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A B S T R A C T   

Vascular calcification is an important risk factor for cardiovascular events, accompanied by DNA damage during 
the process. The sirtuin 6 (SIRT6) has been reported to alleviate atherosclerosis, which is related to the reduction 
of DNA damage. However, whether smooth muscle cell SIRT6 mediates vascular calcification involving DNA 
damage remains unclear. Western blot and immunofluorescence revealed that SIRT6 expression was decreased in 
human vascular smooth muscle cells (HVSMCs), human and mouse arteries during vascular calcification. Alizarin 
red staining and calcium content assay showed that knockdown or deletion of SIRT6 significantly promoted 
HVSMC calcification induced by high phosphorus and calcium, accompanied by upregulation of osteogenic 
differentiation markers including Runx2 and BMP2. By contrast, adenovirus-mediated SIRT6 overexpression 
attenuated osteogenic differentiation and calcification of HVSMCs. Moreover, ex vivo study revealed that SIRT6 
overexpression inhibited calcification of mouse and human arterial rings. Of note, smooth muscle cell-specific 
knockout of SIRT6 markedly aggravated Vitamin D3-induced aortic calcification in mice. Mechanistically, 
overexpression of SIRT6 reduced DNA damage and upregulated p-ATM during HVSMCs calcification, whereas 
knockdown of SIRT6 showed the opposite effects. Knockdown of ATM in HVSMCs abrogated the inhibitory effect 
of SIRT6 overexpression on calcification and DNA damage. This study for the first time demonstrates that 
vascular smooth muscle cell-specific deletion of SIRT6 facilitates vascular calcification via suppression of DNA 
damage repair. Therefore, modulation of SIRT6 and DNA damage repair may represent a therapeutic strategy for 
vascular calcification.   
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1. Introduction 

Vascular calcification, a common complication of atherosclerosis, 
diabetes, aging, and chronic kidney disease, is associated with cardio
vascular events and mortality [1–3]. Abnormal deposition of calcium 
and phosphate minerals in vessel wall, similar to bone formation, is the 
etiology of vascular calcification [4,5]. Previous studies have demon
strated that vascular smooth muscle cells (VSMCs) play an important 
role in the process of vascular calcification through transition from 
contractile to osteogenic phenotype [6]. In response to various stimuli 
such as calcium and phosphate disorder, hyperglycemia, inflammation, 
oxidative stress and DNA damage, VSMCs undergo osteogenic differ
entiation and upregulate the expression of osteogenic proteins, such as 
runt-related transcription factor 2 (Runx2), bone morphogenetic 
protein-2 (BMP2) and alkaline phosphatase (ALP), and down-regulate 
the expression of contractile protein, such as alpha smooth muscle 
actin (α-SMA), smooth muscle myosin heavy chain (SMM-HC), smooth 
muscle 22 alpha (SM22α) [7–10]. Senescent VSMCs have been shown to 
promote vascular calcification by increasing osteogenic differentiation 
and upregulating Runx2 and ALP expression [11]. Moreover, vascular 
aging is associated with telomere erosion and DNA damage, accompa
nied by the decrease of DNA repair ability [12]. Several studies have 
reported that DNA damage exists in the process of vascular calcification, 
and it can promote calcification [13,14]. DNA damage could be a 
common mechanism underlying vascular calcification and vascular 
aging. Therefore, repairing DNA damage may become an effective 
strategy for the prevention and treatment of vascular calcification and 
aging. 

DNA damage response (DDR) is a highly orchestrated process that 
can be activated by DNA damage [15]. The most severe type of DNA 
damage is double-strand breaks (DSBs). Ataxia-telangiectasia mutated 
(ATM) is activated in response to DSBs in which ATM dissociates from 
dimers and then autophosphorylates at Ser1981 [16,17]. Then activated 
ATM leads to the activation of downstream effector molecules of DDR, 
such as checkpoint kinases, p53 and p21, which contribute to an arrest 
in the cell cycle, followed by DNA repair or apoptosis or senescence 
[18,19]. Furthermore, H2AX could be phosphorylated at Ser139 
(γ-H2AX) by these molecules recruited by DNA damage, and γ-H2AX 
acts as a DNA damage marker and serves as a platform for locating repair 
proteins near DSBs [20,21]. Previous studies have demonstrated that p- 
ATM and γ-H2AX expression is upregulated during vascular calcification 
[22,23]. Activation of ATM has been reported to reduce DNA damage 
and extend lifespan in progeria mice [18], and to initiate DDR and repair 
damaged DNA in a variety of tumor cells [24,25]. However, the regu
latory mechanism underlying DNA damage and DDR involved in 
vascular calcification remains unclear. 

Sirtuin 6 (SIRT6), a NAD+ dependent class IV histone deacetylase, is 
involved in the regulation of inflammation [26], oxidative stress [27], 
DNA damage repair [28] and energy metabolism [29,30] in various 
diseases. SIRT6 mediates the regulation of various DNA damage re
pairs，including base excision [31], single-strand break repair [31], 
DSBs repair [28,32], and telomere integrity [33,34]. Recently, SIRT6 
has been demonstrated as a DNA damage sensor to directly recognize 
DSBs and initiate the subsequent DDR [35,36]. SIRT6 prolongs lifespan 
and ameliorates cellular senescence and aging-related cardiovascular 
diseases [37]. In vascular system, SIRT6 plays a pivotal role in hyper
tension [38], vascular inflammation [39,40], vascular aging and 
atherosclerosis [34,41,42]. However, the role of smooth muscle cell 
SIRT6 in vascular calcification and the link between SIRT6 and DNA 
damage repair during vascular calcification have yet to be elucidated. In 
this study, we used smooth muscle cell-specific knockout of SIRT6 
mouse model to investigate whether and how loss of SIRT6 in VSMCs 
contributes to vascular calcification. 

