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ABSTRACT 86 

Fibromuscular dysplasia (FMD) is an arteriopathy that presents clinically by hypertension and 87 

stroke, mostly in early middle-aged women. We report results from the first genome-wide 88 

association meta-analysis of FMD including 1962 FMD cases and 7100 controls. We 89 

confirmed PHACTR1 and identified three new loci (LRP1, ATP2B1, and LIMA1) associated 90 

with FMD. Transcriptome-wide association analysis in arteries identified one additional locus 91 

(SLC24A3). FMD associated variants were located in arterial-specific enhancers active in 92 

vascular smooth muscle cells and fibroblasts. Target genes are broadly involved in 93 

mechanisms related to actin cytoskeleton and intracellular calcium homeostasis, central to 94 

vascular contraction. Cross-trait linkage disequilibrium analyses identified positive genetic 95 

correlations with blood pressure, migraine and intracranial aneurysm, and an inverse 96 

correlation with coronary artery disease, independent from the genetics of blood pressure.  97 

  98 
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Introduction 99 

Cardiovascular disease (CVD) is the primary cause of mortality in the world. CVD causes 100 

∼18 million deaths each year, of which 85% are due to stroke and myocardial infarction 101 

(MI)
1
. Renal artery stenosis is a cause of hypertension, a preventable risk factor for stroke and 102 

MI. Renovascular hypertension results from numerous factors, which include atherosclerosis 103 

or fibromuscular dysplasia (FMD) in ∼10% of cases
2
. While atherosclerosis has been widely 104 

studied and its genetic architecture has been well defined, little is known about the 105 

pathogenesis or genetics of FMD.  To date, only PHACTR1, a pleiotropic locus involved in 106 

the genetic risk of several cardiovascular and neurovascular diseases, has been reported to be 107 

associated with FMD
3
.  108 

FMD occurs predominantly in early middle-aged women (mean age at diagnosis 46-53 109 

years)
4
, thus representing a subset of the population where cardiovascular and neurovascular 110 

disease present differently depending on sex
5,6

. FMD is an idiopathic, segmental, non-111 

atherosclerotic disease of the arterial walls, leading to stenosis of small and medium-sized 112 

arteries, often associated to dissection, aneurysm, and in some cases arterial tortuosity
4,7-9

. 113 

The prevalence of FMD is hard to estimate due to the need of comprehensive vascular 114 

imaging to make a definitive diagnosis while concurrently excluding the presence of 115 

atherosclerotic plaques. Diagnosis is often made incidentally on imaging (∼3-4% in healthy 116 

kidney donors
10

), as part of an investigation to elucidate early onset and/or resistant 117 

hypertension, following a stroke event or spontaneous coronary artery dissection, a form of 118 

acute myocardial infarction associated with female sex as well
11

.  119 

Investigating the genetic basis of FMD has been a challenging endeavour due to two main 120 

reasons: i) poor recognition from the general medical community of this underestimated cause 121 

of arterial stenosis due to its atypical presentation in women with few cardiovascular risk 122 

factors, who are theoretically considered as protected from CVD; ii) the effort needed to 123 
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collect large cohorts of patients where adequate imaging through computed tomographic 124 

angiography or magnetic resonance angiography was conducted to precisely define the non-125 

atherosclerotic phenotype and provide sufficient power to conduct genetic studies
4
.  126 

Here we report findings from a meta-analysis of six genome-wide association studies 127 

(GWAS) from Europe and the United States of America to investigate the genetic basis of 128 

FMD in 1962 patients and 7100 controls. We conducted a single nucleotide polymorphism 129 

(SNP)-level GWAS, gene-based GWAS, and transcriptome-wide association study (TWAS) 130 

in arteries. We confirmed the previously associated locus PHACTR1 and identified three 131 

novel risk loci associated with FMD at the SNP level and several novel genes associated to 132 

FMD at the gene or transcriptome level. Through the integration of annotation datasets 133 

generated in fibroblasts, smooth muscle and endothelial cells, combined with public resources 134 

available in arteries, we prioritized variants and identified target genes in most loci. We found 135 

that risk genes for FMD are specifically and consistently expressed in smooth muscle cells, 136 

fibroblasts and arterial tissue and are involved in regulatory mechanisms related to actin 137 

cytoskeleton and intracellular calcium homeostasis, a mechanism central to vascular 138 

contraction. Using linkage disequilibrium score regression, we found an important genetic 139 

overlap between FMD and blood pressure, migraine, intracranial aneurysm, coronary artery 140 

disease and MI, and demonstrated that genetics of blood pressure is not driving the genetic 141 

association or correlation with FMD.  142 

  143 
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RESULTS  144 

 145 

Meta-analysis of six genome-wide association studies revealed new risk loci for FMD  146 

We tested ∼6.5 million common genetic variants (MAF>0.01) in 1962 FMD cases and 7100 147 

controls. All studies involved participants of European ancestry and were adjusted for sex, the 148 

first five principal components and individual study genomic control. Three loci contained 149 

SNPs associated with FMD at the genome-wide significance level (Supplementary Figure 150 

S1, Table 1, Figure 1a); the previously identified PHACTR1 locus on chromosome 6 (lead 151 

SNP rs9349379, OR=1.39, 95%CI: 1.28-1.51, P = 2.0×10
-14

), LRP1 on chromosome 12 152 

(rs11172113, OR=1.31, 95%CI: 1.20-1.43, P = 2.6×10
-10

) and rs17249754, located 10kb 153 

downstream of ATP2B1 on chromosome 12 as well (OR=1.41, 95%CI: 1.26-1.58, P = 154 

5.9×10
-9

). A GWAS restricted to multifocal FMD, which is characterized by multiple stenoses 155 

and is the major FMD subtype (91%, Supplementary Table S1), identified one additional 156 

signal in LIMA1 on chromosome 12 (rs6580732, OR=1.30, 95%CI: 1.19- .41, P = 2.2×10
-9, 

157 

Figure 1a, Supplementary Figure S1, Table 1). Despite mapping to the same chromosome, 158 

LIMA1, LRP1 and ATP2B1 loci are fully independent and map on positions 50.5, 57.5 and 159 

90.1 megabases on chromosome 12, respectively. A GWAS in women only cases (87% of 160 

patients) identified the same four loci as significantly associated with FMD, with comparable 161 

effect sizes and levels of significance (Supplementary Figure S1, Table 1, Supplementary 162 

