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Aortic calcification is an important independent predictor of 
future cardiovascular events. We performed a genome-wide 
association meta-analysis to determine SNPs associated 
with the extent of abdominal aortic calcification (n = 9,417) 
or descending thoracic aortic calcification (n = 8,422). 
Two genetic loci, HDAC9 and RAP1GAP, were associated 
with abdominal aortic calcification at a genome-wide level 
(P < 5.0 × 10−8). No SNPs were associated with thoracic aortic 
calcification at the genome-wide threshold. Increased expres-
sion of HDAC9 in human aortic smooth muscle cells promoted 
calcification and reduced contractility, while inhibition of 

HDAC9 in human aortic smooth muscle cells inhibited calci-
fication and enhanced cell contractility. In matrix Gla protein–
deficient mice, a model of human vascular calcification, mice 
lacking HDAC9 had a 40% reduction in aortic calcification and 
improved survival. This translational genomic study identifies 
the first genetic risk locus associated with calcification of the 
abdominal aorta and describes a previously unknown role for 
HDAC9 in the development of vascular calcification.

Arterial wall calcification is a hallmark of atherosclerosis and 
serves as an important factor for cardiovascular risk assessment1,2. 
Although studies have identified the genetic underpinnings of  
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coronary artery3,4 and valvular calcification5, the genetic determi-
nants of human aortic calcification remain unknown. As with coro-
nary artery calcification (CAC), both abdominal aortic calcification 
(AAC) and thoracic aortic calcification (TAC) are strong inde-
pendent predictors of cardiovascular-related events and death6–8. 
A meta-analysis of studies of the cardiovascular disease risk con-
ferred by AAC found that individuals with the highest, compared 
to the lowest, tertile of AAC had a relative risk of 1.92 for coronary 
events and of 1.56 for cerebrovascular events9. Higher levels of AAC 
were associated with a >75% increase in cardiovascular mortality10. 
Aortic calcification is also associated with aortic aneurysms11 as well 
as maladaptive cardiac responses, such as left ventricular hypertro-
phy and diastolic dysfunction, caused by arterial stiffening12–14.

Identifying the genetic determinants of AAC and TAC may help 
elucidate currently unknown mechanisms underlying vascular dis-
ease. Therefore, we performed a genome-wide association study 
(GWAS) meta-analysis of cohorts within the Cohorts for Heart 
and Aging Research in Genome Epidemiology (CHARGE) consor-
tium15. Subsequent association analyses were performed in multi-
ethnic cohorts to validate the genome-wide significant findings.

Individuals of European ancestry from five different cohorts 
(Framingham Heart Study (FHS), Age, Gene/Environment 

Susceptibility-Reykjavik Study (AGES-RS), Multi-Ethnic Study of 
Atherosclerosis (MESA), Family Heart Study (FamHS) and Heinz 
Nixdorf Recall study (HNR)) were included in the discovery analy-
sis. The baseline characteristics of the participants in the discovery 
analysis are provided in Supplementary Table 1. Quantification of 
the degree of vascular calcification from computed tomography 
(CT) scans was available for the abdominal aorta in 9,417 par-
ticipants and for the descending thoracic aorta in 8,422 partici-
pants. The validation stage of the study used data obtained from  
non-European ancestry groups in MESA (African American, 
n = 343; Hispanic American, n = 496), FamHS (African American, 
n = 621) and the African American-Diabetes Heart Study  
(AA-DHS; n = 750).

The genomic inflation factor (λ) in the discovery meta-analysis 
was small for both AAC (λ = 1.09) and TAC (λ = 1.00), suggest-
ing that potential genotyping artifact, cryptic relatedness in the 
population or systematic differences in allelic distributions due to 
population stratification did not cause significant bias16. The quan-
tile–quantile plots for the AAC and TAC meta-analyses (Fig. 1a and 
Extended Data Fig. 1, respectively) demonstrated that the observed 
distribution of P values for both vascular phenotypes matched the 
expected distribution.
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Fig. 1 | Polymorphisms in the HDAC9 and RAP1GAP loci are associated with AAC. a, Manhattan (left) and quantile–quantile (right) plots for the 
association of AAC with approximately 9 million SNPs in the GWAS meta-analysis of 9,417 participants. The dashed line (left) indicates the genome-wide 
threshold for significance (P < 5 × 10−8). b, Regional SNP association map of the HDAC9 genetic region on chromosome 7 observed in the GWAS  
meta-analysis, centered around the lead SNP rs57301765. c, Regional association map of the RAP1GAP genetic region on chromosome 1, centered around 
the lead SNP rs4654975.
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SNPs associated with AAC were identified in two genetic loci 
(Fig. 1a–c and Table 1), the first encoding histone deacetylase 
9 (HDAC9, hg38 chr7:18,086,949–18,666,929) and the second 
encoding RAP1 GTPase activating protein 1 (RAP1GAP, hg38 
chr1:21,596,221–21,669,306). SNPs associated at a genome-wide 
significance level with AAC in the HDAC9 locus were rs57301765, 
rs2107595, rs28688791, rs2023936, rs2526620 and rs7798197 (Table 
1). SNPs associated with AAC in the RAP1GAP locus included 
rs4654975 and rs3767120; two additional SNPs (rs10159452 and 
rs10157126) were just below the threshold for genome-wide sig-
nificance (P = 5.8–5.9 × 10−8). All of the SNPs associated with AAC 
are located in noncoding regions of their respective gene loci. The 
minor allele at each SNP was associated with a greater degree of 
AAC (Table 1) and both the magnitude and direction of association 
were consistent across all discovery stage cohorts (one representa-
tive SNP from each locus is highlighted in Supplementary Table 2). 
Additional SNPs (n = 14) with suggestive evidence for association 
with AAC (P < 1 × 10−6) are listed in Supplementary Table 3.

No SNPs were associated with TAC at a genome-wide level 
of significance. There was evidence for borderline signifi-
cance (P = 8.6 × 10−8) for 1 SNP on chromosome 9 (rs58674255)  
in the vacuolar protein sorting 13 homolog A (VPS13A) locus 
(Table 1 and Extended Data Fig. 1). Additional SNPs (n = 22) 
with suggestive evidence for association (P < 1 × 10−6) are listed in 
Supplementary Table 4.

SNPs that were associated with AAC in the discovery analysis 
were tested for association in independent validation cohorts. All 
six SNPs in the HDAC9 locus were significantly associated with 
AAC in an independent replication sample from the MESA cohort 
consisting of Hispanic Americans (n = 496, all P < 1.9 × 10−4) and 
exhibited the same direction of association as the discovery cohorts 
(Table 2). Of these six SNPs, rs2107595 demonstrated the strongest 
association with a Z-score of 4.7 (P = 2.8 × 10−6). The two SNPs in 
the RAP1GAP locus were not associated with AAC in the MESA 
Hispanic American cohort (Table 2).