2. Experimental procedures 

2.1. Animals 

All animal experiments in this study were performed in accordance 
with the National Institutes of Health’s Guidelines for the Care and Use 
of Laboratory Animals and were approved by the Institutional Animal 
Care and Use Committee at Zhujiang Hospital, Southern Medical Uni
versity, China (LAEC-2021-043). Male C57BL/6 J mice were purchased 
from Central Animal Care Facility of Southern Medical University. 
SIRT6 floxed (SIRT6f/f) mice (Stock No. 017334) and SM22α-Cre 
transgenic mice (Stock No. 004746) were obtained from the Jackson 
Laboratory (Bar Harbor, ME, USA). SIRT6f/f mice were crossed to 
SM22α-Cre transgenic mice to generate SM22α-Cre:SIRT6f/+ heterozy
gous mice and they were further crossed to SIRT6f/f mice to obtain 
SM22α-Cre: SIRT6f/f (designated as SIRT6 conditional knockout, CKO). 
SIRT6f/f mice were used as wild type (WT) controls. All mice were 
housed in standard laboratory conditions with a 12 h light /12 h dark 
cycle and had free access to tap water and food. Male WT and CKO mice 
were randomly divided into two groups, including Control (Vehicle, n =
6), Model (Vitamin D3, VitD3, n = 6). Mice in model groups were sub
cutaneously injected with VitD3 (Sigma Aldrich, 5 × 105 IU/kg) for 3 
consecutive days and then fed with chow diet for another 6 days, as 
described in our previous studies [43,44]. At the end of the experiment, 
the animals were sacrificed and aortas were collected for further 
analysis. 

2.2. Genomic PCR 

Genomic DNA was prepared from mouse tails. Tails were lysed with 
lysis buffer (10 mM Tris HCl, 10 mM EDTA, 0.5% SDS, 10 mM NaCl and 
100 μg/ml proteinase K) overnight at 55 ◦C and 150 rpm. The sample was 
mixed with DNA extraction phenol reagent (Solarbio, Beijing, China) and 
centrifuged for 5 min to obtain supernatant with DNA. The supernatant 
was precipitated with absolute ethanol, washed with 70% ethanol and 
dissolved in deionized water. All mice were amplified with 2 × Taq Master 
Mix (Vazyme Biotech, Nanjing, China) and specific primers. Finally, the 
genotypes were validated by agarose gel electrophoresis. The primers 
were as follows: SIRT6 (forward 5′-3′): AGTGAGGGGCTAATGGGAAC, 
SIRT6 (reverse 5′-3′): AACCCACCTCTCTCCCCTAA, SM22α-Cre (forward 
5′-3′): GCGGTCTGGCAGTAAAAACTATC, SM22α-Cre (reverse 5′-3′): 
GTGAAACAGCATTGCTGTCACTT. 

2.3. Cell culture 

Human vascular smooth muscle cells (HVSMCs) were purchased 
from American type culture collection (ATCC, CRL-1999, Manassas, VA, 
USA) and cultured in growth medium (GM) in an incubator with 5% CO2 
at 37 ◦C. GM was composed of DMEM (Gibco, Life Technologies, USA) 
supplemented with 10% FBS (Gibco, Life Technologies, USA), and 100 
unit/ml penicillin plus 100 μg/ml streptomycin. To induce calcification, 
HVSMCs were treated with calcifying medium (CM) containing 10 
mmol/l β-glycerophosphate (Sigma-Aldrich, USA) and 3 mmol/l cal
cium chloride (Sigma-Aldrich, USA) [43,44]. In some experiments, 
Nicotinamide (NAM, Med Chem Express, 5 mM) or AV-153 (Med Chem 
Express, 100 μM) was used to treat cells in CM [36,45]. 

Primary mouse vascular smooth muscle cells (MVSMCs) were iso
lated from WT mice and CKO mice (6–8 weeks old). Briefly, mice were 
intraperitoneally euthanized with sodium pentobarbital (150 mg/kg), 
and thoracic aortas were isolated and cut into small pieces. Then aortic 
explants were grown in DMEM (Gibco, Life Technologies, USA) con
taining 10% FBS (Gibco, Life Technologies, USA), 100 unit/ml penicillin 
plus 100 μg/ml streptomycin at 37 ◦C in a humidified incubator. 
MVSMCs were migrated from aortic explants and cells between passages 
3 and 5 were used in this study. MVSMCs were incubated with GM or CM 
for 5 days. 
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2.4. Adenovirus infection 

Adenovirus encoding SIRT6 (Ad/SIRT6) used in this study were 
obtained from Vigene Biosciences company (Shandong, China). Ad/GFP 
was used as negative controls. HVSMCs were seeded in 35 mm dishes 
and cultured in GM. When the cells reached 80% confluence, Ad/SIRT6 
or Ad/GFP at an optimal multiplicity of infection (MOI = 25) was used 
to transfect cells. SIRT6 expression in cells transfected with Ad/SIRT6 
was analyzed by western blot. 

2.5. Small interfering RNA (siRNA) transfection 

The siRNA used in this study was purchased from Ribobio Co. Ltd. 
(Guangzhou, China). HVSMCs were seeded at a density of 2 × 105 cells 
in 35 mm dishes and transfected with SIRT6 siRNA (15 nM, si-SIRT6) or 
ATM siRNA (15 nM, si-ATM) or scrambled siRNA (si-CTR) by use of 
Lipofectamine 3000 Transfection Reagent (Thermo Fisher, USA) ac
cording to the manufacturer’s instructions. The expression of SIRT6 and 
ATM in cells transfected with siRNA were examined by western blot. 

2.6. Arterial ring organ culture 

Whole aortas were isolated from 8-week C57BL/6 J mice euthanized 
by intraperitoneal injection of sodium pentobarbital (150 mg/kg). 
Human arteries were obtained from patients who underwent the 
amputation and written informed consent was provided by all patients. 
Human tissue use was approved by the Ethics Committee of Zhujiang 
hospital, Southern Medical University, China (Approval number: 2021- 
KY-079-02) and complied with the Declaration of Helsinki. The char
acteristics of patients used in this study are included in Supplementary 
Table 1. Mouse and human arteries were cut into 2–3 mm in length and 
cultured in GM in a 37 ◦C incubator with 5% CO2. Then CM was used to 
induce calcification of arterial rings for 7 days [8,9,43] after transfection 
with Ad/SIRT6 or Ad/GFP. 