Tables S2-S4). Given the small sample size (N=247), a GWAS in men only was not 163 

conducted.  164 

 165 

FMD associated variants regulate the expression of nearby genes in arterial tissues 166 

To identify potential target genes at FMD associated loci, we queried the GTEx database for 167 

eQTL association of lead variants in all tissues available (v8 release, Figure 2a)
12

. 168 
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Interestingly, the lead SNPs in all four loci were identified among top eQTLs of at least one 169 

nearby gene in one or more of the three available arterial tissues (Figure 2a).  170 

At the PHACTR1 locus, FMD risk allele (rs9349379-A) was associated with increased 171 

PHACTR1 expression in all arterial tissues analysed (PArtery–Tibial=8.0×10
-42

, Figure 2b, PArtery–172 

Aorta=2.0×10
-17

, PArtery–Coronary=3.0×10
-9

).  Colocalization analyses between eQTLs in arterial 173 

tissues and FMD association strongly supported rs9349379 to be the causative variant on this 174 

locus (posterior probability 99.2%, Figure 2c). PHACTR1 encodes a member of the 175 

phosphatase and actin regulator family of proteins implicated in the reorganisation of actin 176 

cytoskeleton and tubule formation. Interestingly, rs9349379-PHACTR1 expression correlation 177 

was also found in primary dermal fibroblasts cell lines from FMD patients (N=83) and 178 

matched controls (N=70). This finding was observed when all samples were jointly analysed 179 

(P = 0.01), in the FMD group only (P = 0.01), but not in the control group (Supplementary 180 

Figure S2).  181 

At the LRP1 locus, rs11172113 was highly correlated with LRP1 expression in tibial arteries 182 

(PArtery–Tibial=9.4×10
-21

, Figure 2d), aorta (PArtery–Aorta=3.6×10
-15

) and to a lesser extent 183 

coronary artery tissues (PArtery–Coronary=2.4×10
-4

). The FMD risk allele (rs11172113-T) was 184 

associated with increased expression of LRP1 and rs11172113 was also supported by the 185 

colocalization analysis as the most likely causal variant at this locus (Posterior probability 186 

99.2%, Figure 2e) LRP1 encodes low density lipoprotein receptor related protein 1, a 187 

scavenger receptor involved in numerous cellular processes including intracellular signalling.  188 

As for the ATP2B1 locus, the strongest eQTL association involving rs17249754 in artery 189 

tissue was with ATP2B1 in tibial arteries (PArtery–Tibial=1.5×10
-17

, Figure 2f) and aorta samples 190 

(PArtery–Aorta=5.1×10
-5

), whereas no association was detected in coronary arteries. The FMD 191 

risk allele (rs17249754-G) was associated with decreased expression of ATP2B1 in arterial 192 

tissues (Figure 2f). Colocalization analysis of FMD association and expression in arterial 193 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 

 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted September 18, 2020. ; https://doi.org/10.1101/2020.09.16.20195701doi: medRxiv preprint 

https://doi.org/10.1101/2020.09.16.20195701
http://creativecommons.org/licenses/by-nc-nd/4.0/


 10

tissue supports a common causal variant (posterior probability 85.5%, Figure 2g). We note 194 

that the ATP2B1 antisense transcript (ATP2B1-AS) was also predicted as potentially regulated 195 

by the same causal variant (posterior probability 76.6%, Supplementary Figure S3a). 196 

ATP2B1 encodes the ATPase plasma membrane Ca
2+

 transporting 1 involved in intracellular 197 

calcium homeostasis.  198 

Several eQTL signals were found at the LIMA1 locus, but none colocalized clearly with the 199 

FMD association signal (Figure 2i, Supplementary Figure S3b-d). ATF1 was the strongest 200 

eQTL protein-coding gene in arterial tissues (PArtery–Aorta=1.4×10
-14

, Figure 2h,
 

PArtery–201 

Tibial=8.9×10
-13

, PArtery–Coronary=1.7×10
-3

), with FMD risk allele (rs6580732-T) being associated 202 

with lower expression of ATF1 (Figure 2h). However, colocalization analysis of these two 203 

signals was inconclusive (posterior probability = 0.6%, Figure 2i). LIMA1 encodes LIM 204 

domain and actin binding 1 involved in actin filament depolymerisation while ATF1 is the 205 

gene encoding activating transcription factor 1, an activating transcription factor involved in 206 

cell growth and survival.  207 

 208 

Gene-based association and transcriptome-wide association studies identify additional 209 

FMD associated genes 210 

GWAS efficiently captures the effect of single variants affecting traits or diseases but may not 211 

detect the combined effect of multiple variants independently affecting disease outcome and 212 

located in the same gene. To address this limitation in our genetic investigation, we 213 

performed gene-based association analyses using MAGMA
13

, a regression-based gene and 214 

gene-set analyses for GWAS data implemented in FUMA
14

. We identified four genes, all on 215 

chromosome 12 from two different loci to be associated with FMD in at least one of the tested 216 

conditions (all FMD cases, multifocal FMD, women only, Bonferroni corrected P<0.05, 217 

Figure 1b, Table 2). These included three genes at the LIMA1 locus (LIMA1, PWomen=3.0×10
-

218 
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7
, ATF1, PMultifocal=7.3×10

-7
 and GPD1, PMultifocal=7.3×10

-7
) and STAT6, located near LRP1 219 

(PMultifocal=2.4×10
-6

). 220 

To get a global view of the potential transcriptional effects of FMD associated variants in 221 

arteries, we conducted a TWAS using the FUSION software
15

, and gene expression models 222 

calculated from tibial artery eQTL analysis from GTEx (v7 release). In line with FMD 223 

association and eQTLs analyses, we found a significant association between genetically 224 

predicted expression levels of PHACTR1 (P = 1.1×10
-11

), LRP1 (P = 2.7×10
-10

)
 
and ATP2B1 225 

(P = 3.7×10
-6

) in arterial tissue and FMD (Table 2, Figure 1c-d, Supplementary Table S4). 226 

No gene in the LIMA1 locus was identified as a TWAS hit, although genetically predicted 227 

expression of ATF1 and LIMA1 were suggestively associated with FMD (PATF1 = 2×10
-3