There was a modest association between rs2107595 and AAC 
in African Americans from the FamHS cohort (n = 621, Z = 2.5, 
P = 0.01), with a direction of association consistent with the dis-
covery analysis. However, no significant association between 
SNPs from the HDAC9 locus and AAC was observed in the MESA 
African American (n = 343) or the AA-DHS (n = 631) cohort, or in 
a meta-analysis combining these three cohorts (Z = 1.41, P = 0.12; 
Supplementary Table 5). There was no association between SNPs 
in the RAP1GAP locus and AAC in the African American cohorts, 
although there was limited power to detect an association given the 
small sample sizes of the populations.

To assess whether the genetic determinants of AAC are simi-
lar to that of calcification in other vascular beds and for cardio-
vascular disease, we determined whether the SNPs associated 
with AAC were also associated with TAC (n = 8,422), CAC (in 
the CHARGE Consortium, n = 9,992) (ref. 3), carotid artery 
plaque (in the CHARGE Subclinical Atherosclerosis Consortium, 
n = 40,574) and clinically apparent coronary heart disease (in the 
CARDIoGRAMplusC4D Consortium, n = 193,189) (ref. 17). All six 
SNPs in the HDAC9 locus met the genome-wide level of signifi-
cance for association with myocardial infarction, with the strongest 
association for rs2107595 (P = 8.1 × 10−11; Supplementary Table 6). 
rs57301765 was nominally associated with TAC (P = 0.047), while 
rs2107595 was associated with CAC (P = 0.039). Similar to the  

Table 1 | Genome-wide significant and near-significant SNPs associated with AAC and TAC from discovery stage meta-analysis

AAC (continuous trait)

SNP Chromosome no. Minor allele MAF Z-score P Direction 
of effect

No. studies Imputation score Nearest gene(s)

rs57301765 7 A 0.17 6.07 1.3 × 10−9 + + + + 4 0.957 HDAC9

rs2107595 7 A 0.17 6.02 1.7 × 10−9 + + + + 4 0.970 HDAC9

rs28688791 7 C 0.20 5.80 6.5 × 10−9 + + + + 4 0.978 HDAC9

rs2023936 7 G 0.20 5.65 1.6 × 10−8 + + + + 4 0.992 HDAC9

rs2526620 7 G 0.21 5.62 1.9 × 10−8 + + + + 4 0.904 HDAC9

rs4654975 1 C 0.34 5.55 2.8 × 10−8 + + + + 4 0.936 RAP1GAP

rs3767120 1 C 0.33 5.55 2.8 × 10−8 + + + + 4 0.891 RAP1GAP

rs7798197 7 G 0.20 5.51 3.5 × 10−8 + + + + 4 0.995 HDAC9

TAC (continuous trait)

SNP Chromosome no. Minor allele MAF Z-score P Direction 
of effect

No. studies Imputation score Nearest gene(s)

rs58674255 9 C 0.23 5.35 8.6 × 10−8 + + + + 4 0.997 VPS13A

A single-SNP association test was performed for each cohort using two-sided multivariate linear regression, adjusting for age, sex, study sites (when appropriate) and top principal components. The GWAS 
results from all cohorts were meta-analyzed using sample-size-weighted fixed-effect models as implemented in METAL. A genome‐wide significance threshold of 5 × 10−8 was used in consideration of 
multiple comparisons in the GWAS.

Table 2 | Trans-ethnic replication of genome-wide significant 
SNPs for AAC in Hispanic Americans in the MESA cohort

Hispanic Americans (n = 496)

SNP Chromosome 
no.

Minor 
allele

MAF Z-
score

P

rs57301765 7 A 0.26 4.12 3.8 × 10−5

rs2107595 7 A 0.25 4.69 2.8 × 10−6

rs28688791 7 C 0.27 4.49 7.1 × 10−6

rs2023936 7 G 0.29 3.73 1.9 × 10−4

rs2526620 7 G 0.31 4.16 3.2 × 10−5

rs7798197 7 G 0.29 4.13 3.6 × 10−5

rs4654975 1 C 0.41 1.47 0.14

rs3767120 1 C 0.44 1.31 0.19

A single-SNP association test was performed for each cohort using two-sided multivariate linear 
regression, adjusting for age, sex, study sites (when appropriate) and top principal components. 
To adjust for multiple testing, we applied Bonferroni corrections, that is, P < 0.05/6 for HDAC9 and 
P < 0.05/2 for RAP1GAP.
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findings from a previous analysis within the CHARGE Consortium 
of genetic association with carotid artery plaque using HapMap 
(n = 25,179, P = 1.8 × 10−3) (ref. 18), all six SNPs in the HDAC9 
locus were associated with the presence of carotid artery plaque 
in a larger sample size using 1000 Genomes imputation19, with the 
strongest association for rs2107595 (P = 7.8 × 10−4; Supplementary 
Table 6). Therefore, we conclude that SNPs in the HDAC9 locus 
may also be associated with vascular disease in the thoracic aorta, 
coronary arteries and carotid arteries. Previous GWAS have found 
associations between HDAC9 and large-vessel ischemic stroke and 
myocardial infarction17,20,21. Interestingly, other SNPs previously 
known to be associated with stroke, myocardial infarction or cor-
onary artery disease at the genome-wide level22 had significantly 
weaker associations with AAC (P > 10−3; Supplementary Table 7) 
compared to the SNPs in the HDAC9 locus, further implicating 
HDAC9 specifically in the development of AAC. Splicing quantita-
tive trait loci (sQTL) analyses indicated that some minor alleles in 
the HDAC9 locus associated with increased AAC are also associated 
with increased expression of certain splicing transcripts of HDAC9 
(Supplementary Note).

The acetylation and deacetylation of histones serve as key deter-
minants of chromatin structure and gene transcription and allow 
for the coupling of extracellular signals with genomic architecture23. 
Histone deacetylases remove acetyl groups from histones and con-
sist of a superfamily of 11 enzymes that are further subdivided into 4 
families (HDAC class I, IIa, IIb and IV) (ref. 24). HDAC9 belongs to 
the class IIa HDAC family25. To examine the role of HDAC9 in vas-
cular calcification, human aortic smooth muscle cells (HASMCs) 
were treated with calcifying media in the presence or absence of 
TMP269, a class IIa HDAC inhibitor26. Compared to HASMCs 
incubated in normal tissue culture medium, HASMCs treated with 
calcifying medium for 10 d exhibited a >twofold increase in mes-
senger RNA levels of Runt-related transcription factor 2 (RUNX2), a 
master regulator of osteogenic phenotype switch in vascular smooth 
muscle cells (VSMCs; Fig. 2a) (ref. 27). Treatment of HASMCs with 
TMP269 prevented the induction of RUNX2 expression in response 
to calcifying medium, and TMP269-treated HASMCs incubated in 
calcifying medium had reduced calcification (Fig. 2a,b). Because 
TMP269 inhibits all of the members in the class IIa HDAC family, we  
next sought to determine whether specific knockdown of HDAC9 
mRNA levels with short interfering RNA (siRNA; siHDAC9) was 
sufficient to inhibit RUNX2 gene induction and in vitro calcification 
of HASMCs incubated in calcifying media. Compared to the effects 
of control siRNA (siCtrl), siHDAC9 decreased HDAC9 mRNA  
levels by >75%, decreased RUNX2 expression by >50% (Fig. 3a,b) 
and reduced the in  vitro calcification of HASMCs treated with  
calcifying medium (Fig. 3c).