2.7. Alizarin red staining 

As described in our previous studies [8,43], alizarin red staining was 
used to determine calcification in cells and arteries. For cells staining, 
HVSMCs were seeded in 35 mm dishes. At the indicated time points, 
HVSMCs were fixed in 4% paraformaldehyde (PFA) for 10 min and 
stained with 2% alizarin red solution (pH 4.2, Solarbio, Beijing, China) 
for 5 min at room temperature. Excess dye was removed with deionized 
water and images were captured by an inverted microscope (Leica, 
DMi8, Germany). To quantify the extent of calcification, alizarin red dye 
was eluted with 10% formic acid, the absorbance was measured at 405 
nm using a microplate reader (Thermo, NY, USA) and the readings were 
normalized with control. For tissue staining, the arterial rings were fixed 
in 10% formalin solution and embedded in paraffin. The arterial samples 
were cut into 4 μm in thickness on a microtome (Leica, HistoCore 
MULTICUT, Germany) and then the sections were stained with 2% 
alizarin red solution for 5 min. Images were captured under an inverted 
microscope (Leica, DMi8, Germany) and positive red staining areas of 
aortic rings were analyzed with Image J. For the whole mount of aorta 
staining, aortic arteries were fixed in 95% ethanol for 24 h and then 
stained with 0.003% alizarin red solution in 1% potassium hydroxide 
overnight. The aortas were then washed twice with 2% potassium hy
droxide before being photographed. 

2.8. Calcium content assay 

Calcium content was determined using a Calcium Assay Kit (Leagene 
Biotechnology, Beijing, China) in accordance with the manufacturer’s 
protocol. Briefly, cells or tissues were centrifuged to separate the su
pernatant. Then 2.5 μl of samples were mixed with 200 μl of Methyl 
thymol blue (MTB) solution and incubated for 10 min at room 

temperature. The absorbance was measured at 610 nm using a micro
plate reader (Thermo, NY, USA) and the readings were normalized with 
control. The protein concentration was measured using the Pierce™ 
BCA Protein Assay Kit (Thermo Fisher, USA), and calcium content was 
expressed as μg/mg protein. 

2.9. Alkaline phosphatase (ALP) activity assay 

ALP activity was assessed using an ALP assay kit (Beyotime, 
Shanghai, China) according to the manufacturer’s guidelines. Mouse 
arteries were homogenized and the supernatant was separated by 
centrifugation. The samples were mixed with p-nitrophenyl phosphate 
(p-NPP) substrate and incubated for 10 min at 37 ◦C. The reaction was 
terminated with 3 mol/l NaOH and the absorbance was measured at 
405 nm using a microplate reader (Thermo, NY, USA). Then the results 
were normalized to the protein levels and ALP activity was calculated as 
unit/mg protein. 

2.10. Comet assay 

The alkaline comet assay was performed using a Comet Assay kit 
(Trevigen, #4250–050-K, Gaithersburg, MD) according to manufac
turer’s protocol. Briefly, HVSMCs were harvested, centrifuged and sus
pended in low-temperature-melting agarose gels on comet slides at the 
indicated time points. The slides were incubated at 4 ◦C for 30 min to 
allow the agarose to set and subjected to alkaline electrophoresis in ice 
electrophoresis solution at 300 mA for 30 min. Then the slides were 
washed and stained with SYBR Gold (Thermo Fisher, #S11494) for 30 
min at room temperature. After being stained, slides were dried 
completely for 1 h at 37 ◦C and observed by fluorescent microscope 
(Leica, DMi8, Germany). The percentage of DNA in the tail and the tail 
moment were quantified using the Image J plugin OpenComet 
(http://cometbio.org/). 

2.11. Immunofluorescence staining 

Human arteries, mouse aortas and cultured HVSMCs were harvested 
at the indicated time points. The characteristics of patients used in this 
study were listed in Supplementary Table 2. For cell staining, HVSMCs 
were fixed in 4% PFA and permeabilized by 0.5% Triton X-100 for 15 
min at room temperature. Cells were blocked with QuickBlock™ 
Blocking Buffer for Immunol Staining (Beyotime, Shanghai, China) for 
10 min at room temperature, then incubated with primary antibodies 
diluted in Immunol Staining Primary Antibody Dilution Solution 
(Beyotime, Shanghai, China) at 4 ◦C in a humidified chamber overnight. 
After being washed, cells were incubated with Alexa Fluor secondary 
antibodies (1:200, Thermo Scientific, USA) for 2 h at room temperature 
in the dark. Cell nuclei were stained with Hoechst 33342 (Solarbio, 
Beijing, China), and then captured by a fluorescence microscope (Leica, 
DMi8, Germany) or a laser scanning confocal microscope (Leica, TCS- 
SP8, Germany). For tissue staining, the samples were fixed in 10% 
formalin solution overnight. Fixed tissues were embedded in paraffin 
and cut into 4 μm in thickness on a microtome (Leica, HistoCore MUL
TICUT, Germany). The paraffin sections were dewaxed and antigen 
retrieval was performed by treatment of sections with EDTA Antigen 
Retrieval Solution (Solarbio, Beijing, China). Then the sections were 
permeabilized by 0.5% Triton X-100 for 15 min at room temperature, 
and the other steps were the same as the cell staining. The primary 
antibodies were used for imunofluorescence staining including anti- 
SIRT6 (1:200, Abcam, ab62739), anti-γ-H2AX (1:200, Abcam, 
ab26350), anti-α-SMA (1:200, Abcam, ab7817). 