, 228 

PLIMA1 = 7×10
-3

, Table 2).  229 

In addition to genes located in close proximity of genome-wide FMD-associated loci, we 230 

found SLC24A3 (chromosome 20) to be a robust TWAS hit in tibial artery samples (P = 231 

5.1×10
-9

, Figure 1c-d). Of note, SLC24A3 was also a suggestive hit in the gene-based 232 

association study (PAll=4.5×10
-6

) (Table 2). SLC24A3 overlaps two independent and 233 

suggestive FMD association signals (lead SNP: rs2424245, P = 4.0×10
-7

, secondary SNP: 234 

rs6046121, P = 1.2×10
-5

, correlation r
2
<0.01, Supplementary Figure S4). FMD risk alleles 235 

of both variants associated with lower SLC24A3 expression in artery tissue (rs6046121-A: 236 

PTibial artery = 2.0×10
-11

, PAorta = 5.6×10
-6

; rs2424245-T: PTibial artery = 1.6×10
-4

, Supplementary 237 

Figure S4). Similar to ATP2B1, SLC24A3 encodes a plasma membrane calcium exchanger 238 

also involved in intracellular calcium homeostasis.  Results obtained from TWAS using 239 

multifocal FMD and women FMD are reported in Supplementary Figure S5 with overall 240 

comparable findings to the whole sample findings. 241 

 242 

 243 
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FMD associated genes are expressed in vascular smooth muscle cells and fibroblasts 244 

We looked-up the expression of FMD associated genes (Table 2) in publicly available mouse 245 

aorta single cell RNA-Seq data
16

, 665 tibial artery RNA-Seq samples from GTEx and 153 246 

primary dermal fibroblasts cell lines derived from FMD patients (N = 83) and matched 247 

controls (N = 70). Mouse aorta single cell experiment shows that Phactr1, Lrp1, Atp2b1, Atf1, 248 

Lima1, Slc24a3 and Stat6 were mostly detected in vascular smooth muscle cells (VSMC) and 249 

Phactr1, Lrp1, Atp2b1, Atf1, Lima1 and Stat6 in fibroblasts clusters, whereas only Atp2b1 and 250 

Lima1 showed strong presence in endothelial cells (EC) clusters (Supplementary Figure 251 

S6).  252 

On the other hand, expressions of all the FMD-associated genes were detected in human tibial 253 

artery samples from GTEx, although GPD1 had very low and variable expression levels 254 

compared to the other genes (Supplementary Figure S7). Interestingly, SLC24A3 was less 255 

expressed in arterial samples of women (P = 1.1×10
-5

,
 
Supplementary Figure S8), consistent 256 

with its predicted decreased expression in FMD risk allele carriers. A trend toward higher 257 

expression in women was observed for PHACTR1 and ATF1 (P = 0.013, Supplementary 258 

Figure S8), also these were consistent with the direction of effect of the FMD increasing risk 259 

alleles for PHACTR1 but not for ATF1. However, we did not observe any differences in the 260 

expression of top FMD associated genes between fibroblasts samples derived from an all 261 

women group of FMD patients and those from sex-matched controls (Supplementary Figure 262 

S9). 263 

 264 

FMD associated variants are located in regulatory elements active in arterial tissue and 265 

VSMCs 266 

The FMD associated variants identified in this study are all located in non-coding regions, 267 

either intronic or intergenic. To obtain insights into their potential regulatory function, we 268 
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generated open chromatin profiles in human carotid artery-derived primary cells (two VSMC 269 

and two EC primary cell lines), human coronary artery derived cells (one VSMC and one EC 270 

primary cell line), human dermal (two cell lines) and cardiac fibroblasts (one cell line) using 271 

ATAC-Seq. We also reanalysed existing data obtained using ATAC-Seq on healthy coronary 272 

arteries
17

. Using a common pipeline analysis, we obtained 177,015 to 196,272 peaks from 273 

cultured human VSMCs, 120,577 to 137,779 from ECs and fibroblasts, and 54,622 to 70,855 274 

peaks from human coronary arteries (Figure 3a). Global correlation and principal component 275 

analyses showed that open chromatin regions of fibroblasts and VSMCs are closely related, 276 

whereas ECs and artery samples form separate clusters (Figure 3b-c). 277 

Using the GREGOR algorithm
18

, we found that FMD-associated variants were enriched 278 

among open chromatin peaks in artery tissue samples (average 1.6-fold enrichment, P-values: 279 

9×10
-5

-1×10
-2

), but not in VSMCs, ECs, or fibroblasts (Figure 3d). We found that, globally, 280 

artery-specific ATAC-Seq peaks are overrepresented in the vicinity of genes involved in 281 

contractile fibres and muscle system processes (Figure 3e-f).  282 

Next, we annotated FMD associated variants with overlapping open chromatin regions we 283 

generated in cells and re-analysed in coronary arteries, in addition to histone marks in artery 284 

tissue previously generated through the ENCODE project. We defined as potentially causal 285 

all variants that overlapped open chromatin peaks in at least one of the above-mentioned 286 

arterial tissues or cell types (Table 3). Our analyses identified to at least one causal variant 287 

per locus. At the PHACTR1 locus on chromosome 6, the lead variant (rs9349379) belonged to 288 

a chromatin region open in arterial tissue but not accessible in VSMCs, fibroblasts or ECs. 289 

This variant also overlapped with well-defined enhancer marks in arterial tissue and is 290 

strongly supported as the causal variant in this locus (Figure 4a-b).  291 

The lead variant rs11172113 in LRP1 overlapped with open chromatin peaks in arterial tissue, 292 

primary VSMCs and fibroblasts, but not primary ECs (Figure 4c-d). Strong enhancer and 293 
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promoter marks were also present in arterial tissue in this region, which mapped 5kb 294 

downstream of LRP1 promoter.  295 

The ATP2B1 locus included three highly associated variants (rs11105352, rs11105353 and 296 

rs11105354, Figure 4e), which all overlapped a small open-chromatin peak specifically 297 

observed in arterial tissue, and an enhancer-specific H3K4me1 histone mark (Figure 4f). Of 298 

note, a suggestively associated SNP (rs73437382, P = 2.9×10
-6

), in moderate LD (r
2 

= 0.5) 299 

with rs11105354 was located in the promoter sequence of ATP2B1 and ATP2B1-AS1 and is 300 

thus candidate for causality (Figure 4e).  301 

Finally, in the FMD multifocal specific locus LIMA1, there were ∼100 tightly correlated 302 

variants spanning over 500kb (Figure 4g), but only three genome-wide significant variants 303 

intronic to LIMA1 overlapped open chromatin regions (Figure 4h, Table 3). rs7301566 304 

overlaps a region active in arteries, VSMCs and fibroblasts and strong enhancer marks in 305 

arteries (Figure 4h). rs1109726, a suggestively associated variant, shows several marks of 306 

regulatory function and maps to the promoter of ATF1, ~480kb downstream of LIMA1 307 