The observation that inhibition of HDAC9 activity reduces 
RUNX2 expression implicates HDAC9 in the development of an 
osteogenic VSMC phenotype, which is associated with reduced 
contractility and increased proliferation28. Therefore, we hypoth-
esized that inhibition of HDAC9 gene expression would increase 
contractility and reduce the proliferation of VSMCs. Treatment of 
HASMCs with siHDAC9 increased contractility by approximately 
30% (P = 0.009) as measured using a cell-embedded collagen gel 
contraction assay (Fig. 3d) (ref. 29). Furthermore, HASMCs treated 
for 2 d with siHDAC9 exhibited an approximately 60% reduction 
in proliferation (Fig. 3e). These results indicate that inhibition of 
HDAC9 expression favors an increased contractile and decreased 
proliferative VSMC phenotype.

To determine whether increased expression of HDAC9 promotes 
an osteogenic VSMC phenotype, we treated HASMCs with an ade-
noviral vector expressing HDAC9. Treatment of HASMCs with the 
HDAC9 adenovirus resulted in a 75% increase in RUNX2 mRNA 
after 8 d of treatment (Fig. 3f) and resulted in increased calcifica-
tion (Fig. 3g). Furthermore, treatment of HASMCs with HDAC9  
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Fig. 2 | Inhibition of class IIa HDAC activity prevents osteogenic 
phenotype switch and calcification of cultured VSMCs. a,b, HASMCs 
were grown in normal or osteogenic media (see Methods) in the presence 
or absence of TMP269 (100 nM) for either 6 or 10 d and collected for gene 
expression analysis and calcification assessment, respectively. a, Treatment 
with calcification media increased RUNX2 mRNA levels (an important 
regulator of osteogenic phenotype switch) in HASMCs more than twofold. 
However, treatment with the HDAC inhibitor TMP269 prevented this 
increase in RUNX2 expression (n = 5 biologically independent samples 
for each group). Statistical comparisons were made using a two-tailed 
one-way ANOVA with Sidak’s test for multiple comparisons. The 
mean ± s.e.m. is shown. b, Treatment of HASMCs with calcification media 
for 10 d resulted in calcification, as evidenced by Alizarin Red S and von 
Kossa staining. Calcification of HASMCs was inhibited by TMP269. Two 
independent experiments were performed with representative images 
shown. Scale bar, 1 cm.
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Fig. 3 | VSMC calcification, RUNX2 expression, proliferation and contractility are affected by changes in HDAC9 expression. a–c, Treatment of HASMCs 
(n = 6 biologically independent samples in each group) grown in osteogenic media with siHDAC9 (resulting in >75% knockdown of HDAC9 mRNA)  
(a) reduced RUNX2 mRNA levels by >50% (b) and prevented calcification, as evidenced by decreased Alizarin Red S and von Kossa staining (c).  
a,b, Statistical comparisons were made using a two-tailed one-way ANOVA with Sidak’s test for multiple comparisons. c, Three independent experiments 
were performed with representative images shown. d, Reduced HDAC9 expression in HASMCs grown in collagen discs (right panel) resulted in an 
approximately 30% increase in contraction (left panel, n = 6 biologically independent samples in each group). e, Treatment of HASMCs with 20 nM 
siHDAC9 resulted in a 60% reduction in proliferation (n = 6 biologically independent samples in each group). f, Adenoviral expression of the 125-kDa 
isoform of HDAC9 fused to GFP in HASMCs was associated with a 75% increase in RUNX2 mRNA levels, when cells were collected 8 d after viral 
transduction (n = 12 biologically independent samples in each group). Increased expression of HDAC9 was confirmed by immunoblot (lower panel) 
using antibodies directed against HDAC9 and GAPDH (for a loading control). A full scan of the immunoblot is in Extended Data Fig. 4a. g, As shown by 
Alizarin Red S staining, increased HDAC9 expression resulted in augmented calcification in HASMCs. Two independent experiments were performed with 
representative images shown. h, Increased HDAC9 expression also caused a 34% decrease (top panel, n = 6 biologically independent samples in each 
group) in contraction of HASMCs grown in collagen discs (bottom panel). d–f, h, Statistical comparisons were made using a two-tailed Student’s t-test. 
The mean ± s.e.m. is shown in all plots. c,g, Scale bar, 1 cm. d,h, Scale bar, 0.5 cm.
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Fig. 4 | HDAC9 deficiency protects against the development of vascular calcification and aortic elastin disruption and improves survival in Mgp−/− 
mice. a, Longitudinal sections of aortas stained with Verhoeff–Van Gieson stain are depicted, showing elastin fiber integrity in the aortas of wild-type, 
Mgp−/− Hdac9+/+, Mgp−/− Hdac9+/− and Mgp−/−Hdac9−/− mice. The disruption of elastin fiber integrity seen with MGP deficiency was improved with HDAC9 
deficiency. b, Longitudinal sections of aortas isolated from 14-day-old wild-type, Mgp−/− Hdac9+/+, Mgp−/− Hdac9+/− and Mgp−/− Hdac9−/− mice were 
stained for HDAC9 (red), SM22α (green, a contractile protein) and DNA (blue, DAPI). Increased levels of HDAC9 protein were seen in Mgp−/−Hdac9+/+ 
aortas, and to an intermediate degree in Mgp−/− Hdac9+/− aortas, relative to wild-type aortas. HDAC9 localized primarily to nuclei. Increased HDAC9 
expression was associated with reduced SM22α expression. a,b, Three independent replicates in each group were assessed; representative images are 
shown. c, Immunoblot of proteins isolated from the aortas of wild-type, Mgp−/− Hdac9+/+ and Mgp−/− Hdac9+/− mice (n = 2 mice in each group) confirmed 
increased levels of the 50-kDa isoform of HDAC9 protein in Mgp−/−Hdac9+/+ mice and to a lesser extent in Mgp−/− Hdac9+/− mice compared to wild-type 
mice. Statistical comparisons were made using a two-tailed one-way ANOVA with Sidak’s test. A full scan of the immunoblot is shown in Extended Data 
Fig. 4b. d, Aortic calcification, as assessed by OsteoSense near-infrared imaging (left panel), was reduced by 40–50% (right panel) in 21-day-old mice that 
were deficient in both MGP and HDAC9 (Mgp−/− Hdac9−/−, n = 8) compared to Mgp−/− Hdac9+/+ mice (n = 11) and Mgp−/− Hdac9+/− (n = 7) mice. No aortic 
calcification was observed in wild-type mice (n = 7). Scale bar, 1 mm. e, Mgp−/− Hdac9+/+ mice (n = 14) had increased aortic Runx2 mRNA levels compared 
to wild-type mice (n = 7, P < 0.0001). Compared to Mgp−/− Hdac9+/+ mice, Mgp−/− Hdac9−/− mice (n = 9) had an approximately 50% reduction in aortic 
Runx2 mRNA levels (P = 0.024). f, Immunofluorescence with an antibody directed against MMP9 demonstrated a >60% reduction of MMP9 expression 
in aortic sections from HDAC9-deficient Mgp−/− mice when compared to Mgp−/− Hdac9+/+ and Mgp−/− Hdac9+/− mice (n = 3 mice in each group). DAPI 
(dark blue) was used as the nuclear stain. A.U., arbitrary unit. d–f, Statistical comparisons were made using a two-tailed one-way ANOVA with Sidak’s test 
for multiple comparisons. g, Improved Kaplan–Meier survival was observed in Mgp−/− Hdac9−/− mice (n = 8) compared to Mgp−/− Hdac9+/+ mice (n = 10, 
two-sided log-rank P = 0.0018). a,b,f, Scale bar, 50 μm. The mean ± s.e.m. is depicted in all plots.
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adenovirus reduced contractility (Fig. 3h). Taken together, these 
results indicate that increased HDAC9 expression promotes a VSMC 
osteogenic phenotype and calcification; inhibition or decreased lev-
els of HDAC9 reduces RUNX2 gene expression and decreases the 
calcification of HASMCs.

