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ABSTRACT 

 

The role of Sirtuin6 in bone homeostasis  

 

Yongxu Piao 

 

Department of Dentistry 

The Graduate School, Yonsei University 

(Directed by Professor Chung-Ju Hwang) 

 

Bone homeostasis is maintained throughout life by coordinated 

osteoblastic bone formation and osteoclastic bone resorption. The balance 

between bone resorptive and formative processes can be disrupted by 

aging, resulting in osteoporosis characterized by increased osteoclast 

formation and decreased osteoblast formation.            

Sirtuin6 (Sirt6) is nicotinamide adenine dinucleotide (NAD+) 

dependent deacetylase is classified into the Class III histone deacetylases 

(HDACs) family. Although several previous studies have shown Sirt6 is 

related to bone homeostasis, Sirt6-deficient (Sir−/−) mice died around 4 

weeks after birth. Since bones are still developing in mice at this age, 
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early postnatal lethality of Sirt6−/− mice precludes investigation of Sirt6 

function in adult mice and makes it difficult to distinguish developmental 

versus bone remodeling defects in bone metabolism. Therefore, the 

purpose of this study was to investigate roles of Sirt6 in adult bone 

homeostasis. Osteoblast-specific Sirt6 knockout mice were generated 

using Cre-lox system to investigate the function of Sirt6 in bone formation 

in vivo. Also, osteoblastic differentiation was investigated by in vitro 

culture of primary mouse osteoblasts.  

SIRT6 was expressed in osteoblasts. Osteoblast-specific Sirt6 

knockout adult mice showed osteopenia phenotype, and the difference of 

bone mass between wild type and osteoblast-specific Sirt6 knockout mice 

increased from 8 weeks to 48 weeks. Surprisingly, osteoblastic 

differentiation was enhanced in Sirt6 knockout primary osteoblasts. 

However, osteoclast number per bone surface was increased in 

osteoblast-specific Sirt6 knockout mice in histomorphometric analysis. 

These results suggest that Sirt6 deficiency in osteoblast enhanced 

osteoblastic differentiation in a cell-autonomous manner but also 

increased osteoclast differentiation, resulting in high-turnover osteopenia. 
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In summary, this study demonstrated novel functions of Sirt6 in 

osteoblasts that inhibit both osteoblastic differentiation and osteoclastic 

differentiation. 
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Yongxu Piao 

 

Department of Dentistry 

The Graduate School, Yonsei University 

(Directed by Professor Chung-Ju Hwang) 

 

Ⅰ. INTRODUCTION  

Bone homeostasis is maintained throughout life by coordinated 

osteoblastic bone formation and osteoclastic bone resorption. Osteoblasts 

and osteoclasts have different origins; while osteoblasts originate from 

multipotent mesenchymal stem cells, osteoclasts originate from 

granulocyte-macrophage progenitors of the hematopoietic origin. 

However, two types of cells are closely coupled to each other for 

physiological bone remodeling. To achieve a balance of bone mass, these 

cells produce factors that stimulate intercellular signaling and strictly 
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regulate bone formation and resorption. Imbalance of the coupling process 

can lead to debilitating bone diseases, including osteoporosis, 

osteopetrosis, and periodontitis1. 

Osteoporosis is a systemic skeletal disorder with loss of bone 

density cause osteoblast and osteoclast activities’ imbalance favoring bone 

resorption by osteoclast. It causes high susceptibility to fractures, such 

that half of Caucasian women and a fifth of men are expected to 

experience bone fracture due to osteoporosis in the course of their 

lifetime2. It also causes a huge socioeconomic burden for treatment of 

bone fracture by osteoporosis, costing nearly $8 billion in 2005 in the 

United States, and predicted to be double or more within the next four 

decades due to rapid aging of populations3. 

Sirtuins (SIRTs) are nicotinamide adenine dinucleotide (NAD+) 

dependent deacetylase enzymes and are classified into the Class III 

histone deacetylases (HDACs) family4. There are seven mammalian SIRTs, 

known as SIRT1–SIRT74. SIRT6 has been found in the nucleus and triggers 

chromatin silencing by NAD+-dependent histone deacetylation that leads 

to proper chromatin function in controlling telomeric chromatin, genome 

stabilization, DNA repair, and gene expression programs4. Male transgenic 
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mice overexpressing Sirt6 have a longer life span and improved metabolic 

indices5. One of the important physiological roles of SIRT6 is 

transcriptional repression. To date, given that hundreds of genes are 

differentially expressed in Sirt6-null cells compared to control cells, 

SIRT6 may be implicated in the regulation of numerous gene expression 

programs. 

