Q: B-CTX,
serum bone resorption marker C-terminal cross-linking telopeptide
of type I collagen of female rats aged 36 weeks. Data are expressed
as mean = SD (n = 9-10 per group). *p < 0.05, versus WT group.
(ns: no significance versus WT group; WT: wild type; KO: SIRT2

knockout).

gure 2H). Moreover, micro-CT analysis showed limited
differences in cortical BMD (Ct. BMD) and thickness
(Ct. Th) between SIRT2-KO and WT rats (Figure 21 and
Figure 2J). The comparison can be seen in representa-
tive micro-CT images of the distal femurs (Figures 2K
-2N). Moreover, HE staining near the epiphyseal plates
showed similar results in 36-week-old female rats (Fi-
gure 20).
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Reduced serum levels of B-CTX in SIRT2-KO rats
aged 36 weeks

Decreased levels of bone resorption marker B-CTX
were identified in SIRT2-KO rats aged 36 weeks, when
compared with that of WT rats (WT: 2.2 + 0.3 pg/ml,
KO: 1.8 £0.4 ug/ml, p <0.05), indicating less activated
bone resorption in SIRT2-KO rats (Figure 2Q). No dif-
ference was found regarding PINP, the bone formation
marker (Figure 2P).

AGK2 had no impact on BMM viability

As a specific inhibitor of SIRT2, AGK?2 produced no
cytotoxicity in BMMs at concentrations up to 15 uM in
the presence of M-CSF (Figures 3A-3C). The concen-
tration of AGK2 used in previous studies (10 uM) was
chosen in subsequent experiments (19, 20).

AGK?2 inhibited the expression of SIRT2 at protein
level

In order to investigate the inhibitory effect of AGK2
on SIRT2, BMMs were cultured with 10 uM AGK2.
Results from qPCR and western blotting revealed
that RANKL induced the mRNA expression of SIRT2
(Figure 4A); treatment with AGK2 suppressed SIRT2
protein expression level rather than mRNA expression
level (Figures 4A and 4B).

Suppression of SIRT2 inhibited RANKL stimulated
osteoclastogenesis in vitro

Results from TRAP staining showed that teatment
with 10 uM AGK2 (MR+AGK?2) significantly reduced
osteoclast differentiation and the formation of TRAP-
positive multinuclear osteoclasts, when compared with
the positive control (MR) (Figure 5A and Figure 5B).
In addition, AGK2 supressed the mRNA expressions of
osteoclast differentiation-associated biomarkers TRAP
and ITGavpB3 (Figures 5C, 5D and 5G).

AGK?2 inhibited c-Fos and NFATcl expression du-
ring RANKL stimulated osteoclastogenesis in vitro
The molecular mechanism by which AGK2 sup-
pressed RANKL-induced osteoclastogenesis was
also investigated. Studies have shown that NFATcl,
a downstream regulatory factor of c-Fos, is a master
transcription factor that manages the terminal period
of RANKL-mediated osteoclastogenesis (8, 21). The
mRNA expressions of c-Fos and NFATc1 were downre-
gulated by treatement with 10 pM AGK2 (Figures SH
and 5I). Consistent with these results, the protein ex-
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Figure 3. Effect of AGK2 on cell viability. A-C: BMMs cultured
with various concentrations of AGK2 (up to 15 pM) for 12, 24 or
48 hours in the presence of M-CSF. AGK2 had no impact on cell
viability, as determined using Cell Counting Kit-8.
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pression of NFATc1 decreased as well (Figure 5J).
Discussion