We used a mouse model of vascular calcification caused by 
matrix Gla protein (MGP) deficiency30 to investigate the role 
of HDAC9 in vascular calcification in  vivo, as detailed in the 
Supplementary Note. Compared to Mgp−/− Hdac9+/+ mice, Mgp−/− 
Hdac9−/− mice exhibited an approximate 50% reduction in aortic 
Runx2 mRNA levels (P = 0.024) associated with reduced disruption 
of elastin fibers, an approximate 40% reduction in aortic calcifica-
tion as assessed by near-infrared fluorescent imaging (P = 0.027) 
and improved survival (Fig. 4a–g and Extended Data Fig. 2). 
Furthermore, primary aortic SMCs isolated from Hdac9−/− mice 
had reduced expression of osteogenic markers and were protected 
from calcification (Extended Data Fig. 3). These results identify 
HDAC9 as an important contributor to the development of vascu-
lar calcification in vivo.

In summary, we performed a GWAS with over 9,400 participants 
and identified a previously unknown genetic locus associated with 
AAC, a strong and independent predictor of cardiovascular disease 
events. Multiple SNPs in the HDAC9 locus were associated with 
AAC. The association between SNPs in the HDAC9 locus and AAC 
was validated in an independent cohort of Hispanic Americans. 
These SNPs in the HDAC9 locus were associated with other forms 
of calcification, including TAC and CAC. Reducing the expression 
of HDAC9 or inhibiting its activity prevented the in vitro calcifi-
cation of HASMCs. Furthermore, vascular calcification was sig-
nificantly reduced and survival improved in Mgp−/− mice deficient  
in HDAC9.

Previous GWAS found an association between HDAC9 and large-
vessel ischemic stroke, myocardial infarction and increased pulse 
pressure17,20,21,31. There is also a strong clinical link between aortic 
calcification and these indicators of cardiovascular disease7,32,33. 
Therefore, our identification of HDAC9 as an activator of vascular 
calcification offers a potential unifying molecular mechanism for 
the associations of HDAC9 with stroke, myocardial infarction and 
pulse pressure. Vascular calcification is characterized by the pheno-
typic transition of VSMCs to osteoblast-like cells that deposit cal-
cium phosphate in the extracellular space28,34,35. RUNX2 is a master 
regulator of this osteogenic phenotypic change36,37, which is marked 
by an increase in VSMC proliferation and reduced cell contractil-
ity38. In this study, inhibition of HDAC9 in HASMCs prevented 
calcification induced by calcifying medium. In addition, inhibition 
of HDAC9 reduced RUNX2 expression, decreased cell proliferation 
and increased cell contractility. Conversely, adenovirus-mediated 
expression of HDAC9 in HASMCs promoted osteogenic pheno-
type switch and calcification. The results of these functional assays 
underscore an important role for HDAC9 in altering the phenotypic 
state of VSMCs. Further investigation is warranted to determine 
whether HDAC9 contributes to the pathogenesis of a wide range 
of VSMC-associated diseases, including hypertension, arterial stiff-
ness and aneurysmal disease21,39 in addition to coronary artery dis-
ease and stroke. The potential limitations of our study are described 
in the Supplementary Note.

In conclusion, in this translational genomic study, we identi-
fied an association between variants in the HDAC9 locus and AAC. 
Functional studies implicate HDAC9 as an important determinant 
of VSMC phenotype and calcification. Deficiency of HDAC9 sig-
nificantly decreased vascular calcification in a mouse model. This 
study is the first to identify a genetic risk locus associated with calci-
fication of the abdominal aorta and describes a previously unknown 
role for HDAC9 in the development of vascular calcification. Our 
findings highlight HDAC9 as a potential target of therapy for vas-
cular calcific disease.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information, details of author 
contributions and competing interests, and statements of code and 
data availability and associated accession codes are available at 
https://doi.org/10.1038/s41588-019-0514-8.
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Methods
Study design. The CHARGE Consortium is an ongoing investigator-driven 
collaboration among several large, population-based cohort studies that have 
genome-wide genotype data in addition to comprehensive individual phenotyping 
for a variety of end points. Details of this collaboration have been described 
previously5,15. We employed a two-stage analysis to first discover and then validate 
the association of genetic loci with the extent of AAC and TAC. The initial 
discovery meta-analysis included GWAS data from five large population-based 
cohorts including the FHS, AGES-RS, MESA, FamHS and HNR. Discovery cohort 
participants were of White European ancestry and had undergone genotyping and 
CT scanning to assess the presence of, and to quantify, AAC and TAC.

In stage 2, significant findings from this initial meta-analysis were tested 
in additional multiethnic cohorts, including African American and Hispanic 
American participants from MESA, FamHS and AA-DHS.

All cohort investigators obtained approval from their institutional review board 
to perform the study and individual participant informed consent was obtained. 
Further details about the discovery and validation cohorts are described in the 
Supplementary Note.