Sirt6-deficient (Sirt6−/−) mice show a progeroid degenerative 

syndrome including acute loss of subcutaneous fat, lordokyphosis, colitis, 

severe lymphopenia, and osteopenia6. In addition, some metabolic defects 

are observed, such as decreasing circulating insulin-like growth factor 

(IGF-l) and glucose levels, and SIRT6−/− mice eventually die between 3 

and 4 weeks of age after birth6. Reportedly, Sirt6−/− mice show 30% 

reduction in bone mineral density compared to control mice6. Moreover, 

SIRT6 positively regulates proliferation and differentiation of 

chondrocytes7. SIRT6 is mainly located in the nuclei of rat bone marrow 

mesenchymal stem cells and plays an essential role in their normal 

osteogenic differentiation, partly by suppressing NF-kB signaling8,9. And 

loss of Sirt6 in osteoblasts causes low-turnover osteopenia due to 

hyperacetylation of Runx2 and osterix along with the increased production 
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of Dkk1, a potent negative regulator of osteoblastic development, and 

osteoprotegerin (Opg), an inhibitor of osteoclastic development10. Sirt6 

regulates osteogenic differentiation of bone marrow stem cells 

independent of its deacetylase activity in vitro by modulating bone 

morphogenetic protein (BMP) signaling11. Sirt6 is a negative regulator of 

osteoclastogenesis in a cell-autonomous manner so that mice missing 

Sirt6 in osteoclasts have increased bone mass.12 

However, the role of Sirt6 in adult bone homeostasis still remains 

elusive, because Sirt6-deficient (Sirt6−/−) mice die around 4 weeks after 

birth6. Since bones are still developing in mice at this age, early postnatal 

lethality of Sirt6−/− mice precludes investigation of Sirt6 function in adult 

mice and makes it difficult to distinguish developmental versus bone 

remodeling defects in bone metabolism. 

The purpose of this study was to investigate roles of Sirt6 in adult 

bone homeostasis. Osteoblast-specific Sirt6 knockout mice were 

generated using the Cre-lox system to investigate the function of Sirt6 in 

bone formation in vivo. Also, osteoblastic differentiation was investigated 

by culture of primary mouse osteoblasts. This study demonstrated novel 
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functions of Sirt6 in osteoblasts that inhibit both osteoblastic 

differentiation and osteoclastic differentiation. 
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Ⅱ. MATERIALS AND METHODS  

1. Animal experiments 

 Mice containing floxed mutation in Sirt6 gene (here after called 

Sirt6fl/fl) (Stock No: 017334 Sirt6tm1.1Cxd/J) were purchased from the 

Jackson Laboratory. These Sirt6fl/fl mice possess loxP sites flanking exons 

2-3 of the Sirt6 gene. Sirt6 global knockout mice (here after called Sirt6-/-) 

were generated by crossing Sirt6fl/fl with transgenic CMV-Cre mice. 

Osteoblast-specific Sirt6 knockout mice were generated by crossing 

Sirt6fl/fl mice with osteocalcin-Cre (Oc-Cre+/-) mice (B6N.FVB-

Tg(BGLAP-cre)1Clem/J) purchased from Jackon Laboratory. Mating 

schemes used in this study are presented in Figure 1. All wild-type mice 

were purchased from Central Lab. Animal Inc. on a C57BL6/J background. 

Mice were housed 4-5 per cage in a temperature- and humidity-

controlled environment (lights on 08:00-20:00). Food and water were 

available ad libitum. Animal Care Committee of Yonsei University College 

of Medicine approved animal experiments. 

 

https://www.jax.org/strain/017334
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Figure 1. A. Mating scheme of osteoblast-specific Sirt6 knockout mouse 

using transgenic osteocalcin-Cre mice in this study B. Mating scheme of 

global knockout mice using transgenic CMV-Cre mice in this study. 