(Figure 4h). 308 

 309 

FMD loci are associated with blood pressure traits but hypertension did not drive 310 

genetic association with FMD 311 

FMD diagnosis is often made through radiographic imaging to investigate vascular anomalies 312 

in the context of pre-existing and unexplained hypertension, following a stroke event such as 313 

due to cervical artery dissection or following MI due to spontaneous coronary artery 314 

dissection. To investigate the potentially shared genetic basis of these clinical associations, 315 

we curated previously published GWAS on diseases of interest, mainly from GWAS catalog 316 

and the UK Biobank summary statistics database (http://www.nealelab.is/uk-biobank).  We 317 
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restricted our curation to FMD lead variants and their proxies (r
2
 ≥ 0.5, Europeans from 1000 318 

Genomes phase 3).  319 

Strikingly, all FMD loci were previously associated with at least one trait related to blood 320 

pressure, with the same alleles being associated with increased FMD risk and higher blood 321 

pressure/hypertension risk (Figure 5a). FMD loci were all associated (P ≤ 5×10
-8

) with pulse 322 

pressure and at least suggestively (P ≤ 1×10
-5

) associated with hypertension, systolic blood 323 

pressure and diastolic blood pressure. The lead variants in SLC24A3 that we identified in the 324 

gene-based association and TWAS were associated with blood pressure traits as well (Figure 325 

5a). 326 

Hypertension is reported in a large proportion of patients with FMD in general, and in the 327 

majority of FMD cases in this study (51 to 80% of FMD cases, Supplementary Table S1). 328 

To test for hypertension as a potential confounder driving the observed association signals, 329 

we conducted both stratified and adjusted analyses for hypertension status for the GWAS lead 330 

variants in the two largest cohorts of our meta-analysis: the French and the UM case control 331 

studies (Supplementary Table S6). Adjustment for hypertension status marginally modified 332 

the effects sizes and level of significance of the associations with FMD at all four loci, 333 

including when the association was absent (LIMA1 in the French study). Given the large 334 

proportion of hypertension both in the cases and the controls of the French study, associations 335 

with FMD were only observed in the larger stratum of hypertensive patients. However, all 336 

four loci showed significant association with FMD both in hypertensive and non-hypertensive 337 

individuals in the UM case control study, supporting that these loci impact FMD risk 338 

independent of hypertension status in the FMD cases. Concordantly, in the meta-analysis 339 

including all 6 individual studies, FMD associations at the top loci remained significant after 340 

conditioning FMD association on the genetic association with systolic blood pressure 341 
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obtained from the recent, large-scale blood pressure GWAS meta-analysis
19

 (Supplementary 342 

Table S7). 343 

 344 

FMD associated loci have pleiotropic associations with multiple vascular diseases 345 

In addition to blood pressure, we investigated additional associations of the FMD-associated 346 

loci and genes with several vascular diseases (Figure 5a). PHACTR1, LRP1 and SLC24A3 347 

have been previously associated with migraine, with the same alleles at risk for FMD and 348 

migraine. PHACTR1 and LRP1 were both involved in a wide range of vascular diseases, 349 

including cervical artery dissection and spontaneous coronary artery dissection, in addition to 350 

abdominal aortic aneurysm for LRP1. PHACTR1 and ATP2B1 were associated with coronary 351 

artery disease (CAD) and MI, while LRP1 was suggestively associated to CAD, and in all 352 

three loci the risk alleles were the opposite of those associated with FMD. Colocalization of 353 

FMD association signals with the most relevant traits, in addition to the comparison of FMD 354 

TWAS in tibial arteries with the other diseases (Figure 5b), suggested that the same variants 355 

cause the associations with FMD, cervical artery dissection, migraine and CAD 356 

(Supplementary Figure S10). 357 

 358 

Genetic relationships between FMD, cardiovascular and neurovascular diseases  359 

In light of the important number of diseases where FMD loci and genes are involved, we used 360 

LD score regression
20

 to calculate the genome-wide correlation between FMD and blood 361 

pressure traits, CAD and MI, migraine, several stroke sub-types, lipids and clinical traits 362 

related to renal function (Figure 6a-b, Supplementary Table S8). FMD was positively 363 

correlated with hypertension (rg = 0.37, P = 4×10
-8

), systolic blood pressure (rg = 0.44, P = 364 

5×10
-10

), diastolic blood pressure (rg = 0.39, P = 2×10
-9

) and pulse pressure (rg = 0.36, P = 365 

1×10
-8

). FMD also correlated positively with migraine (rg = 0.37, P = 2×10
-4

), intracranial 366 
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aneurysm (pooled ruptured and unruptured, rg = 0.34, P = 7×10
-6

), aneurysmal subarachnoid 367 

haemorrhage (rg = 0.37, P = 4×10
-5

), and cervical artery dissection, although this latter did not 368 

survive correction for multiple testing (rg = 0.78, P = 1×10
-2

). FMD was not genetically 369 

correlated with several stroke subtypes, CAD and MI. We also found a negative genetic 370 

correlation between FMD and low-density lipoprotein cholesterol levels (rg = -0.19, P = 1×10
-

371 

3
). No significant correlation with any of the kidney function related traits was observed 372 

(Figure 6b, Supplementary Table S8). Interestingly, genetic correlations after conditioning 373 

the FMD associations results on genome-wide genetic associations with systolic blood 374 

pressure revealed a significant negative genetic correlation with CAD (rg = -0.29, P = 6×10
-5

) 375 

and MI (rg = -0.28, P = 2×10
-3

) (Figure 6c, Supplementary Table S9), indicating that this 376 

opposite genetic relation between FMD and CAD/MI is not mediated by common loci 377 

between FMD and systolic blood pressure. FMD genetic correlation with migraine was only 378 

marginally affected by conditioning on systolic blood pressure genetics (rg = 0.38, P = 8×10
-