Assessment of aortic calcium. A similar methodology for assessing aortic calcium 
was used in each of the cohorts, according to established standards. Calcium 
strongly attenuates X-rays, appears bright on CT scans and is readily differentiated 
from surrounding tissue. Using standard Agatston methodology41, a threshold 
of ≥3 contiguous pixels of ≥130 Hounsfield units brightness was used to define 
calcium in the FHS, MESA, FamHS and AA-DHS cohorts; ≥4 pixels was required 
in the HNR cohort. A volume-based approach to calcium measurement was used 
in the AGES-RS cohort and a calcium mass score was used in the AA-DHS cohort. 
Agatston score, volumetric assessment and mass score of calcium are widely used 
and are highly correlated with one another2,42. While individual cohorts used 
different scanner types, ranging from electron beam computerized tomography to 
8-slice multidetector CT, the equivalency of various scanner types and protocols for 
the detection and quantification of calcium has been demonstrated previously43–45. 
Additionally, all sites used calcium phantoms to enhance quality control during 
image acquisition and analysis.

Study analyses. Discovery and replication analyses. For the discovery stage (stage 1),  
the association between each SNP and the extent of AAC and TAC was analyzed in 
each individual cohort independently, using linear regression with adjustments  
for age, sex and ancestry (if necessary). Both AAC and TAC were analyzed as 
continuous variables using the log transformation of (calcium score +1).  
A generalized estimating equation was used in the FHS analyses to account for 
familial correlations. While the FHS, AGES-RS, MESA and FamHS cohorts 
provided data for AAC, the FHS, AGES-RS, MESA and HNR cohorts provided 
data for TAC (Supplementary Table 1).

Individual study results were combined using fixed-effects meta-analysis 
as implemented in the METAL software (release 25 March, 2011)46. Given 
the unequal number of cases and controls in each study, we used the effective 
sample size as the weighting scheme. This weighting approach also provides the 
flexibility to allow for different β coefficients and s.e.m. from individual studies 
that adopt different measurement units, such as the volumetric scoring in the 
AGES-RS cohort compared to the Agatston score in the other discovery cohorts. 
Heterogeneity analysis was also performed with no evidence of heterogeneity 
found between studies. Study-specific results were genomic control-corrected and 
SNPs with a minor allele frequency (MAF) <0.01 or an imputation ratio <0.3 were 
excluded before the meta-analysis. Meta-analysis results were filtered to ensure 
that ≥2 cohorts contributed to the statistics for each SNP. For additional quality 
assessment, quantile–quantile plots of the distribution of observed versus predicted 
P values were created as were Manhattan plots of the SNP P values of association 
relative to the SNP chromosomal location (Fig. 1a and Extended Data Fig. 1). To 
limit the number of false-positive associations given the large number of analyzed 
SNPs, the threshold for statistical genome-wide significance for individual SNP 
results in the discovery analysis was defined a priori as P < 5.0 × 10−8, as is standard 
for GWAS. SNPs with P < 1.0 × 10−6 are also reported since these may generate 
hypotheses for future studies (Supplementary Tables 2 and 3).

Assessment of SNPs for the validation study. In the validation stage, the SNPs that 
met genome-wide significance in the discovery analysis were tested in additional 
cohorts, including a multiethnic population from the MESA, FamHS and AA-
DHS. Since eight SNPs were tested for the validation phase, statistical significance 
was defined using the conservative Bonferroni correction as P < 0.05/8 = 0.0062, 
with a consistent direction of association.

sQTL analyses. The sQTL analyses were conducted using two expression datasets 
available in the FHS. First, we analyzed 5,257 FHS participants with both 1000 
Genomes-imputed SNP data and whole-blood Affymetrix exon array expression 
data by following the same analytic pipeline, as described previously47. Second, 
using whole-blood RNA sequencing data available for 183 FHS participants, we 
applied Altrans48 to identify significant associations between Ensembl transcripts 
and SNPs.

Functional and in vivo studies. Animals. This study was carried out in strict 
accordance with the recommendations in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health (NIH). Housing and all 
procedures involving the mice described in this study were specifically approved 
by the Institutional Animal Care and Use Committees of Massachusetts General 
Hospital (Subcommittee on Research Animal Care, protocol no. 2008N000169). 
Mgp+/− mice were generated by G. Karsenty and colleagues30. Hdac9−/− mice 
were generated by E. Olson and colleagues49. To investigate the role of HDAC9 
in vascular calcification in MGP-deficient mice, Mgp+/− mice were mated with 
Hdac9−/− mice to generate Mgp−/− Hdac9−/− mice. Animals were maintained on a 
standard diet. Survival studies were performed and the Kaplan–Meier statistic with 
log-rank testing was used to compare the survival of mice.

Calcification of HASMCs. HASMCs were obtained from Cell Applications (catalog 
no. 355-75a). To induce calcification in HASMCs, cells were treated with DMEM 
supplemented with 10% fetal calf serum, 10 mM β-glycerophosphate disodium 
salt hydrate, 50 µg ml−1 L-ascorbic acid and 10 nM dexamethasone, as described 
previously50. To assess the effects of HDAC9 inhibition on calcification, cells were 
treated with either 100 nM TMP269 (catalog no. S7324; Selleckchem) or vehicle 
(dimethylsulfoxide) control. Media and treatment were replenished every 24 h for 
7–10 d. Either RNA was isolated from cells to assess mRNA levels (see further on) 
or cells were fixed in 10% formalin and incubated with Alizarin Red S or von Kossa 
stain to detect calcification. For Alizarin Red S staining, cells were treated with a 
2% Alizarin Red S solution (pH 4.1–4.3) for 20 min, followed by multiple washes 
with distilled water. For von Kossa staining, cells were incubated in 5% silver 
nitrate solution and exposed to a 100-W bulb for 1–2 h. Removal of unreacted 
silver was performed by subsequent treatment with 5% sodium thiosulfate. Cells 
were then washed with distilled water.

siRNA-mediated knockdown and adenovirus-mediated expression of HDAC9. 
siRNA directed against HDAC9 (siHDAC9) and scrambled control siRNA (siCtrl) 
were obtained from Dharmacon (SMARTpool). HASMCs were transfected with 
siRNA using the Lipofectamine RNAiMAX transfection reagent (Thermo Fisher 
Scientific), as described by the manufacturer.

Recombinant adenoviruses expressing either human wild-type HDAC9 
(NM_058176) with a C terminal enhanced green fluorescent protein (eGFP) tag 
or expressing eGFP alone were obtained from Vector Biolabs (human adenovirus 
type 5 (dE1/E3), promoter: cytomegalovirus; catalog no. 1768). HASMCs were 
transduced with the adenovirus vectors in regular growth medium. After 24 h, cells 
expressing eGFP were detected using fluorescent microscopy. RNA and protein 
levels were analyzed by quantitative PCR and immunoblot, respectively, 8 d after 
transduction.