 

2. Genomic DNA preparation and genomic PCR 

 Mouse tail (about 0.5mm) was removed into EP tube and digested 

for DNA isolation according to the manufacture’s protocol of MyTap 

Extract-PCR kit (Bioline, UK). Briefly, 6ul of Buffer A, 3ul of Buffer B, and 

21ul of distilled water were added into the tube containing the mouse tail, 



８ 

 

which were digested at at 75℃ for 10 minutes and followed by 95℃ for 

15 minutes. The PCR was performed by using Veriti 96-well thermal 

cycler (Applied Biosystems, US), which contained 10ul of MyTaq HS Red 

Mix, 1ul of forward primer, 1 ul of reverse primer (final concentration of 

500nM), 7ul of Ultra pure water, and 1ul of template DNA. The following 

cycling parameters were used: 94℃for 2 minutes, followed by 35 cycles 

of 94℃ for 30 seconds, 59℃ for 30 seconds, and 72℃ for 30 seconds, 

and then 7 minutes at 72℃. The genotyping scheme and PCR primers are 

presented in Figure 2 and Table 1. 
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Figure 2. Location of primers used for genotyping. When Sirt6fl/fl and Cre 

allele presented in the same mice, Cre recombinase recombines a pair of 

short target sequences called the lox sequences lead to knockout Sirt6 

gene. Used for Sirt6-/- was P1 and P3, for WT was P1 and P2, for Sirt6fl/fl 

was P1 and P2. P, primer; loxP, lox sequence 
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Table 1. Primers used for genotyping 

Genotype Forward primer Reverse primer Amplicon size (bp) 

Wild-type Sirt6 P1 Sirt6 P2 399 

Floxed Sirt6 Sirt6 P1 Sirt6 P2 453 

Global knockout Sirt6 P1 Sirt6 P3 524 

Sirt6 CDS Sirt6 CDS F Sirt6 CDS R 885 

Primer Sequence (5’→3’) 

Sirt6 P1 AGTGAGGGGCTAATGGGAAC 

Sirt6 P2 AACCCACCTCTCTCCCCTAA 

Sirt6 P3 GCGTCCACTTCTCTTTCCTG 

Cre-F TCCAATTTACTGACCGTACACCAA 

Cre-R CCTGATCCTGGCAATTTCGGCTA 

Sirt6 CDS F ATGTGGCAGTCCTCCAGCGTGGTT 

Sirt6 CDS R TCAGCTGGGGGCAGCCTCG 
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3. Micro-computed tomography(μCT) scanning and morphometric 

analysis 

 Mice femurs from the littermates of Sir6fl/fl and Oc-Cre+/-;Sirt6fl/fl 

groups were dissected, fixed in 10% neutral buffered formalin for 2 days 

at room temperature, and then stored in 70% ethanol at 4℃ until μCT 

scanning. The scanning was performed by using SkyScan 1173 (Bruker, 

Belgium) with the following settings: isotropic voxel size of 7.10 μm, 90kV, 

88μA, a 1.0mm aluminium filter, and X-ray detector with 2240 x 2240 

pixels. The acquired images were reconstructed into cross-section images 

by using NRecon (version 1.6.10, Bruker, Belgium), and then analyzed in 

CTAn software (version 1.16, Bruker, Belgium). A region of interest (ROI) 

was defined as 0.5~1.7mm away from the distal growth plate of the femur 

and a grayscale threshold value range of 62~255 was used for further 

morphometric analysis. The parameters of trabecular bone volume fraction, 

trabecular number, thickness, and separation were calculated. Three-

dimensional volume-rendered images were photographed by using CTVox 

(version 3.1.2, Bruker, Belgium). 
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4. Histology and histomorphometric analysis 

Mice tibias were decalcified for 3 weeks at room temperature by 

using ChelatorCalTM (BBC biochemical, US). Then the prepared 

specimens were processed for paraffin embedding. 6 μm of serial 

longitudinal sections were obtained and stained with hematoxylin and 

eosin (H&E) or TRAP. 

Histomorphometric analyses of cancellous bone at standardized sites 

were evaluated by using Bioquant OSTEO (version 17.2.6, Nashville, US). 

5. Primary mouse calvarial cells culture 

The neonates (P0) mice were from Sirt6+/- x Sirt6+/- mating pair 

and their tails were cut for genotyping. Sirt6+/+ (wild-type) and Sirt6-/-

(knockout) neonates mice were euthanized by using 70% ethanol. The 

mice calvaria were removed and harvested in serum free α-MEM medium 

(Gibco, US), and then transferred to the 15ml tube containing 10ml of 

0.2μm-filtered enzyme solution (α-MEM + 0.2% Dispase (Gibco, US), 0.1% 

Collagenase type IV (Sigma-Aldrich, US), and 1% penicillin/streptomycin. 
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The calvaria were incubated at 37℃ for 10 minutes in shaking water bath, 

and the supernatant was discarded. Then, 10ml of fresh  enzyme solutions 

were added to the tubes which were shook for 20 minutes, and the 

supernatants were collected in a new 50ml tube. This process was 

repeated 3 times. The 30ml of collected supernatant was filtered by using 

70μm Cell Strainer (Falcon, US), and centrifuged at 300 x g for 3 minutes. 