2.12. Western blot analysis 

Total protein was extracted from HVSMCs or arterial tissues using 
RIPA buffer (Thermo Fisher, USA) containing proteinase and 
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phosphatase inhibitors (Roche, Basel, Switzerland). The protein con
centrations were determined by Pierce™ BCA Protein Assay Kit (Thermo 
Fisher, USA). Proteins were separated by sodium dodecyl sulfate poly
acrylamide gel electrophoresis (SDS-PAGE) and then transferred to a 
polyvinylidene fluoride membrane (PVDF, Millipore, USA). The mem
branes were blocked by 5% skim milk for 2 h at room temperature and 
then incubated at 4 ◦C overnight with the following primary antibodies: 
anti-RUNX2 (1:1000, Cell Signaling Technology, 12556S), anti-BMP2 
(1:1000, Abcam, ab214821), anti-α-SMA (1:5000, Proteintech, 
14,395–1-AP), anti-SIRT6 (1:1000, Cell Signaling Technology, 12486S), 
anti-γ-H2AX (1:1000, Cell Signaling Technology, 2577S), anti-p-ATM 
(1:1000, Cell Signaling Technology, 5883 T), anti-ATM (1:1000, Cell 
Signaling Technology, 2873 T) and anti-β-actin (1:10000, Proteintech, 
HRP-66009). The membranes were washed three times with TBST and 
incubated with HRP-conjugated secondary antibodies (1:10000, abcam, 
ab6721) for 1 h at room temperature. The membranes were washed in 
TBST for another three times and visualized with an enhanced chem
iluminescence kit (Millipore, USA) by the Amersham Imager 500 im
aging system (GE, Piscataway, NJ, USA) or the ALLIANCE Q9-MICRO 
imaging system (UVItec, UK). Protein bands were quantified by Image J 
and normalized to β-actin expression. 

2.13. Quantitative real-time PCR 

Total RNA was extracted from HVSMCs using TRIzol reagent 
(Thermo Fisher, USA), and reverse transcription was performed using 
PrimeScript RT kit (TaKaRa, Japan) according to the manufacturer’s 
protocol. Quantitative real-time PCR (qPCR) was performed on the 7500 
FAST real-time PCR system (Applied Biosystems, Foster City, California, 
USA) using SYBR Green mixture (Takara, Japan). The primers of poly
merase chain reaction are as follows: CHD4 (forward 5′-3′): 
AGGAGCCTAAATCATCTGCTC, CHD4 (reverse 5′-3′): GGGTCTGA
CAAACTGGCTGA; β-actin (forward 5′-3′): CTCTTCCAGCCTTCCTTCCT, 
β-actin (reverse 5′-3′): AGCACTGTGTTGGCGTACAG. Relative gene 
expression was calculated by the comparative Ct (threshold cycle) 
method and the results were normalized to β-actin. 

2.14. Statistical analysis 

All statistical analyses were performed using Prism software (Version 
8; GraphPad Software) and results were expressed as mean ± SEM. Data 
were analyzed for normality and equal variance using GraphPad soft
ware. The difference between the two groups was performed by Stu
dent’s t-tests if data had equal variance. The differences between 
multiple groups were analyzed by one-way ANOVA followed with Tukey 
HSD test if data had equal variance and with Tamhane T2 test if data had 
unequal variance. A value of P < 0.05 was considered significant. 

3. Results 

3.1. Expression of SIRT6 is decreased during vascular calcification 

To examine the expression of SIRT6 during vascular calcification, 
HVSMCs and human arterial rings were cultured in CM for 7 days to 
induce cell calcification in vitro and vascular calcification ex vivo. Both 
western blot analysis and immunofluorescence staining showed that 
SIRT6 was significantly decreased in CM-treated cells compared to GM- 
treated cells (Fig. 1A, B). Consistently, we also found that the expression 
of SIRT6 in human arterial rings was significantly reduced in CM group 
compared to GM group (Fig. 1C). Then, in order to further examine the 
expression of SIRT6 in vascular calcification in vivo, calcified arteries 
obtained from patients showed markedly reduced SIRT6 expression, as 
indicated by immunofluorescence staining (Fig. 1D). In addition, west
ern blot analysis and immunofluorescence staining revealed that SIRT6 
was also significantly downregulated in VitD3-overloaded mice 
compared to vehicle group (Fig. 1E, F). Altogether, these data indicate 

that SIRT6 was downregulated during vascular calcification. 

3.2. Knockdown of SIRT6 by siRNA promotes HVSMC calcification 

To determine the role of SIRT6 in HVSMC calcification, SIRT6 siRNA 
(si-SIRT6) was used to transfect HVSMCs. Knockdown of SIRT6 in 
HVSMCs transfected with si-SIRT6 was validated by western blot anal
ysis (Supplementary Fig. 1A). Alizarin red staining showed that si-SIRT6 
promoted mineral deposition of HVSMCs in the presence of CM 
(Fig. 2A), and this result was further confirmed by quantification anal
ysis of alizarin red staining (Fig. 2B). In addition, calcium content assay 
showed that knockdown of SIRT6 significantly enhanced calcium con
tent (Fig. 2C). Furthermore, we found that knockdown of SIRT6 pro
moted the expression of osteogenic differentiation markers in HVSMCs, 
such as Runx2 and BMP2 (Fig. 2D-F). Collectively, these results suggest 
that knockdown of SIRT6 accelerates osteogenic differentiation and 
calcification of HVSMCs. 

3.3. Overexpression of SIRT6 attenuates HVSMC calcification 

To further verify the effect of SIRT6 on HVSMC calcification, 
HVSMCs were transfected with adenovirus encoding SIRT6 (Ad/SIRT6) 
in the presence of CM. As shown in Supplementary Fig. 1B, over
expression of SIRT6 in HVSMCs infected with Ad/SIRT6 was confirmed 
by western blot analysis. Of note, overexpression of SIRT6 markedly 
attenuated mineral deposition in HVSMCs under CM condition, as 
indicated by alizarin red staining and quantification of calcium content 
(Fig. 2G-I). Moreover, western blot analysis revealed that the expression 
of Runx2 and BMP2 were decreased in cells infected with Ad/SIRT6 
(Fig. 2J-L). Together, these data suggest that SIRT6 overexpression 
protects HVSMCs against calcification. 

3.4. Overexpression of SIRT6 alleviates arterial ring calcification 

To further investigate the role of SIRT6 in vascular calcification ex 
vivo, mouse aortic rings and human arterial rings were transfected with 
Ad/SIRT6 in the presence of CM for 7 days. Consistent with the in vitro 
results, alizarin red staining of mouse aortic rings showed that over
expression of SIRT6 remarkably alleviated vascular calcification 
(Fig. 3A), and this result was further confirmed by quantification anal
ysis of calcified area (Fig. 3B). Consistently, alizarin red staining of 
human arterial rings revealed that overexpression of SIRT6 inhibited 
human arterial calcification (Fig. 3C,E). In addition, quantification of 
calcium content also indicated that overexpression of SIRT6 signifi
cantly decreased calcium content in human arterial rings (Fig. 3D). 
Altogether, these data suggest that SIRT6 overexpression inhibits arte
rial calcification ex vivo. 