Proliferation assay. HASMCs were plated in a 96-well format and transfected with 
either siHDAC9 or siCtrl for 48 h. A (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide) (MTT)-based assay (catalog no. 30-1010K; ATCC) was used 
to assess cell proliferation. Briefly, 10 µl of the MTT reagent were added to each 
well and the plate was incubated at 37 °C in a cell culture incubator in the dark 
for 3 h, until a purple precipitate was visible inside the cells using standard light 
microscopy. Detergent reagent (100 µl) was then added to each well and the plate 
was incubated at room temperature in the dark for 2 h before measurement of 
absorbance at 570 nm.

Collagen matrix cell contraction assay. HASMC contraction was measured by 
the extent of deformation of collagen lattices, as described previously51. Cells 
were treated with siRNA for 24 h before being embedded in collagen matrices, 
according to the manufacturer’s protocol (cell contraction assay, catalog no. CBA-
201; Cell Biolabs). After 48 h, the collagen lattice was released from the culture 
dish. On releasing the collagen lattice, the embedded cells are free to contract the 
deformable collagen lattice, resulting in a reduction of the lattice surface area. After 
detachment of the collagen gel lattice from the dish, changes in the gel surface area 
were quantified using the ImageJ software (NIH, v1.4.3.67).

Near-infrared imaging and quantification of aortic calcification. Age-matched wild-
type, Mgp−/− Hdac9+/+, Mgp−/− Hdac9+/− and Mgp−/− Hdac9−/− mice were injected 
via the tail vein with OsteoSense 680 EX (5 µl g−1 each; PerkinElmer) 24 h before 
being killed, as described previously52,53. Aortas were isolated and analyzed ex vivo 
by fluorescence reflectance imaging using an Odyssey Classic Imaging System (LI-
COR) and software v3.0.16 (refs. 54,55).

Aortic immunofluorescence and histology. Aortas were embedded and 
cryopreserved in optimal cutting temperature medium (Sakura Tissue-Tek) and 
6-µm sections were prepared56. To detect HDAC9 in aortas, frozen tissue sections 
were fixed in cold 100% methanol and incubated with primary antibody (catalog 
no. ab59718; Abcam) specific for a 50-kDa isoform of HDAC9. To determine the 
association between HDAC9 expression and the expression of other HDACs as 
well as contractile and extracellular matrix degradation markers, sections were also 
treated with antibodies for HDAC4 and HDAC7 (catalog no. ab12171 and ab50212, 
respectively; Abcam), SM22α (trangelin), MYH11 and MMP9 (catalog nos. 
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ab14106, ab53219 and ab38898, respectively; Abcam). The location of nuclei was 
identified by staining with DAPI. Two-dimensional and white light images were 
analyzed using ImageJ. Aortas were also fixed in formalin (10%) for 24 h before 
paraffinization and sectioning (6 μm). Staining with Verhoeff–Van Gieson stain 
(Thermo Fisher Scientific) was performed to assess elastin integrity.

Immunoblot techniques. HASMCs and aortas were homogenized in 
radioimmunoprecipitation assay buffer containing protease and phosphatase 
inhibitors (Sigma-Aldrich). Lysates (20 µg per lane) were mixed with denaturing 
buffer (1 × Laemmli loading buffer with 10% β-mercaptoethanol) and analyzed by 
SDS–polyacrylamide gel electrophoresis/immunoblotting. Rabbit polyclonal anti-
HDAC9 antibodies were used to detect the 125-kDa isoform of human HDAC9 
in HASMCs (catalog no. TA318928; OriGene Technologies). Rabbit polyclonal 
antibodies directed against the murine short isoform of HDAC9 (MITR) were used 
to detect HDAC9 protein in mouse aortas. Rabbit polyclonal antibodies directed 
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH, catalog no. 2118; 
Cell Signaling Technology) were used to detect GAPDH protein. Immunoblots 
were incubated with fluorescent dye-labeled anti-rabbit immunoglobulin G IRDye 
800CW (LI-COR) and protein bands were imaged using a LI-COR Odyssey 
detection system.

Preparation of mouse aortic VSMCs. VSMCs were isolated from the aortas of 
Hdac9−/− mice and wild-type littermate controls, as described previously50,57. Aortas 
were digested with type 2 collagenase (175 U ml−1; Worthington) and elastase 
(1.25 U ml−1; Sigma-Aldrich) for 30 min, and the adventitial layer was removed. 
Aortas were further digested with collagenase and elastase for 60 min and cells 
were plated and maintained in DMEM (Invitrogen) supplemented with 10% fetal 
calf serum (Invitrogen), 100 units ml−1 penicillin and 100 µg ml−1 streptomycin 
at 37 °C with 5% CO2. VSMC lineage was confirmed by immunocytochemistry 
using an antibody directed against α-smooth muscle actin (Sigma-Aldrich). The 
experiments with VSMCs were performed using cells that were passaged between 
2 and 8 times.

Measurement of gene expression by quantitative reverse transcription PCR. The 
total RNA from aortas and cultured cells was extracted using the acid-phenol 
guanidinium method58. Reverse transcription was performed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). A Mastercycler 
ep realplex (Eppendorf) was used for real-time amplification and quantification 
of transcripts. Relative expression of target transcripts was normalized to levels 
of 18S ribosomal RNA, determined using the relative CT method. Taqman gene 
expression assays were used to quantify mRNA levels encoding RUNX2, HDAC9, 
TNAP/ALPL and COL3A1.