The cells pellet were re-suspended in complete growth medium (α-MEM 

+ 10% fetal bovine serum (FBS, Gibco, US) + 1% penicillin/streptomycin), 

and split to a 100mm culture dish per one calvaria (approximately 2 x 106 

cell/ 100mm dish). The cells were cultured at 37℃ with an atmosphere of 

5% CO2 and 95% humidity. 

For in vitro osteoblast differentiation, the cells were trypsinized and 

seeded to either 12 well (0.5 x 105 cell/well), 6 well (1.3 x 105 cell/well), 

or 60mm dish (2.9 x 105 cell/dish) when they reached to 80~90% 

confluency. Osteoblast differentiation was induced by adding 50μg/ml of 

L-ascorbic acid and 10mM of β-glycerol phosphate to the complete 

growth medium. The differentiation medium was changed every 2 or 3 

days. 



１４ 

 

6. Alkaline phosphatase staining 

After 7 days of osteoblast differentiation, the differentiation 

medium in 12 well-plate were removed. The cells were washed twice with 

PBS and fixed in 10% neutral buffered formalin for 1 minute. And 1ml of 

BCIP®/NBT Liquid Substrate System(Sigma-Aldrich, US) used for ALP 

staining was added to each well and incubated at room temperature for 

10~20 minutes for color development, and then washed twice with DW. 

Then the bottom of each well was photographed. 

 

7. Alizarin red S staining  

To prepare the alizarin red staining solution, 0.136g of alizarin red S 

(Alpha chem, UK) was dissolved in DW, and the pH was adjusted to 

4.1~4.3 with 0.5% NH4OH. The staining solution was filtered by using 

0.45μm Minisart syringe filter (Satorious, Germany). 

After 21 days of osteoblast differentiation in 12 well plate, the 

culture medium was removed. The cells were washed twice with PBS and 

fixed in 10% neutral buffered formalin for 20 minutes at 4℃. 0.5ml of 
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alizarin red staining solution was added to each well after twice washing 

with DW, which was incubated at room temperature for 1 hour protected 

from light. Then, the solution was removed, and the cells were washed 

with DW until the washing solution became clear. The bottom of each well 

was photographed. 

To quantify the staining, 0.5 ml of 10% cetylpyridinium chloride 

(CPC) was added to each well followed by incubation with gentle shaking 

at room temperature for 1 hour, and the CPC was collected in a 1.5ml EP 

tube. The cells were incubated with 0.5ml of CPC again for 30 minutes and 

the de-staining solution was collected. This step was repeated one more 

time. The collected CPC solution was transferred to a 96 well-plate 

(0.2ml/well), and the absorbance in triplicate was read at 570nm by using 

the ELISA reader. 

 

8. RNA extraction from cultured cell  

Total RNA of cultured primary osteoblasts were isolated according 

to the manufacturer’s protocol by using RNeasy Mini Kit (Qiagen, 
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Germany). The cell monolayers of 6 well-plate were directly lysed with 

350ul of RLT buffer and transferred to 1.5ml of RNase-free Eppendorf 

(EP) tube. The cell lysate was homogenized by vortexing for 1 minute. 

After homogenization, 350ul of 70% ethanol was added and mixed by 

repetitive pipetting, and then transferred to the RNA-binding column and 

centrifuged at 15000 x g for 30 seconds. The flow through was discarded 

and 700ul of RW1 buffer was applied to the column. After centrifugation, 

the flow through was discarded and 500ul of RPE wash buffer was applied 

and centrifuged as previously. This process was performed again and 

centrifuged for 2 minutes. After that, the column was transferred to a new 

2ml collection tube and centrifuged for 1 more minute to prevent the 

ethanol carryover. Finally, the column was transferred to a 1.5ml RNase-

free EP tube eluted by using 30ul of RNA-free water and then centrifuged 

for 1 minute. The RNA concentration and purity were evaluated by using 

NanoDrop system (Witec Gmbh, Germany) with the value of 260/280 ratio 

and 260/230 ratio. 
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9. Real-time reverse transcriptase (RT)-PCR 

Reverse transcriptase (RT) reaction was performed according to the 

manufacturer’s protocol by using RevertAid RT Kit (Thermo Fisher 

Scientific, US). Total 2ug or 3ug of RNA was used for reaction. The 

reaction mixture was incubated at 65℃ for 5 minutes by using Veriti 96-

well thermal cycler (Applied Biosystems, US), and cooled down in ice. 