To the best of our knowledge, this is the first study
providing evidence for the significant role of SIRT2
in regulating bone metabolism and bone-related cells.
Quantitative analyses of micro-CT revealed that SIRT2
deficiency led to bone microstructural effects in rats
aged 36 weeks rather than those aged 12 weeks. Rats
reach peak bone mass at 12-14 weeks of age, after
which the bone mass starts to decrease (22, 23). This is
consistent with the results obtained in the present study
which showed that 36-week rats had lower bone mass
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Figure 4. Inhibitory effect of AGK2 on SIRT2. A: Increased mRNA
expression of SIRT?2 stimulated by M-CSF and RANKL (M-CSF+,
RANKL+), relative to the un-stimulated group (only M-CSF+).
AGK2 had limited impact on the mRNA expression of SIRT2 (M-
CSF+, RANKL+, AGK2+); B: AGK2 significantly suppressed the
protein expression of SIRT2. Data are expressed as mean + SD for
three separate experiments. *p < 0.05, versus un-stimulated group;
ns: no significant difference versus un-stimulated group.
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Figure 5. Suppression of SIRT2 inhibited RANKL-induced osteo-
clastogenesis. A: Reduced formation of TRAP-positive multinu-
clear osteoclasts by 10 pM AGK2. Ctrl: negative control group
(M-CSF only); MR: positive control group (M-CSF and RANKL);
MR+AGK2, treatment group (M-CSF, RANKL and AGK?2). B:
Osteoclasts Fusion Index. C-F: AGK2 suppressed RANKL-in-
duced expressions of specific osteoclast differentiation markers.
G-I: AGK2 suppressed RANKL-induced mRNA expression of the
specific receptor, RANK, crucial transcription factors c-Fos and
NFATcl. (J) J: AGK2 suppresses the RANKL-induced protein ex-
pression of NFATc1. Data are expressed as mean + SD. * p <0.05
versus Ctrl or MR groups. (ns = no significant difference versus
Ctrl or MR groups).
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and poorer bone microstructure than 12-week-old rats.
These results suggest that SIRT2 deficency has no im-
pact on peak bone mass, but may provide a protective
effect against furture bone loss. In 36-week-old rats, in-
creased BV/TV directly reflected maintenance of bone
mass, whereas the smaller Tb.Pf and SMI values repre-
sented plate-like rather than rod-like bone structures,
with the structural stability of the former being better
than that of the latter (24). After 12 weeks of age, the
bone mass of rats gradually decreased due to excessive
bone resorption and/or reduced bone formation. Interes-
tingly, it was found that PINP, the bone formation index,
did not change, but B-CTX, the bone resorption index,
was reduced in SIRT2 knockout rats aged 36 weeks.
So, it can be speculated that SIRT2 may be involved in
bone metabolism through the regulation of bone resorp-
tion. In order to verify the in vivo results and investgate
the underlying mechanisms, in vitro experiments were
carried out on the effect of SIRT2 selective inhibitor
AGK2 on osteoclast differentiation. The results showed
that without affecting the viability of osteoclast precur-
sor cells in vitro, RANKL-induced osteoclastogenesis
was significantly impaired by AGK2 treatment. Down-
regulations of RANK and NFATc1 are central features
of SIRT2 inhibition. These findings suggest that SIRT2
regulates skeletal homeostasis by regulating osteoclas-
togenesis.

In recent years, members of HDACs have been in-
vestigated as molecular targets for various disorders (15,
25, 26). Among the seven SIRTs of class III HDAC:,
SIRT1 and SIRT6 have been reported to be associated
with skeletal health. It has been reported that activation
of SIRT1 promoted the differentistion of mesenchymal
stem cells into osteoblasts, while its deletion reduced
bone formation and increased bone resorption (13, 27).
Mice deficient in SIRT6 had 30% lower bone mineral
density (BMD), crooked spine and reduced growth
plate chondrocyte proliferation (28). Interestingly, even
though it is the most prominently expressed SIRTs in
both human skeleton and articular cartilage, the role of
SIRT?2 in bone metabolism has barely been investigeted
(15). The present study provides novel evidence for the
regulatory effect of SIRT2 on osteoclastogenesis, revea-
ling that suppression of SIRT2 led to reduced produc-
tion of RANK, c-Fos and NFATc1. During osteoclas-
togenesis, all osteoclast target molecules are stimulated
by the activation of RANK (29, 30). Evoked by RANK
signals, c-Fos promotes NFATc1 expression by binding
to the promoter region of the NFATc1 gene. The activa-
ted NFATc1 then masters the terminal differentiation of
osteoclasts, promoting cell fusion and bone resorption
(21, 31-34). Thus, SIRT2 inhibition may be involved in
the latter period of RANKL-stimulated osteoclastoge-
nesis. In addition, as a small molecular SIRT modula-
tor, AGK2 is currently considered an effective agent
in managing neurodegeneration, malignant tumors,
myocardial infarction, obesity and age-related disorders
(35). The present has study identified a potential role of
AGK?2 in managing skeletal disorders via the inhibition
of SIRT?2. It can ve reasonably speculated, based on the
in vitro and in vivo results, that with decrease in bone
mass after reaching peak bone mass, deficiency/reduc-
tion of/in SIRT?2 serves a protective role due to reduced
activition of osteoclasts-mediated bone resorption.

The enhanced phenotypic features of global SIRT2-
KO rats support a physiological role of SIRT2 in age-
related bone loss. The reduction of serum B-CTX,
along with the inhibitory effect of SIRT2 suppression
on osteoclastogenesis, suggest that SIRT2 may function
in the management of skeletal homeostasis through its
effect on osteoclasts. Thus, suppression of SIRT2 may
provide a promising therapeutic strategy for age-rela-
ted bone loss. Further studies are needed to investigate
whether SIRT2-specific deletion in osteoclasts would
still influence skeletal phenotype and cell differentia-
tion, as well as the potential of AGK2 as a therapeutic
agent for skeletal disorders.
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