Statistical analysis. Statistical analysis was performed using Prism 5.0 (GraphPad 
Software) and Stata 13.0 (StataCorp). The Shapiro–Wilk test was used to determine 
the normality of each continuous variable and all such variables were normally 
distributed. Data are reported as the mean ± s.e.m., unless otherwise indicated. 
Two-group comparisons of continuous variables were performed using a two-
tailed Student’s t-test. For more than two group comparisons of continuous 
variables, a two-tailed one-way analysis of variance (ANOVA) with Sidak post hoc 
test was employed. All in vitro experiments were performed at least in duplicate. 
The Kaplan–Meier statistic with log-rank testing was used to compare the survival 
of Mgp−/− Hdac9−/− mice and Mgp−/− Hdac9+/+ mice. A two-tailed P < 0.05 was 
deemed statistically significant.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The summary statistics for the cohorts used in the meta-analysis and validation 
have been deposited with the database of Genotypes and Phenotypes (accession no. 
phs000930), according to the policy of the CHARGE consortium40. The remaining 
data that support the findings of this study are available from the corresponding 
author upon request.
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Extended Data Fig. 1 | Genome-wide association study does not identify polymorphisms associated with thoracic aortic calcification. Manhattan (left)  
and Quantile-Quantile (right) plots for the association of thoracic aortic calcification with ~9 million SNPs in the GWAS meta-analysis of 8,422 participants.  
The hashed line indicates the genome-wide threshold for significance (P < 5 x 10-8).
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Extended Data Fig. 2 | MGP and HDAC9 deficiency do not result in aortic accumulation of HDAC4 or HDAC7. Immunofluorescence staining of aortic 
sections from wild-type, Mgp-/- Hdac9+/+, Mgp-/- Hdac9+/-, and Mgp-/- Hdac9-/- mice. a, Genetic deletion of Mgp and Hdac9 had no influence on aortic 
HDAC4 expression (red), whereas the vascular smooth muscle contractile marker MYH11 (gold) was more abundant in sections from Mgp-/- Hdac9-/- mice 
when compared to Mgp-/- Hdac9+/+ mice. b, Immunofluorescence shows no accumulation of HDAC7 (red) in aortas from Mgp-/- Hdac9+/+, Mgp-/- Hdac9+/-,  
and Mgp-/- Hdac9-/- mice compared to wild-type mice. In contrast, as also shown in Fig. 4f, MMP9 expression was increased in Mgp-/- Hdac9+/+ mice 
compared to wild-type mice and HDAC9-deficient Mgp-/- mice. Three independent replicates in each group were assessed with representative images 
shown. Scale bars: 50 μm.
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Extended Data Fig. 3 | Primary aortic smooth muscle cells from Hdac9-/- mice are protected from calcification. a, Primary aortic vascular SMCs isolated 
from Hdac9-/- mice displayed markedly lower mRNA expression of the osteogenic markers Runx2 (left) and tissue non-specific alkaline phosphatase (Tnap, 
middle) compared to aortic vascular SMCs isolated from wild-type mice. There was also a trend towards decreased expression of Col3a1 (right) in aortic 
vascular SMCs isolated from Hdac9-/- mice (n = 6 biologically independent samples in each group). b, Hdac9-/- primary aortic vascular SMCs failed to 
calcify when treated with calcifying media for 10 days compared with vascular SMCs isolated from wild-type mice as determined by Alizarin Red staining. 
Two independent experiments were performed with representative images shown. Scale bar is 1 cm. c, Hdac9-/- primary aortic vascular SMCs exhibited 
increased contractility compared with vascular SMCs isolated from wild-type mice (n = 6 biologically independent samples in each group). In a and c, 
statistical comparisons were made using a two-tailed Student t test. Mean ± s.e.m. is depicted in all plots.
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Extended Data Fig. 4 | Full scan of Western blots. a,b, Full scans of the Western blots depicted in Fig. 3f (a) and Fig. 4c (b) are shown.
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    Experimental design
1.   Sample size

Describe how sample size was determined. The sample size for the discovery GWAS meta-analysis and subsequent validation 
analysis was determined by the available cohorts with CT-based phenotypic 
assessment of abdominal aortic calcification and thoracic aortic calcification. 
Statistical methods were not used to predetermine sample size. 
 
A minimum sample size of 5 was used per group for in vitro experiments, as is 
standard and comparable to prior published experiments using similar techniques. 
This sample size is sufficient to detect a difference between two groups with 
coefficient of variation of 0.5 (ratio of standard deviation to mean difference) and 
two-tailed level of significance (alpha) of 0.05 with a power of 80%. All in vitro 
experiments were performed at least in duplicate with independent experiments.

2.   Data exclusions

Describe any data exclusions. For the meta-analysis, monomorphic SNPs or SNPs with missing data (e.g. missing 
P-value, beta estimate, or alleles), with minor allele frequency <0.01 or an 
imputation ratio <0.3 were excluded prior to meta-analysis.  Meta-analysis results 
were filtered to ensure that >2 cohorts contributed to the statistics for each SNP.  
These exclusion criteria were pre-established. 
 
For the functional and molecular experiments, no data were excluded. 

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

For the initial discovery GWAS, SNPs meeting the genome-wide level of significance 
were tested for association in a non-white European replication/validation cohort. 
Replication was successful for the HDAC9 locus.  For in vitro assays, all experiments 
were performed at least twice and results were reliably reproduced. Independent 
biologic replicates are shown in all figures. 

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

All human data was part of one experimental group for the genome-wide 
association study, separated by ethnicity. Grouping for in vitro experiments was 
allocated randomly. Grouping for in vivo animal experiments was based on 
genotype.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

For in vivo mouse experiments and immunofluorescence experiments, 
investigators harvesting the aortas and measuring calcification and gene/protein 
expression were blinded to the genotype of the mice.  Investigators were not 
blinded to treatment for the in vitro cell culture experiments because knowledge 
of treatment group allocation was necessary to complete the different stages of 
the experiment; however this was not relevant as knockdown or overexpression of 
a gene was verified by Western blot or qPCR methods.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

GWAS were undertaken in each participating cohort, and the analysis software 
used  included SNPTEST (version 2.5.2) and Plink (version 1.07). Individual study 
results were combined using fixed effects sample sized weighted meta-analysis 
with METAL software.  For functional in vitro and in vivo assays, statistical analysis 
was performed using Graph Pad Prism 5.0 (GraphPad Software, La Jolla, CA).  
ImageJ software (version 1.4.3.67) was used for cell contractility assay 
quantification and for quantification of immunofluorescence signals. GIMP 
(v.2.10.8) was used for red/green channel layering of an immunoblot. Odyssey 
software (version 3.0.16) was used to quantify aortic calcification.  
 
Additional software used at the cohort level included the Marchov Chain 
Haplotyping software (MACH, v.1.0.16), custom/propietary software for the MESA 
study (Carr et al., Radiology 234, 35-43 (2005)), IMPUTE v.2.2.2, and Medical Image 
Processing, Analysis, and Visualization (MIPAV) software (https://
mipav.cit.nih.gov/).

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

No unique materials were used.  HDAC9-deficient mice were obtained from Dr. Eric 
Olson (UT Southwest) with a materials transfer agreement.  MGP-deficient mice 
are available at Jackson Laboratory (https://www.jax.org/strain/023811).  
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9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

For Figure 3f, a long isoform version of human HDAC9 (~125 kDa) fused to GFP was 
expressed using an adenovirus.  A rabbit polyclonal anti-Hdac9 antibody (Origene, 
#TA318928, 1:1000) was used to detect HDAC9 protein.  To confirm the specificity 
of this antibody, we treated human aortic smooth muscle cells with either Ad.GFP 
or Ad.HDAC9 and confirmed that an appropriate sized band was detected in the 
HDAC9-expressing cells, but not in the GFP only-expressing cells.  The HDAC9-GFP 
fusion protein was detected with both rabbit anti-HDAC9 antibody and mouse 
monoclonal anti-GFP antibody (Roche, #11814460001, clones 7.1 and 13.1; 
1:2000). 
 