Then the following mixture containing 4ul of 5X reaction buffer, 0.5ul of 

RiboLock (Thermo Fisher Scientific, US), 2ul of dNTP mix, and 1ul 

RevertAid Reverse Transcriptase were added to the previous reaction 

mixture. The RT reaction was incubated at 42℃for 60 minutes, followed 

by 70℃ for 10 minutes. The cDNA concentrations were diluted by adding 

DEPC-treated water to 50ng/3ul. 

The quantitative real-time PCR (qPCR) reactions were performed by 

using StepOnePlus system (Applied Biosystems, US). The reaction mixture 

contained 10ul of SensiFAST SYBR Hi ROX mix (Bioline, UK), 1ul of 

forward primer, 1ul of reverse primer (final concentration of 500nM), 5ul 

of Ultra pure water, and 3ul of template cDNA (50ng). The reaction 

mixture was transferred into 0.2ml 8-strips (Axygen, US) in triplicate. The 
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following cycling parameters were used: 95℃for 5 minutes, followed by 

40 cycles of 94℃ for 5 seconds, 60℃ for 10 seconds, and 72℃ for 15 

seconds. The qPCR primers are presented in Table 2. 
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Table 2. Sequence information of real-time qPCR primers 

 

10. Western blot 

Cell monolayer cultured in 60mm dish was prepared for protein 

sample. The culture medium was removed and the cells were washed with 

PBS 2 times. The cell monolayer was scrapped in 200 ul ice-cold RIPA 

buffer mixed with protease inhibitor cocktail (cOmpleteTM Mini, Roche, US) 

on ice, transferred to a 1.5 ml EP tube, and incubated for 10 minutes in ice. 

The cells were centrifuged at 16000xG at 4℃, and the supernatant was 

transferred to a new 1.5 ml EP tube. 

The concentration of protein sample was determined by using 

Pierce BCA Protein Assay (Thermo Fisher Scientific, US) according to the 

Target Forward (5’→3’) Reverse (5’→3’) 

Sirt6 GACTTCGGAGGAAGGGTGAC TAGGCGCTGAGTCACATTGG 

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

Runx2 AGGGACTATGGCGTCAAACA GGCTCACGTCGCTCATCTT 

Sp7 
(Osterix) 

GTCCTCTCTGCTTGAGGAAGAA GGCTGAAAGGTCAGCGTATG 

Bglap 
(Osteocalcin) 

CTGACAAAGCCTTCATGTCCAA GCGCCGGAGTCTGTTCACTA 

Col1a1 CTCCTGGTGAAGCAGGCAA AACCTCTCTCGCCTCTTGCG 
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manufacturer’s instructions. Briefly, 2 ul cell lysates and diluted albumin 

standard (BSA) were mixed with 200 ul BCA reagent mixture (reagent A : 

reagent B = 49 : 1) and transferred to 96 well plate, and incubated at 37℃ 

for 30 minutes. The absorbance at 562 nm was read using the ELISA 

reader, and the protein concentration was interpolated from the standard 

curve.  

The protein samples were subjected to electrophoresis on SDS-

polyacrylamide gels. The gels were run with 70 V for stacking gel and 120 

V for separating gel. After proper separation of protein ladder at the 

region of interest, the proteins were transferred to polyvinylidene fluoride 

(PVDF) membranes (Immobilon-P, Millipore, Billerica, MA, US) with 90 V 

for 90 minutes. The membranes were blocked for 1 hour with 5 % skim 

milk in TBST (0.1% Tween-20 in TBS buffer), and incubated with primary 

antibody in 5% bovine serum albumin (BSA) overnight at 4℃ on a shaker. 

The membranes were washed with TBST 3 times, 10 minutes each, and 

incubated with secondary antibody in 5% skim milk in TBST for 1 hour at 

room temperature on a shaker. Again, the membranes were washed with 

TBST 3 times, 10 minutes each. The membranes were developed using 
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ECL detection system (Amersham ECL PLUS Western blotting detection 

reagents, GE Healthcare Life Sciences, Buckinghamshire, UK) and CP-BU 

NEW x-ray film (AGFA HealthCare, Belgium). The following antibodies 

with indicated dilutions were used for immunoblot: anti-SIRT6 (1:1000, 

described later in the Materials and Methods) followed by Anti-Rabbit 

IgG-peroxidase (1:5000, Sigma-Aldrich, US); anti-α-TUB (1:10000, 

DSHB, US) followed by Anti-Mouse IgG-peroxidase (1:10000, Sigma-

Aldrich, US). 