379 

5
).  On the other hand, the genetic correlations with intracranial aneurysm, subarachnoid 380 

haemorrhage and low-density lipoprotein cholesterol levels were less significant after 381 

conditioning on systolic blood pressure genetics, indicating that these correlations with FMD 382 

are in part due to the common genetic associated loci between FMD and systolic blood 383 

pressure (Figure 6c-d, Supplementary Table S9). The correlation results were comparable 384 

when we conducted the analyses after removing the top FMD associated loci 385 

(Supplementary Tables S10 and S11). 386 

  387 
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DISCUSSION 388 

Our study is the most comprehensive genetic investigation dedicated to FMD, a non-389 

atherosclerotic arterial disease primarily afflicting middle-aged women with few classical 390 

cardiovascular risk factors. Key findings from our study include: i) Single SNP GWAS, gene-391 

based GWAS and TWAS analyses in arteries identified three novel risk loci for FMD and 392 

involved novel genes while confirming PHACTR1, the only known risk locus for FMD. ii) 393 

Through integration of annotation datasets generated inhouse, combined with public 394 

resources, we provided detailed prioritization of FMD risk variants and genes. We found that 395 

FMD risk genes are consistently and specifically expressed in VSMCs, fibroblasts and arterial 396 

tissue and are involved in regulatory mechanisms related to actin cytoskeleton and 397 

intracellular calcium homeostasis, a mechanism central to vascular contraction. iii) We found 398 

an important genetic overlap between FMD and blood pressure, not only for the associated 399 

loci and genes but also globally at the GWAS level, but demonstrated that hypertension is not 400 

driving the genetic association with FMD. iv) We reported shared genetic bases and 401 

potentially biological mechanisms with some but not all cardiovascular and neurovascular 402 

diseases, which is only partially driven by shared genetic basis with blood pressure.  403 

The genetic investigation of FMD has been inconclusive for decades due to the lack of a clear 404 

genetic model. Efforts to establish large cohorts of FMD patients to conduct well-powered 405 

genetic studies are very recent and follow the increased awareness about its relatively high 406 

prevalence (∼3%) in asymptomatic individuals
21

. FMD patients are commonly middle-aged 407 

women, long considered at low risk for the common cardiovascular diseases.  408 

Our strategy combining single SNP and gene-based GWAS and TWAS in arterial tissues 409 

identified three novel loci and several novel genes to contribute to FMD genetic risk. Most of 410 

these loci were previously shown to be involved in multiple vascular diseases. LRP1 is a risk 411 
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locus for pulse pressure
22

, migraine
23

, aortic abdominal aneurysm
24

, and was recently reported 412 

for spontaneous coronary artery dissection
25,26

 involving the same risk allele for FMD that 413 

correlates with higher gene expression. However, the opposite allele was reported to increase 414 

the risk for MoyaMoya disease
27

 and suggestively for CAD
28

. LRP1 plays important roles in 415 

multiple cellular processes relevant to FMD such as the remodelling of the extracellular 416 

matrix and VSMCs migration
29

. LRP1 function in VSMCs is mediated partly by the 417 

modulation of calcium signalling, leading to deficient vasoconstriction in VSMC-specific 418 

Lrp1-deficient mice
30

.  419 

Interestingly, two of the genes we identified are directly involved in intracellular calcium 420 

homeostasis, a highly relevant molecular mechanism to vascular contractility and 421 

vasodilation.  ATP2B1 encodes an ATP-dependent calcium channel specialized in the 422 

exportation of calcium ions from the cytoplasm to the extracellular space. ATP2B1 is a well-423 

established hypertension and blood pressure locus, where the same alleles increase the risk for 424 

FMD and hypertension (Figure 4). Mice lacking Atp2b1 specifically in VSMCs exhibit 425 

hypertension, higher intracellular calcium levels and increased sensitivity to nicardipine, a 426 

calcium channel blocker
31,32

. On the other hand, SLC24A3, which we identified through the 427 

TWAS analyses in tibial arteries to associate with FMD, encodes a transmembrane 428 

sodium/potassium/calcium exchanger also involved in calcium homeostasis
33

. The relevance 429 

of impaired vasodilation and/or enhanced vasoconstriction in FMD pathogenesis is supported 430 

by our recent study where we reported an enrichment among FMD patients for rare loss-of-431 

function mutations in the gene encoding the receptor for prostacyclin, a major vasodilator 432 

hormone
34

. In line with these findings, impaired dilation of arteries in response to sublingual 433 

glyceryl trinitrate, a proxy for VSMC dysfunction, was reported in FMD patients, including in 434 

arterial segments clinically unaffected by the disease
35

. 435 
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The role of some novel genes in the pathogenesis of FMD is still unclear. The signal 436 

transducer and activator of transcription 6 gene (STAT6) is a ubiquitous transcription factor 437 

involved in intracellular processes linked to inflammation, although colocalization and eQTL 438 

analyses privileged LRP1 as causal in this locus. GPD1 encodes a glycerol-3 phosphate 439 

dehydrogenase 1 involved in lipid metabolism, which expression is detected at low levels in 440 

arteries. In this locus, where effect estimates of associated variants were higher in multifocal 441 

FMD and women, LIMA1 and ATF1 are two strong biological candidates. LIMA1 role in 442 

actin dynamics is compatible with a potential role in maintaining cell shape, a feature lost in 443 

FMD affected VSMCs
36

. A study described a rare frameshift variant in LIMA1 from a family 444 

with inherited low LDL cholesterol and resistance in diet induced hypercholesterolemia in 445 