 A rabbit polyclonal HDAC9-specific antibody (1:5000 dilution; Abcam ab59718) 
was used for immunofluorescence (Fig 4b) and Western blot (Fig 4c).   This 
antibody recognizes MITR (a short isoform of HDAC9 of ~50 kDa).  To confirm the 
specificity of this antibody, we treated human aortic smooth muscle cells with 
either lentivirus (Lv) Lv.GFP or Lv.MITR and confirmed that an appropriate sized 
band was detected in the Lv.MITR-treated cells but not in the Lv.GFP-treated cells. 
Antibodies specific for HDAC4, HDAC7, SM22alpha, MYH11, and MMP9 (1:50 
dilution Abcam #ab12171, HDAC-144; 1:50 dilution Abcam #ab50212, HDAC7-97; 
1:20 dilution Abcam ab14106; 1:50 dilution Abcam ab53219, and 1:50 dilution 
Abcam #ab38898, respectively) were used to perform immunofluorescence 
experiments of aortic samples (Figures 4b, 4f, and Supplemental Fig 2).  These 
primary antibodies were tested on appropriate control aortas from wild-type mice 
to assess for normal levels of expression compared to aortas from mice with 
HDAC9 deficiency and/or MGP deficiency. Aortic sections treated without primary 
antibody (but with secondary antibody) served as background controls. In addition, 
validation of these antibodies has been previously performed in prior publications 
from our laboratory (doi: 10.1172/jci.insight.97493 and doi: 10.1038/
s41467-018-03394-7).  
 
The Monoclonal Anti-alpha Smooth Muscle Actin antibody from Sigma (Product 
#A2547, Clone 1A4, 1:400 dilution) was used for immunocytochemistry and has 
been well validated by the manufacturer.  Evidence of experimental validation has 
been provided on the manufacturer's website (https://www.sigmaaldrich.com/
catalog/product/sigma/a2547?lang=en&region=US). A rabbit monoclonal antibody 
specific for GAPDH was used from Cell Signaling (#2118, Clone 14C10) at 1:1000 
dilution for Western Blot. Experimental validation of this antibody has been 
provided on the manufacturer's website using multiple cell lines (https://
www.cellsignal.com/products/primary-antibodies/gapdh-14c10-rabbit-mab/2118). 
 
For fluorescent detection of targeted proteins in Western Blots, LI-COR secondary 
antibodies were used (IRDye® 800CW Donkey anti-Rabbit IgG, 1:10000 dilution, LI-
COR, cat #926-32213) and (IRDye® 680LT Donkey anti-Mouse IgG, 1:10000 
dilution, LI-COR, cat #926-68022). For immunofluorescence, secondary antibodies 
used were the following from ThermoFisher Scientific all at a dilution of 1 to 400: 
Alexa 488 anti-goat (Cat #A11055, Lot #1463163), Alexa 555 anti-mouse  (Cat 
#A31570, Lot #1984063), Alexa 647 anti-rabbit  (Cat #A31573, Lot #1626613), 
Alexa 647 anti-mouse  (Cat #A31571, Lot #1839633), Alexa 555 anti-goat  (Cat 
#A21432, Lot #1458633), and Alexa 488 anti-mouse  (Cat #A21202, Lot #2090565).
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10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. Human aortic vascular smooth muscle cells were obtained from Cell Applications 

(#355-75a) and phenotype was confirmed by expression of smooth muscle cell-
specific contractile markers.   Primary vascular smooth muscle cells were isolated 
from aortas of HDAC9-/- mice and wild-type controls.

b.  Describe the method of cell line authentication used. Primary mouse VSMC lineage was confirmed by immunocytochemistry using an 
antibody directed against α-smooth muscle actin (Sigma). Human aortic vascular 
smooth muscle cells were validated as indicated on the manufacturer's website 
(https://www.cellapplications.com/human-aortic-smooth-muscle-cells-haosmc) 
and were further validated with qPCR demonstrating expression of human smooth 
muscle cell-specific contractile markers.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

The human aortic smooth muscle cells were purchased from Cell Applications, and 
per the product specification sheet, the cells tested negative for Mycoplasma. The 
primary mouse smooth muscle cell lines were not tested for mycoplasma 
contamination.  They were used at an early passage, thus minimizing the risk of 
such contamination.

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No commonly misidentified cells lines were used.

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

All experiments with mice were approved by the Partners Subcommittee on 
Research Animal Care.  MGP+/- mice were generated by Dr. Karsenty and 
colleagues.  HDAC9-/- mice were generated by Dr. Olson and colleagues.  All mice 
were the C57Bl/6 strain.  Both male and female mice were used for 
experimentation, because there is no sex-specific difference in the vascular 
calcification phenotype of MGP-deficient mice.  Aortas were harvested from 14-
day-old and 21-day-old mice.  Survival experiments were performed to determine 
if HDAC9 deficiency protected MGP-deficient mice. For the survival experiments, 
male and female C57Bl/6 Mgp-/- and Mgp-/- Hdac9-/- were used with the primary 
endpoint of death.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

Cohort level information on human subjects is provided in Supplementary Table 1 
and is summarized here: For the discovery cohorts for abdominal aortic 
calcification (AAC), participants included those from the Framingham Heart Study 
(n=3285, mean age 53 +/- 12, 48% female, 54% with AAC), Age, Gene-Environment 
Susceptibility-Reykjavik Study (AGES-RS, n=2680, mean age 77 +/- 5, 57% female, 
100% with AAC), Multi-Ethnic Study of Atherosclerosis (MESA, n=760, mean age 63 
+/- 10, 47% female, 79% with AAC), and Family Heart Study (n=2692, mean age 57 
+/- 13, 55% female, 70% with AAC). For the discovery cohorts for thoracic aortic 
calcification (TAC), participants included those from the Framingham Heart Study 
(n=3241, mean age 53 +/- 12, 48% female, 24% with TAC), AGES-RS (n=638, mean 
age 76 +/- 5, 60% female, 96% with TAC), MESA (n=2525, mean age 63 +/- 10, 52% 
female, 31% with TAC), and Heinz Nixdorf Recall (HNR: n=1273, mean age 59 +/- 8, 
50% female, 56% with TAC; and n=745, mean age 60 +/- 8, 49% female, 56% with 
TAC). For the validation cohorts for AAC, participants included those from MESA: 
African American (n=343, mean age 62 +/- 10, 53% female, 61% with AAC), MESA: 
Hispanic (n=496, mean age 61 +/- 10, 49% female, 67% with AAC), Family Heart 
Study: African American (n=621, mean age 53 +/- 11, 66% female, 67% with AAC), 
and the African American-Diabetes Heart Study (n=631, mean age 56 +/- 10, 64% 
female, 90% with AAC).
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