3.5. Conditional knockout of SIRT6 aggravates mouse aortic calcification 

Next, to explore whether knockout of SIRT6 in VSMCs has an effect 
on vascular calcification in vivo, we bred SIRT6f/f (WT) mice with 
SM22α-Cre transgenic mice to obtain SIRT6 conditional knockout (CKO) 
mice. The mouse genotyping was analyzed by polymerase chain reaction 
(PCR) of genomic DNA (Supplementary Fig. 2). We isolated mouse 
vascular smooth muscle cells (MVSMCs) from WT mice and CKO mice, 
knockout of SIRT6 in MVSMCs was confirmed by immunofluorescence 
staining (Supplementary Fig. 3A). Alizarin red staining shown that 
mineral deposition was increased in CKO group compared with WT 
under CM condition (Fig. 4A). Next, knockout of SIRT6 in mouse aortas 
was validated by western blot analysis (Supplementary Fig. 3B) and 
immunofluorescence staining (Supplementary Fig. 3C). Alizarin red 
staining of mouse aortas and aortic sections showed that aortic calcifi
cation was aggravated in CKO mice compared with WT mice (Fig. 4B-C). 
Consistently, quantification analysis of calcium content further 
confirmed that knockout of SIRT6 increased calcium content in mouse 
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Fig. 1. Expression of SIRT6 is decreased during vascular calcification. Human vascular smooth muscle cells (HVSMCs) and human arterial rings were incubated 
with growth medium (GM) or calcifying medium (CM) for 7 days (A-C), and aortic calcification of mice was induced by Vitamin D3 (VitD3) (E-F). (A-B) Western blot 
analysis and immunofluorescence staining of SIRT6 expression in HVSMCs (n = 7). Scale bar = 250 μm. (C) Western blot analysis of SIRT6 expression in human 
arterial rings (n = 6). (D) Immunofluorescence staining and alizarin red staining of human calcified arteries. Scale bar = 100 μm. (E) Western blot analysis of SIRT6 
expression in aortas of VitD3-overloaded mice (n = 6). (F) immunofluorescence staining and alizarin red staining of SIRT6 expression in aortas of VitD3-overloaded 
mice. Scale bar = 100 μm. Statistical significance was performed by two-tailed Student t-test. *P < 0.05, **P < 0.01, ***P < 0.001. HVSMCs, human vascular smooth 
muscle cells; GM, growth medium; CM, calcifying medium; VitD3, vitamin D3. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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aortas (Fig. 4D). Moreover, ALP activity, an osteogenic differentiation 
marker, was remarkably increased after treatment with VitD3 and 
further enhanced in CKO mice (Fig. 4E). Additionally, western blot 
analysis revealed that knockout of SIRT6 downregulated the expression 
of α-SMA, a smooth muscle marker, but upregulated the expression of 
BMP2 (Fig. 4F-H). Collectively, these findings indicate that knockout of 
SIRT6 in VSMCs aggravates aortic calcification in VitD3-overloaded 
mice. 

3.6. Knockdown of SIRT6 exacerbates DNA damage during HVSMC 
calcification 

Given that DNA damage is involved in the progression of vascular 
calcification [13,14,22], and SIRT6 can enhance DNA repair to reduce 
the damage [35,46], we investigated whether loss of SIRT6 promoted 
vascular calcification involving DNA damage repair. SIRT6 siRNA was 
used to transfect HVMSCs to knock down SIRT6. A single-cell comet 
assay was performed to evaluate the extent of DNA DSBs. We found that 
DNA damage was significantly increased under CM condition compared 
with GM, and knockdown of SIRT6 exacerbated DNA damage (Fig. 5A- 
C). In addition, we performed western blot and immunofluorescence 
staining to analyze the expression of γ-H2AX, a biomarker for DNA DSBs 
[21,47]. Both the expression of γ-H2AX and the formation of γ-H2AX 
foci were significantly increased in CM-treated cells compared to GM- 
treated cells. Moreover, knockdown of SIRT6 elevated the levels of 
γ-H2AX (Fig. 5D-G). Taken together, these findings suggest that loss of 
SIRT6 promotes DNA DSBs during HVSMC calcification. 

3.7. Overexpression of SIRT6 alleviates DNA damage during HVSMC 
calcification 

Next, to further confirm the role of SIRT6 in DNA damage during 
HVSMC calcification, Ad/SIRT6 was used to overexpress SIRT6 in 
HVSMCs. As expected, comet assay showed that overexpression of SIRT6 
markedly attenuated DNA damage induced by CM treatment (Fig. 5H-J). 
Moreover, western blot analysis and immunofluorescence staining 
revealed that the DSBs marker γ-H2AX was decreased after over
expression of SIRT6 (Fig. 5K-N). Hence, these results indicate that 
upregulation of SIRT6 alleviates DNA DSBs in the process of HVSMC 
calcification. 

3.8. Enhanced DNA repair reverses HVSMC calcification induced by 
SIRT6 deficiency 

To determine whether DNA damage repair plays an important role 
during HVSMC calcification in SIRT6 deficiency, we used AV-153, a 
DNA repair agent, to repair DNA damage [45,48]. Comet assay revealed 
that DNA damage was significantly aggravated in si-SIRT6, and this 
effect was alleviated after treatment with AV-153 under CM condition 
(Supplementary Fig. 4A-C). Alizarin red staining showed that si-SIRT6 
promoted HVSMC calcification, and this effect of si-SIRT6 was abol
ished by AV-153 in the presence of CM (Supplementary Fig. 4D), and 
this results was further confirmed by quantification of alizarin red 
staining (Supplementary Fig. 4E). 