Lima1 deficient mouse
37

. While its specific role in arteries is not known, ATF1 is a 446 

transcriptional effector of the cyclic adenosine monophosphate pathway, which plays a key 447 

role in the regulation of vascular tone
38

. 448 

Our study provides robust confirmation of the association with FMD of PHACTR1, a 449 

pleiotropic locus that is involved in a large number of vascular diseases
39,40

. The functional 450 

annotation using open chromatin in vascular cells and arterial tissue, the colocalization 451 

analyses, TWAS in arteries and eQTL results, including specifically in FMD patients, all 452 

point to rs9349379 as a clear regulator of PHACTR1, the most likely causal gene in FMD, and 453 

probably in the other vascular diseases as well. The previously suggested regulation of the 454 

endothelin-1 gene (EDN1)
39

 is not supported by our results, or those from consequent works 455 

that used an identical approach of iPSC induced endothelial cells
41

 or measured endothelin-1 456 

plasma levels in FMD patients and matched healthy controls
42

. On the other hand, the 457 

phosphatase and actin-binding protein encoded by PHACTR1 regulates actin stress fibre 458 

assembly and cell motility
43

, functions highly relevant to the cellular disorganization that 459 

characterizes VSMCs in multifocal FMD affected arteries
36

. Further investigation, especially 460 
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with in vivo models, are needed to more precisely define the function of PHACTR1 in the 461 

context of the genetic risk to a diverse panel of cardiovascular and neurovascular diseases. 462 

Through genetic correlation analyses we were able to globally position the genetic basis of 463 

FMD among the genetics of more commonly studied cardiovascular and neurovascular 464 

diseases and traits. We showed that FMD shares a significant proportion of its genetic basis 465 

with hypertension and blood pressure related traits, not only for the top associated loci and 466 

genes but also genome-wide. FMD is often diagnosed in the context of hypertension, although 467 

we have demonstrated that hypertension is not driving the genetic association with FMD in 468 

the currently studied cohorts. Blood pressure regulation is highly complex and involves 469 

multiple organs
44

. The identification of several genes related to intracellular calcium 470 

regulation, and the absence of genetic correlation between FMD and multiple renal function 471 

traits, suggests that impaired regulation of vascular tone genetically drives the multiple 472 

stenoses phenotype observed in FMD that results in increased blood pressure. Future 473 

exploration of more common genetic loci between FMD and blood pressure will certainly 474 

enlighten additional mechanisms and potentially point to specific therapeutic targets to be 475 

privileged in FMD hypertensive patients.   476 

We showed an expected positive genetic correlation between FMD and migraine, which is 477 

reported by 25 to 69% of FMD patients
4,8

, and cervical artery dissection, which occurs in the 478 

same cerebrovascular beds affected in FMD (i.e. carotid and vertebral arteries). However, we 479 

found little support for shared genetics with ischemic stroke subtypes despite FMD being 480 

frequently diagnosed in the context of a stroke event. On the other hand, FMD seems to be 481 

more genetically related to intracranial aneurysm and aneurysmal subarachnoid haemorrhage. 482 

This type of stroke shares several clinical characteristics with FMD, mainly high proportion 483 

of patients < 55 years, association with blood pressure and smoking, and a higher propensity 484 

of women among patients
45

. Finally, we observed an inverse association between FMD and 485 
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CAD/MI both for the top loci and genes, and globally when FMD association is conditioned 486 

on systolic blood pressure. The elimination of the presence of atherosclerosis as the cause of 487 

stenoses and aneurysms is required for FMD diagnosis, which may have influenced this 488 

negative correlation with a disease where atherosclerosis is under-represented. FMD is a 489 

disease afflicting young to middle-aged women, who are less prone to develop CAD and MI, 490 

which predominantly afflict older men. Whether FMD patients are less likely to develop 491 

CAD/MI later in life, compared to patients of similar clinical characteristics is not known. 492 

Endogenous or exogenous female hormones are considered to be protective factors from 493 

CAD/MI
46

, but are suspected as a potential risk factor in FMD pathogenesis, given the high 494 

proportion of women among patients (80 to 90%) and the age of diagnosis of FMD (on 495 

average ∼50 years)
4
. Oestrogens stimulate the release of vasodilator mediators such as nitric 496 

oxide and prostacyclin and inhibit the potent vasoconstrictor endothelin-1
46

. Our study did not 497 

point to any direct link with sex hormone metabolism or regulation, except sex differences in 498 

the level of expressions among women compared to men for PHACTR1 and SLC24A3, 499 

consistent with the direction of effects of FMD risk alleles. More knowledge about detailed 500 

biological and physiological roles of both genes are needed to address potential consequences 501 

on artery remodelling in sex and atherosclerosis dependent contexts.  502 

 503 

In summary, in this first meta-analysis of GWAS for FMD, we report robustly associated loci 504 

and genes and provide several new leads toward understanding biological mechanisms of 505 

stenosis and dissection in young women in the absence of atherosclerosis. Further 506 

investigation of the exact biological effects driven by these genes may shed light on the cause 507 

of higher prevalence of FMD in women and provide insights into the shared genetic basis 508 

between FMD and more common cardiovascular and neurovascular diseases.  509 
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 763 

Figure legends 764 

Figure 1. SNP-based, gene-based and transcriptome wide association analyses 765 

a: Manhattan plot representation of SNP-based association analysis in multifocal FMD. -log10 766 

of association P-value is represented on the y-axis, genomic coordinates on the x-axis. Name 767 

of lead SNPs with P-value ≤ 5×10
-8 

are indicated. b-c: Manhattan plot representation of b: 768 

gene-based association analysis in multifocal FMD; c: Transcriptome-wide association 769 

analysis (TWAS) in FMD with tibial artery gene expression models. -log10 of association P-770 

value is represented on the y-axis, genomic coordinates on the x-axis. Name of genes with 771 

Bonferroni corrected P-value ≤ 0.05 are indicated. d: Volcano plot representation of FMD 772 

TWAS. TWAS Z-score is represented on the x-axis, -log10 of TWAS P-value on the y-axis. 773 