 

11. Statistical analyses 

Data were analyzed using the GraphPad scientific soſtware for 

Windows (San Diego, CA). Comparisons between two groups were 

analyzed by Two-sample t tests, and comparisons between more than two 

groups were analyzed by one-way ANOVA with post hoc Bonferroni tests. 

The final results were expressed as the mean ± standard deviation(SD) of 

3–8 experiments per group. Values were considered significantly different 

if P < 0.05. 
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Ⅲ. RESULTS 

1. Sirt6 is expressed in primary mouse calvarial cells 

 First, we checked whether Sirt6 is expressed in primary mouse 

calvarial osteoblast. As shown, Sirt6 expression was checked in primary 

mouse calvarial osteoblasts using PCR analysis (Figure 3A). And SIRT6 

protein was also expressed  7 days after differentiation of primary mouse 

calvarial osteoblasts (Figure 3B). 
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Figure 3. A. PCR analysis showing Sirt6 gene expression in mouse 

osteoblast using full length of Sirt6 gene’s CDS primer. B. SIRT6 protein 

expression in wild-type and Sirt6 -/- osteoblast. 

 

2. Generation of Sirt6 mutant mouse 

 Generation of Sirt6 mutant mice was confirmed by genomic PCR. 

The results of genotyping for wild-type and Sirt6-/- were shown in Figure 

4A. The genotype of osteoblast-specific Sirt6 knockout mouse was Oc-

Cre+/-;Sirt6fl/fl, and its genomic PCR result was shown in Figure 4B.  
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To examine whether SIRT6 knockout really occurred, SIRT6 

protein expression level was checked. No expression of SIRT6 protein 

was observed from Sirt6-/- osteoblasts (Figure 3B). 

 

 

Figure 4. A. Genomic PCR for wild-type (Sirt6+/+) (399bp) and knockout 

(Sirt6-/-) (524bp) Sirt6 mice. B. Genomic PCR for Oc-Cre+/-;Sirt6fl/fl (Cre, 

529bp; Sirt6, 453bp) and Oc-Cre-/-Sirt6fl/fl (Sirt6, 453bp) mouse.  

 

3. Osteoblast-specific Sirt6 knockout adult mice show osteopenia 

phenotype. 

 To investigate the function of Sirt6 in adult bone homeostasis, 

osteoblast-specific Sirt6 knockout mice were generated using transgenic 

osteocalcin-Cre and Sirt6 fl/fl mouse.  
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 Trabecular bone volume fraction and trabecular number were 

decreased in 8-week-old male of osteoblast-specific Sirt6 knockout mice 

(Oc-Cre+/-;Sirt6fl/fl) and became more severe by aging, when compared to 

littermate wild-type mice (Sirt6fl/fl) (Figure 5,6). Decreased bone mass in 

osteoblast-specific Sirt6 knockout mice were also found in histological 

section stained with H & E (Figure 7A). Osteoclast number per bone 

surface was increased in osteoblast-specific Sirt6 knockout mice (Figure 

7B). These results demonstrated that Sirt6 positively regulates bone 

homeostasis by inhibiting osteoblast-mediated osteoclastic differentiation. 
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Figure 5. Representative image of transverse and sagittal sections of wild-

type and osteoblast-specific Sirt6 knockout male littermate (8-week-old). 

Scale bar, 5 mm 
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Figure 6. Microcomputed tomography (µCT) analysis. The data were 

expressed as the means± SEM of the number (each collum) of mice of 

each genotype. BV/TV, bone volume per tissue volume; Tb.N, trabecular 

number; Tb.T, trabecular thickness; Tb.Sp, trabecular separation 
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Figure 7. A. Representative histological images stained with H&E of wild-

type and osteoblast-specific Sirt6 knockout male littermates (8-week-old). 

B. Representative histological images stained with TRAP of wild-type and 

osteoblast-specific Sirt6 knockout male littermates (8-week-old). C. 

Morphometric measurements of osteoclast numbers per bone surface (n = 

5) 

 

4. Sirt6 inhibits osteoblastic differentiation in a cell-autonomous 

manner. 