3.9. SIRT6 attenuates DNA damage independent of its catalytic activity in 
HVSMC calcification 

In order to verify whether SIRT6 alleviates DNA damage relying on 
its enzyme activity during HVSMC calcification. We used nicotinamide 
(NAM) to inhibit SIRT6 catalytic activity. Alizarin red staining shown 
that Ad/SIRT6 attenuated HVSMC calcification, and this effect of Ad/ 
SIRT6 was abolished by NAM in the presence of CM (Fig. 6A). These 
results were further confirmed by quantification of alizarin red staining 
that mineral deposition (Fig. 6B). However, we found that over
expression SIRT6 significantly alleviated DNA damage, as showed by 
comet assay and γ-H2AX foci, whereas NAM treatment had no signifi
cant effect on DNA damage compared with Ad/SIRT6 (Fig. 6C-G). 

3.10. ATM signal is required for the inhibitory role of SIRT6 in HVSMC 
calcification 

Since ATM as a critical mediator is mainly activated by DSBs [49] 
and SIRT6 has been proven to be a sensor that can directly recognize 
DSBs and recruit proteins of DDR, including ATM [36], we investigated 
whether SIRT6 also regulated the expression of ATM under CM condi
tions. HVSMCs were treated with siSIRT6 or Ad/SIRT6 under CM con
ditions. Consistent with previous studies [50], our results also showed 
that knockdown of SIRT6 decreased the expression of p-ATM (Fig. 7A- 
B), but not ATM (Supplementary Fig. 5A), whereas overexpression of 
SIRT6 increased p-ATM expression (Fig. 7C-D), but not ATM (Supple
mentary Fig. 5B), suggesting that SIRT6 positively regulates p-ATM 
expression. 

Next, we wondered whether SIRT6 relies on ATM to initiate DDR and 
promote DNA repair to reduce vascular calcification. Knockdown of 
ATM in HVSMCs transfected with siATM was validated by western blot 
analysis (Supplementary Fig. 6). Alizarin red staining revealed that Ad/ 
SIRT6 attenuated HVSMC calcification, and this effect of Ad/SIRT6 was 
antagonized by knockdown of ATM in the presence of CM (Fig. 7E). 
These results were further confirmed by quantification of alizarin red 
staining (Fig. 7F). Moreover, calcium content assay showed that over
expression of SIRT6 significantly alleviated mineral deposition, and 
knockdown of ATM abolished the reduction of mineral deposition under 
CM conditions (Fig. 7G). Furthermore, we found that Ad/SIRT6 
decreased the expression of osteogenic differentiation markers, such as 
Runx2 and BMP2, and the inhibitory effect on Runx2 and BMP2 
expression was abrogated by si-ATM in the presence of CM (Fig. 7H-J). 
In addition, we found that SIRT6 overexpression significantly alleviated 
DNA DSBs, as indicated by comet assay and γ-H2AX foci, and the pro
tective effect of SIRT6 overexpression against DNA DSBs was abolished 
by knockdown of ATM (Fig. 7K-O). Altogether, these data indicate that 
SIRT6 repairs DNA DSBs and inhibits vascular calcification relying on 
activation of ATM. 

3.11. SIRT6 activates ATM via CHD4 in HVSMC calcification 

It has been reported that a necessary condition for DNA repair is 
chromatin relaxation which induces ATM activated [17,51]. Chromatin 
helicase DNA binding protein 4 (CHD4), a chromatin relaxation factor, 
plays a role in DNA damage response [52]. To determine whether SIRT6 
activates ATM through CHD4, CHD4 siRNA (si-CHD4) and Ad/SIRT6 
were used to transfect HVSMCs under CM conditions. Knockdown of 

Fig. 2. SIRT6 attenuates human vascular smooth muscle cell calcification. Human vascular smooth muscle cells (HVSMCs) were transfected with si-SIRT6 (A-F) 
or Ad/SIRT6 (G-L) in growth medium (GM) or calcifying medium (CM) for 7 days. (A&G) Alizarin red staining was used to assess mineral deposition in HVSMCs (n =
6). Scale bar = 500 μm. (B&H) Quantitative analysis of alizarin red dye by a microplate reader (n = 6). Statistical significance was performed by one-way ANOVA 
with Tukey HSD test (siRNA group) or Tamhane T2 test (adenovirus group). (C&I) Calcium content in HVSMCs was measured by calcium content assay (n = 6). 
Statistical significance was performed by one-way ANOVA with Tukey HSD test (siRNA group) or Tamhane T2 test (adenovirus group). (D-F&J-L) BMP2 and Runx2 
expression was analyzed by western blot and quantified by densitometry (n = 6–7). Statistical significance was performed by one-way ANOVA with Tukey HSD test. 
*P < 0.05, **P < 0.01, ***P < 0.001 and n.s indicates no significance. Runx2, Runt-related transcription factor 2; BMP2, bone morphogenetic protein 2. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Overexpression of SIRT6 alleviates arterial ring calcification. Mouse aortic rings and human arterial rings were transfected with Ad/GFP or Ad/SIRT6 in 
growth medium (GM) or calcifying medium (CM) for 7 days (n = 4). (A&E) Mineral deposition in mice aortic rings (A) and human arterial rings (E) was detected by 
alizarin red staining. Scale bar = 100 μm (mouse aortic rings) and 250 μm (human arterial rings). (B-C) Positive area of alizarin red staining in mouse aortic rings and 
human arterial rings was quantified by Image J. (D) Calcium content in human arterial rings was measured by calcium content assay. Statistical significance was 
performed by one-way ANOVA with Tamhane T2 test. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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CHD4 in HVSMCs transfected with si-CHD4 was validated by qPCR 
analysis (Fig. 8A). Then western blot results showed that overexpression 
of SIRT6 increased the expression of p-ATM, while knockdown of CHD4 
abrogated the upregulated of p-ATM in the presence of CM, and ATM 
expression remained unchanged (Fig. 8B-D). Alizarin red staining 

revealed that Ad/SIRT6 attenuated HVSMC calcification, and this effect 
of Ad/SIRT6 was partly abolished by knockdown of CHD4 under CM 
conditions (Fig. 8E). These results were further confirmed by quantifi
cation of alizarin red staining (Fig. 8F). 