Dashed line represents the threshold for significance adjusted for multiple testing. Name of 774 

genes with Bonferroni adjusted P-value < 0.05 are indicated. 775 

 776 

Figure 2. Tissue-wide eQTL signals near FMD loci 777 

a: Heatmap representation of eQTL signals at FMD loci. GTEx v8 database was queried for 778 

significant eQTLs using the lead variant rsID number. All genes identified as positive eQTL 779 

in at least one tissue were selected to calculate eQTL associations in all tissues available in 780 

this database. The negative logarithm (-log10) of the eQTL association P-values are 781 

represented in a blue-red colour scale. b, d, f, h: Violin plots representing normalized 782 

expression of PHACTR1 (b), LRP1 (d), ATP2B1 (f) and ATF1 (h) by genotype of lead SNPs 783 

in tibial artery (b, d, f) and aortic tissue (h). Plots illustrate the best eQTL association in 784 

arterial tissue for the lead SNP at each locus. eQTL P-value is indicated. c, e, g, i: 785 
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Colocalization plot of FMD association (x-axis, log scale of P-value) with arterial eQTL 786 

association (y-axis, log-scale of P-value) at each locus. Dot colour represents the LD r
2
 with 787 

the lead variant in 1000G European samples. FMD lead variant is highlighted (Diamond 788 

shape, purple). Approximate Bayes Factor Posterior Probability (PP.abf) for the two traits to 789 

share a common causal variant is indicated. 790 

 791 

Figure 3. Characterization of open chromatin regions in artery derived primary cells 792 

a: Number of reads (grey) and number of peaks (orange) obtained for ATAC-Seq libraries 793 

from primary cells and artery tissue. HCtASMC: human carotid artery smooth muscle cells, 794 

HCASMC: human coronary artery smooth muscle cells, HCtAEC: human carotid artery 795 

endothelial cells, HCAEC: human coronary artery endothelial cells, HDF: human dermal 796 

fibroblasts, HCF: human cardiac fibroblasts, NCA: normal coronary arteries. NCA ATAC-797 

Seq libraries were generated and sequenced by Miller and colleagues
17

 and raw reads were 798 

retrieved from the sequence read archive (https://www.ncbi.nlm.nih.gov/sra). b: Heatmap 799 

representation of Spearman correlation and hierarchical clustering of ATAC-Seq datasets. 800 

The three main clusters correspond to VSMCs/fibroblasts, ECs and arteries, and are identified 801 

on the dendrogram. Rho correlation coefficient is represented by a red-blue colour scale and 802 

indicated in each box. c: Principal component analysis of ATAC-Seq datasets. Upper panel 803 

shows the position of samples with respect to first two principal components. Lower panel 804 

indicates the eigenvalues of the first 10 principal components. d: Representation of FMD 805 

SNPs fold-enrichment (x-axis) and enrichment P-value (log scale, y-axis) among indicated 806 

ATAC-Seq samples. The overlap of FMD lead SNPs (P < 10
-4

 for the lead SNP) and proxies 807 

(r
2
 ≥ 0.7) with ATAC-Seq peaks was compared to 500 pools of randomized matched SNPs to 808 

calculate the indicated enrichments. Lower panel shows the average fold enrichment in each 809 

group of samples. e: Bubble graph representing the clustering of enriched (P < 10
-3

) gene 810 
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ontology (GO) Biological Processes terms among genes (N=1425) located in the vicinity of 811 

artery-specific open chromatin regions (regions enriched over VSMCs and ECs). Similar 812 

terms were grouped using REVIGO webserver (http://revigo.irb.hr/) with “Medium” setting. 813 

Bubble size indicates the number of enriched GO terms in each group. Bubble colour 814 

indicates the P-value of the most enriched term in each group. X- and Y-axes represent 815 

arbitrary semantic coordinates. f: Bar plot representing the enrichment score of the top 5 816 

clusters obtained by Functional Annotation Clustering of the indicated 1425 genes using 817 

DAVID webserver (https://david.ncifcrf.gov/home.jsp). Most enriched term is indicated for 818 

each cluster. 819 

 820 

Figure 4. Visualization of potential causal variants genes at FMD-associated loci 821 

a, c, e, g: LocusZoom representation of FMD associated loci (a: PHACTR1 locus, c: LRP1 822 

locus, e: ATP2B1 locus, g: LIMA1 locus). Dot colour indicates LD of each variant with the 823 

highlighted lead variant (purple diamond). Position and rsID of putative causal variants are 824 

indicated. b, d, f, h: Genome browser visualization of ATAC-Seq/Histone ChIP read densities 825 

(in reads/million, r.p.m.) in the regions surrounding putative causal variants. b: PHACTR1 826 

locus. d: LRP1 locus. f: ATP2B1 locus. h: LIMA1 locus. Grey line highlights variant position. 827 

 828 

Figure 5. Pairwise trait colocalization of FMD associations 829 

a: Associations of FMD loci with other vascular diseases. Variants in LD (r
2
 > 0.5) with the 830 

lead SNP were used to query GWAS catalog database (accessed on August 5
th
 2020), UK 831 

BioBank GWAS traits and specific meta-analysis of GWAS for CAD/MI, stroke, blood 832 

pressure and intracranial aneurysms. Two independent lead SNPs were retained for SLC24A3 833 

locus. Overlaps are reported for the following traits/diseases: hypertension (HTN), pulse 834 

pressure (PP), systolic blood pressure (SBP), diastolic blood pressure (DBP), migraine (Mig), 835 
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cervical artery dissection (CeAD), spontaneous coronary artery dissection (SCAD), 836 

abdominal aortic aneurysm (AAA), MoyaMoya disease (MD), coronary artery calcification 837 

(CAC), coronary artery disease (CAD) and myocardial infarction (MI). Large bubbles 838 

indicate association below genome-wide significance for the corresponding trait (P<5×10
-8

), 839 

smaller bubbles correspond to suggestive signals (P<1×10
-5

). Red colour indicates same 840 

direction effects of risk alleles compared to the association with FMD, blue colour opposite 841 

direction associations. b: Heatmap representation of TWAS Z-Score for FMD associated 842 

genes. TWAS was performed with tibial artery gene expression models for the indicated traits 843 

or diseases (x-axis). Z-scores are shown for all FMD associated genes in the gene-based and 844 

TWAS analyses (y-axis). 845 

 846 

Figure 6. Genetic correlations between FMD and other traits and diseases 847 

a: Genetic correlation obtained using LD Score analyses between FMD and vascular diseases 848 

and traits. HTN: hypertension, CAD: coronary artery disease, MI: myocardial infarction, AS: 849 

any stroke, AIS: any ischemic stroke, LAS: large artery stroke, CES: cardioembolic stroke, 850 

