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            Abstract
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 expression of HDAC9 in human aortic smooth muscle cells promoted calcification and reduced contractility, while inhibition of HDAC9 in human aortic smooth muscle cells inhibited calcification 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.
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                    Fig. 1: Polymorphisms in the HDAC9 and RAP1GAP loci are associated with AAC.[image: ]


Fig. 2: Inhibition of class IIa HDAC activity prevents osteogenic phenotype switch and calcification of cultured VSMCs.[image: ]


Fig. 3: VSMC calcification, RUNX2 expression, proliferation and contractility are affected by changes in HDAC9 expression.[image: ]


Fig. 4: HDAC9 deficiency protects against the development of vascular calcification and aortic elastin disruption and improves survival in Mgp−/− mice.[image: ]
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                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

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).


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.


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.


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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