 To investigate whether positive regulation of Sirt6 in bone 

homeostasis was in a cell-autonomous manner, primary mouse calvarial 

cells were isolated and differentiation was induced. ALP staining after 7 

days of differentiation demonstrated that ALP activity was not changed in 

Sirt6-/- osteoblasts (Figure 8A). However, mineralized nodules were 

increased in Sirt6-/- osteoblasts in alizarin red S staining after 21 days of 

differentiation (Figure 8B and C). We also treated AAV Cre virus in 

primary mouse calvarial cells from Sirt6fl/fl. We checked the infection ratio 

in AAV Cre virus treated primary mouse calvarial cell from Sirt6fl/fl. The 
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infection ratio was more than 90 percent both in treated with AAV GFP 

control group and AAV Cre experiment group (Figure 9A). And we also 

checked the SIRT6 protein expression level (Figure 9B). The alizarin red 

S staining in the AAV Cre treated Sirt6fl/fl cells was increased after 21 

days of differentiation, similar to the results using wild-type and Sirt6-/- 

osteoblasts (Figure 9C). 

 Expression levels of osteoblast marker genes were also markedly 

higher in Sirt6-/- cells at late phase of differentiation. Sp7 (osterix), Bglap 

(osteocalcin) were nearly 2-fold and 4-fold increased in Sirt6-/- cells in 

21 days of differentiation, respectively (Figure 10). These results 

demonstrated that Sirt6 inhibits osteoblastic differentiation in a cell-

autonomous manner. 
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Figure 8. A. Alkaline phosphatase staining after 7 days of osteoblastic 

differentiation. B. Alizarin red S staining after 21 days of differentiation. C. 

Quantification of alizarin red S staining by CPC extraction method (n = 3) 
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Figure 9. A. AAV virus infection. B. SIRT6 protein expression in AAV virus 

treated Sirt6+/+ mice osteoblast. C. Alzarin red S staining after 21 days of 

differentiation. AAV GFP, (Sirt6 control); AAV Cre(Sirt6 knockout); AAV, 

adeno-associated virus; GFP, green fluorescent protein; Cre, Cre 

recombinase. 
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Figure 10. Real-time qPCR results of osteoblast marker genes after 21 

days of differentiation (n = 3), analyzed by two-sample t test. *P < 0.05. 
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Ⅳ. DISCUSSION 

The aim of this study was to investigate the function of Sirt6 in 

adult bone homeostasis. Since Sirt6 global knockout mice die around 3 to 

4 weeks of age, it is mandatory to generate tissue-specific conditional 

knockout mice for investigating the phenotype in adult mice. It was 

reported that osteoclast-specific Sirt6 knockout mice showed increased 

bone mass in vivo. Also, Sirt6 knockout osteoclasts showed impaired 

osteoclastic differentiation, suggesting that Sirt6 enhances osteoclastic 

differentiation in a cell autonomous manner12. Thus, the report that Sirt6 

global knockout mice showed low bone mass suggests that the function of 

Sirt6 in osteoblasts is dominant over that in osteoclasts in regulating bone 

homeostasis. However, osteoblast-specific Sirt6 knockout mice have 

never been reported yet. 

In this study, we generated osteoblast-specific Sirt6 knockout 

mice using Cre-loxP system. Osteoblastic differentiation was also 

investigated in vitro by using primary mouse calvarial osteoblasts. We 

found that Sirt6 positively regulates bone homeostasis in vivo but inhibits 

osteoblast differentiation in vitro. The osteopenic phenotype in 
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osteoblast-specific Sirt6 knockout mice was attributed to increased 

Oc.N/Bs. Therefore, Sirt6 deficiency in osteoblast may cause high-

turnover osteopenia.  

 These results are in sharp contrast to previous studies that Sirt6 

global knockout mice showed low-turnover osteopenia with decreased 

osteoblast and osteoclast differentiation10. This difference of in vivo data 

may be explained by the fact that we used osteocalcin-Cre mice, which is 

expressed in the late stage of osteoblast differentiation, leading to Sirt6 

deficiency in mature osteoblasts, while Sirt6 is not expressed from 

mesenchymal stem cells to mature osteoblasts in global knockout mice. It 

was reported that the mechanism of Sirt6 enhancing the osteogenic 

differentiation of bone marrow stem cell was independent of its 

deacetylation function11. Therefore, there may be two different 

mechanisms of Sirt6 that enhance the osteogenic differentiation of bone 

marrow stem cell by deacetylase-independent manner and inhibits 

osteoblastic differentiation from pre-osteoblasts by deacetylase-

dependent manner.  