Fig. 4. Smooth muscle cell-specific knockout of SIRT6 promotes calcification in mouse vascular smooth muscle cells and Vitamin D3-overloaded mouse 
aortas. Mouse vascular smooth muscle cells (MVSMCs) were incubated with growth medium (GM) or calcifying medium (CM) for 5 days and mouse aortic calci
fication model was induced by subcutaneous injection with Vitamin D3 (VitD3, 5 × 105 IU/kg) for consecutive 3 days and then fed for another 6 days. (A) Alizarin red 
staining was used to assess mineral deposition in MVSMCs. Scale bar = 500 μm. (B) Mouse aortic calcification was detected by alizarin red staining (n = 6–8). (C) 
Calcification of mouse aortic sections was detected by alizarin red staining. Scale bar = 100 μm. (D) Calcium content in mouse aortas was measured (n = 9). (E) 
Quantification of ALP activity in mouse aortas (n = 9). (F-H) BMP2 and α-SMA expression was analyzed by western blot and quantified by densitometry (n = 7). 
Statistical significance was performed by one-way ANOVA with Tukey HSD test. *P < 0.001. WT, wild type; CKO, conditional knockout; ALP, alkaline phosphatase; 
α-SMA, alpha smooth muscle actin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

S. Wang et al.                                                                                                                                                                                                                                   



Journal of Molecular and Cellular Cardiology 173 (2022) 154–168

163

Fig. 5. SIRT6 attenuates DNA damage during human vascular smooth muscle cell calcification. Human vascular smooth muscle cells (HVSMCs) were 
transfected with si-SIRT6 (A-G) or Ad/SIRT6 (H-N) in growth medium (GM) or calcifying medium (CM) for 7 days. (A-C&H-J) Representative comet assay and 
analysis of tail DNA percentage, and tail moment were calculated via Image J plugin OpenComet (n = 6). Scale bar = 250 μm. Statistical significance was performed 
by one-way ANOVA with Tamhane T2 test. (D-E&K-L) immunofluorescence staining of γ-H2AX expression (n = 6). Scale bar = 10 μm. Statistical significance was 
performed by one-way ANOVA with Tamhane T2 test. (F-G&M-N) Western blot analysis of phosphorylation of histone H2AX on serine 139 (γ-H2AX) expression (n =
7). Statistical significance was performed by one-way ANOVA with Tukey HSD test. *P < 0.05, **P < 0.01, ***P < 0.001 and n.s indicates no significance. 
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4. Discussion 

In this study, we for the first time demonstrated that specific deletion 
of SIRT6 in VSMCs contributes to vascular calcification via suppression 
of DNA damage repair. Firstly, we found that the expression of SIRT6 is 
decreased during calcification in HVSMCs, arterial rings, aortas of VitD3- 
overloaded mice and human arteries. Next, we found that knockdown of 
SIRT6 aggravates HVSMC calcification and DNA damage, and over
expression of SIRT6 shows the opposite effects. Moreover, ex vivo ex
periments confirmed that overexpression of SIRT6 inhibits the 
calcification of mouse and human arterial rings. Furthermore, in vivo 
experiments showed smooth muscle cell-specific knockout of SIRT6 
significantly aggravates aortic calcification in VitD3-overloaded mice. 
Additionally, we found that knockdown of ATM counteracted the pro
tective effect of SIRT6 on HVSMC calcification and DNA damage. 

SIRT6 has beneficial effects on lifespan-extending and anti-aging 

[37]. Previous studies reported that SIRT6 plays a protective effect on 
VSMCs by inhibiting senescence and reducing atherogenesis [34]. SIRT6 
is crucial for maintaining the contractile phenotype of VSMCs under 
cyclic strain [53]. Moreover, a recent study has reported that exosomes, 
derived from bone marrow mesenchymal stem cell, inhibit mouse aortic 
calcification via SIRT6–HMGB1 deacetylation pathway in chronic kid
ney disease model [54]. In our study, we for the first time demonstrated 
that conditional knockout of SIRT6 in VSMCs exacerbates aortic calci
fication in VitD3-overloaded mice. Similarly, a latest study has shown 
that vascular calcification was reduced via the SIRT6-Runx2 pathway in 
chronic kidney disease model using SIRT6-transgenic mice [55]. Taken 
together, these findings indicate that loss of SIRT6 in VSMCs promotes 
vascular calcification. 

It has been reported that persistent DNA damage and impaired DNA 
damage repair exist in VSMCs under osteogenic conditions [22,23]. A 
recent study has revealed that there is a link between the osteogenic 

Fig. 6. SIRT6 attenuates DNA damage independent of its catalytic activity during HVSMC calcification. Human vascular smooth muscle cells (HVSMCs) were 
transfected with Ad/SIRT6 and treated with nicotinamide (NAM) in calcifying medium (CM) for 7 days (n = 6). (A)Alizarin red staining was used to assess mineral 
deposition in HVSMCs. Scale bar = 500 μm. (B) Quantitative analysis of alizarin red dye by a microplate reader. (C-E) Representative comet assay and analysis of tail 
DNA percentage, and tail moment were calculated via Image J plugin OpenComet. Scale bar = 250 μm. (F-G) Immunofluorescence staining of γ-H2AX expression. 
Scale bar = 10 μm. Statistical significance was performed by one-way ANOVA with Tukey HSD test. *P < 0.05, **P < 0.001 and n.s indicates no significance. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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protein RUNX2 and DNA damage, and DNA damage enhances vascular 
calcification in a RUNX2-dependent manner under the high phosphorus 
and calcium condition [13]. However, inhibition of ROS-induced DNA 
damage reduces calcification of MVSMCs induced by high glucose 
[56,57], and another study showed that restoring sirtuin1 (SIRT1) level 
initiates DDR, thus repairing damaged DNA and preventing senescence 
in diabetic vascular calcification [14]. These results indicated that DNA 
damage exists in vascular calcification and inhibiting or repairing 
damaged DNA reduces vascular calcification. In addition, previous 
studies have shown that SIRT6 maintains genomic stability by reducing 
DNA damage and promoting DDR. For example, SIRT6 alleviates DNA 
damage via enhancing telomerase activity in hypertrophic ligamentum 
flavum cells [33], and reduces DNA damage induced by doxorubicin via 
initiating DDR in osteosarcoma [50]. In endothelial cells, SIRT6 protects 

from telomere dysfunction and DNA damage, thus preventing senes
cence [58]. It is worth noting that SIRT6 also reduces DNA damage of 
VSMC senescence in atherosclerosis by maintaining the integrity of 
telomeres [34]. In this study, We found that DNA DSBs was attenuated 
by overexpression of SIRT6, and aggravated by knockdown of SIRT6 
during VSMC calcification. Enhancing DNA repair alleviated VSMC 
calcification induced by SIRT6 knockdown. We for the first time pointed 
out that SIRT6 deficiency in VSMCs mediates vascular calcification 
involoving DNA damage. Previous studies have reported that SIRT6 
overexpression inhibits vascular calcification in chronic kidney disease 
mice through its deacetylation activity [55]. However, in our study, we 
have demonstrated that SIRT6 prevents vascular calcification by atten
uating DNA damage, not just deacetylation effects. 

DDR is a signaling cascade process in response to DNA damage, in 

Fig. 7. Knockdown of ATM abolishes the inhibitory effect of SIRT6 overexpression on calcification and DNA damage during human vascular smooth 
muscle cell calcification. Human vascular smooth muscle cells (HVSMCs) were transfected with Ad/SIRT6 (A-B) or siSIRT6 (C-D) under CM conditions in growth 
medium (GM) or calcifying medium (CM), and transfected with Ad/SIRT6 and si-ATM (E-O) in the presence of calcifying medium (CM) for 7 days (n = 6). (A-D) 
Western blot analysis of p-ATM expression. (E) Alizarin red staining was used to assess HVSMC calcification. Scale bar = 500 μm. (F) Quantitative analysis of alizarin 
red dye by a microplate reader. Statistical significance was performed by one-way ANOVA with Tukey HSD test. (G) Calcium content was measured by calcium 
content assay. Statistical significance was performed by one-way ANOVA with Tukey HSD test. (H-J) BMP2 and Runx2 expression was analyzed by western blot and 
quantified by densitometry. Statistical significance was performed by one-way ANOVA with Tukey HSD test. (K-M) Representative comet assay and analysis of tail 
DNA percentage, and tail moment were calculated via Image J plugin OpenComet. Scale bar = 250 μm. Statistical significance was performed by one-way ANOVA 
with Tukey HSD test (tail DNA percentage) and with Tamhane T2 test (tail moment). (N-O) Immunofluorescence staining of phosphorylation of histone H2AX on 
serine 139 (γ-H2AX) expression. Scale bar = 10 μm. Statistical significance was performed by one-way ANOVA with Tukey HSD test. *P < 0.05, **P < 0.01, ***P < 
0.001 and n.s indicates no significance. ATM, ataxia telangiectasia mutation; p-ATM, phosphorylation of ataxia telangiectasia mutation at Ser1981; γ-H2AX, 
phosphorylation of histone H2AX on serine 139. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 8. SIRT6 activates ATM via CHD4 in HVSMC calcification. Human vascular smooth muscle cells (HVSMCs) were transfected with Ad/SIRT6 and si-CHD4 in 
the presence of calcifying medium (CM) for 7 days (n = 6). (A) Quantitative real-time PCR analysis of CHD4 expression. Statistical significance was performed by 
two-tailed Student t-test. (B-D) Western blot analysis of the expression of p-ATM and ATM. (E) Alizarin red staining was used to assess HVSMC calcification. Scale bar 
= 500 μm. (F) Quantitative analysis of alizarin red dye by a microplate reader. Statistical significance was performed by one-way ANOVA with Tukey HSD test. *P <
0.001 and n.s indicates no significance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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which ATM as a key mediator is mainly activated by DSBs, thus acti
vating downstream effector proteins [49]. A recent study has reported 
that SIRT1 activation promotes the formation of DDR sensor and up- 
regulates ATM to reduce DNA damage in diabetic vascular calcifica
tion [14]. Simiarly, SIRT6 reduces doxorubicin induced-DNA damage by 
activating the ATM pathway in osteosarcoma [50]. Consistently, we 
found that SIRT6 overexpression reduces DNA damage by upregulating 
p-ATM during VSMC calcification. During the process of DDR, ATM is 
activated just as a mediator and whether the sensors, upstream of the 
mediators, can correctly identify the damaged DNA is considered to be 
more critical. Recent studies reported that SIRT6 acts as an independent 
sensor to identify DSBs during DDR [35,36]. We speculate that SIRT6 
acts as a sensor to recognize DSBs and activate DDR via upregulating p- 
ATM during vascular calcification. Previous studies have reported that 
chromatin relaxation is a prerequisite for DDR, and ATM is activated in 
response to change in chromatin conformation after DSBs rather than 
direct contact with broken DNA [17,51]. This may explain the increased 
activation of ATM during vascular calcification. CHD4 is a chromatin 
relaxation factor which is closely related to DDR [52,59]. Previous 
studies have reported that SIRT6 rapidly arrives at DNA damage sites 
and recruits CHD4 to promote chromatin relaxation and DNA repair, 
which are associated with ATM [46]. In this study, we found that SIRT6 
overexpression increased p-ATM via CHD4 during VSMC calcification. 
Collectively, SIRT6 deficiency in VSMCs leads to aggravation of vascular 
calcification by exacerbating DNA damage, and SIRT6 activation alle
viates DNA damage and HVSMC calcification via upregulating p-ATM. 

The limitation of this study is that SIRT6 has multiple biological 
functions including anti-inflammatory, anti-oxidative stress and anti- 
aging [34], but we only investigated the effect of SIRT6 on DNA DSBs. 
In addition, flow condition may affect vascular calcification, but our in 
vitro and ex vivo experiments has been carried out in the medium without 
hemodynamic stimuli. 

In conclusion, this study demonstrated that the loss of SIRT6 in 
VSMCs exacerbates vascular calcification at least partly by suppressing 
DNA damage repair and SIRT6 promotes ATM activation, leading to 
decreased DNA damage during vascular calcification. This provides new 
insights into the role of SIRT6 in vascular calcification and the devel
opment of SIRT6 analogs may represent a novel strategy for the treat
ment of vascular calcification. 
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