However, several questions still remain regarding the function of 

Sirt6. The mechanism of how Sirt6 inhibits osteoblast differentiaton should 
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be further investigated. Also, how Sirt6 in osteoblast regulates 

osteoclastic differentiation is still not known. SIRT6 has been reported to 

be localized in nucleus in primary osteoblasts during differentiation. This 

suggests a possibility that SIRT6 may be a transcriptional repressor for 

some genes that mediate coupling of osteoblasts and osteoclasts 

differentiation. This possibility is supported by the fact that SIRT6 is 

deacetylase. Sirt6 is known to be a chromatin-associated nuclear protein 

regulating genomic stability, cellular metabolism, inflammation, stress 

response and longevity.6,9,13-15 Therefore, Sirt6 may play important roles 

in bone aging. This assumption is supported by the results that osteopenic 

phenotype became more severe in 48-week-old mice than in 8-week-old 

mice. How Sirt6 is involved in bone aging should be also elucidated in 

future study.  
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Ⅴ. CONCLUSION 

This study was aimed to investigate roles of Sirt6 in bone 

homeostasis using osteoblast-specific Sirt6 knockout mouse model and 

primary mouse calvarial cell culture. 

  

1. Bone mass was decreased in osteoblast-specific Sirt6 knockout mice 

and became more severe with aging when compared to wild-type 

littermates. 

2. Sirt6 inhibited osteoblastic differentiation in a cell autonomous manner 

in vitro. 

3. Sirt6 deficiency in osteoblasts enhanced osteoclastic differentiation in vivo, 

which resulted in high-turnover osteopenia. 
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국문요약 

 

Sirtuin 6 의 골 항상성 조절 기전 

 

(지도교수 황 충 주) 

연세대학교 대학원 치의학과 

 박 용 욱  

 

Sirtuin 6(SIRT6)는 Class III histone deacetylase 로서 노화 조절에 있어 

중요한 역할을 한다고 알려져 있다. 선행 연구에서 Sirt6 를 knockout 시킨 

마우스는 급속한 노화와 함께 대사 조절 이상으로 생후 4 주 이내에 죽었으며, 

낮은 골밀도를 보였다. 이는 Sirt6 가 골항상성 조절 기전에 중요한 역할을 

함을 의미하지만, 선행 연구는 3 주령의 global knockout 마우스를 대상으로 

조사하였으므로 Sirt6 가 어느 조직에서 어떤 기전으로 작용하는지에 대해서 

알려져 있지 않다. 따라서 본 연구에서는 Cre-loxP 시스템을 이용하여 

조골세포에서 특이적으로 Sirt6 를 knockout 시킨 성체 마우스와 일차 

조골세포 배양을 통해 뼈의 항상성과 관련한 Sirt6 의 기능을 조사하였다. 
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조골세포에서 특이적으로 Sirt6 를 knockout 시킨 마우스는 3 주령에서 

wild-type 에 비해 골밀도의 차이가 없었으나, 8 주령부터 wild-type 대비 

골밀도가 낮았으며, 16 주령, 48 주령으로 갈수록 그 차이가 증가하였다. 선행 

연구에서 global knockout 마우스에서 조골세포에 의한 골형성과 파골세포에 

의한 골흡수가 모두 감소하는 낮은 골 교체율의 골다공증을 보인데에 반해, 

조골세포에서 특이적으로 Sirt6 를 knockout 시킨 마우스에서는 파골세포에 

의한 골흡수가 증가하는 양상이 관찰되었다. 또한 일차 조골 세포 배양에서 

Sirt6 knockout 조골세포가 wild-type 조골세포에 비해 분화가 증가하는 

양상이 관찰되었다. 이러한 결과는 조골세포에서 특이적으로 Sirt6 를 

knockout 시킨 마우스가 Sirt6 global knockout 마우스와는 반대로 높은 

골교체율의 골다공증을 보임을 의미한다. 

  본 연구를 통해 조골세포에서 특이적으로 Sirt6 knockout 마우스를 통해 

Sirt6 가 성체의 조골세포를 통해 골노화 조절에 기여함을 밝힐 수 있었다. 

조골세포에서 특이적으로 Sirt6 를 knockout 시켰을 때 파골세포의 활성의 

증가를 통해 골흡수가 증가하여 높은 골교체율의 골다공증을 보였다.  

 

 

핵심 되는 말: Sirt6, 뼈, 조골세포 분화, osteopenia 