SVS: small vessel stroke, IA: intracranial aneurysm, all forms, SAH: aneurysmal 851 

subarachnoid haemorrhage, i.e. ruptured intracranial aneurysm, uIA: unruptured intracranial 852 

aneurysm. b: Genetic correlation obtained using LD Score analyses between FMD and 853 

vascular diseases and metabolic traits. HDL: high density lipoprotein, LDL: low density 854 

lipoprotein, TC: total cholesterol, TG: triglycerides, ApoA: apolipoprotein A, ApoB: 855 

apolipoprotein B, eGFR: estimated glomerular filtration rate (calculated with creatinine or 856 

cystatin), UACR: urine albumin to creatinine ratio, BUN: blood urea nitrogen, CRP: C-857 

reactive protein. c, d: Genetic correlation results after FMD genetic association statistics was 858 

conditioned on systolic blood pressure. *: P-value is below the multiple testing threshold for 859 

significance (1.6×10
-3

 for 31 tests). 860 
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METHODS 861 

Patients and control populations 862 

The meta-analysis included participants of European ancestry from six studies: 863 

ARCADIA
8
/3C

47
 GWAS, Mayo Vascular Disease Biorepository

48
, DEFINE-FMD study

42
, 864 

ARCADIA-POL
49

/WOBASZII
50

 study, University of Michigan/Cleveland Clinic (UM) 865 

study
26,51

 and FEIRI
7
/ASKLEPIOS

52
 study. FMD patients presented similar clinical 866 

characteristics (Supplementary Table S1) and homogeneous diagnosis, exclusion and 867 

inclusion criteria. Detailed description of the participating cohorts is available in the 868 

supplementary appendix.  869 

 870 

Genome-wide association analyses and meta-analysis 871 

Details on genotyping, variant calling for each cohort and pre-imputation quality control in 872 

each study are listed in Supplementary Table S12. In brief, genotyping was performed using 873 

commercially available arrays. To increase the number of tested SNPs and the overlap of 874 

variants available for analysis between different arrays, all European ancestry cohorts imputed 875 

genotypes to the most current HRC v1.1 reference panel
53

 on the Michigan Imputation 876 

Server
54

. GWAS was conducted in each study under an additive genetic model using PLINK 877 

v2.0
55

. Models were adjusted for population structure using the first five principal 878 

components, sex (except in the women-only analyses) and study specific genomic control. 879 

Prior to meta-analysis, we removed single nucleotide polymorphisms (SNPs) with low minor 880 

allele frequencies (MAF) (<�0.01), low imputation quality (r
2
 < 0.8 for French and UM 881 

studies and r
2
 <�0.3 for the others studies), and deviations from Hardy-Weinberg equilibrium 882 

(P�<�10
−�5

). A total of 6,477,066 variants met these criteria and were kept in the final 883 

results. 884 
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Association results were combined using an inverse variance weighted fixed-effects meta-885 

analysis in METAL software
56

, with correction for genomic control. Heterogeneity was 886 

assessed using the I
2
 metric from the complete study-level meta-analysis. Between-study 887 

heterogeneity was tested using the Cochran Q statistic and considered significant at P�≤�10
-

888 

3
 Genome-wide significance threshold was set at the level of P�=�5.0�×�10

−�8
. 889 

LocusZoom (http://locuszoom.org/) was used to provide regional visualization of results. 890 

eQTL and colocalization analyses 891 

We queried GTEx database (v8 release)
57

 with rsID of lead variants at FMD loci in arterial 892 

tissues for major associated genes (permutations q-value<0.05). For each identified gene, 893 

variant-gene association was queried in all tissues using “eQTL calculator” function on GTEx 894 

website (https://gtexportal.org/home/). Uncharacterized non-coding transcripts were excluded 895 

from the analysis. For colocalization, three arterial samples (aorta, coronary, tibial) from 896 

GTEx were pooled at each locus to compare with the FMD GWAS meta-analysis result and 897 

the multifocal FMD GWAS meta-analysis result. We generated colocalization plots using 898 

locuscompareR package
58

 and Bayesian posterior probability was calculated using coloc.abf 899 

function in R coloc package
59

. The eQTL association results from coronary, tibial and aorta 900 

arterial tissues were all retrieved for each transcript at each locus for Bayesian posterior 901 

probability analysis, and the minimal P-values across these three tissues for each locus were 902 

taken for generating the colocalization plots.  903 

 904 

Gene-based and transcriptome-wide association analyses 905 

Gene based association was conducted using the MAGMA tool
13

, implemented in the FUMA 906 

platform
14

. Locations of protein-coding genes were defined as the regions from transcription 907 

start site to transcription stop site (default option in MAGMA). TWAS was performed using 908 

FUSION R/python package
15

. Gene expression models were precomputed from GTEx data 909 
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(v7 release) and were provided by the authors. Only genes with heritability P-value < 0.01 910 

were used in the analysis. Uncharacterized non-coding transcripts were excluded from the 911 

analysis. Both tools used linkage disequilibrium information from the European panel of the 912 

1000 Genomes phase 3. Bonferroni multiple testing correction was applied using the p.adjust 913 

function in R (v 3.6.1). 914 

 915 

Primary cell culture and ATAC-Seq experiments 916 

With the exception of the dermal fibroblast cell lines obtained under the DEFINE-FMD 917 

protocol, other primary cells were purchased from Cell Applications (San Diego, CA) except 918 

HDF (ATCC, Manassas, VA) and cultured with 5% CO2 in a 37°C incubator following 919 

manufacturer’s instructions. VSMC cells were grown in DMEM supplemented with 5% FBS, 920 

Insulin (5µg/mL), EGF (0.5ng/mL), bFGF (2ng/mL) and antibiotics. Cells were at passage 5 921 

(HDF, HCF, HCtAEC, HCAEC) or 6 (HCtASMC, HCASMC) for ATAC-Seq analyses. 922 

ATAC-Seq was performed following the Omni-ATAC protocol described previously
60

. 923 

Detailed description of ATAC-Seq experiments and analyses is in the supplementary 924 

appendix.  925 

 926 

Annotation with epigenomic data 927 

We computed the overlap of variant with open chromatin regions (narrowpeak from MACS2 928 

output + 100bp on each side) and histone-ChIP peaks using bedtools (v2.29.0) annotate 929 

function. Full list of peak files used is available in Supplementary Table S13. Analysis of 930 

SNP enrichment among ATAC-Seq peaks was performed using GREGOR
18

. The lead SNPs 931 

from loci associated with P-value < 10
-4

 were used as reference for FMD-associated SNPs. 932 

We included in the analysis SNPs in LD with lead SNPs (r
2
≥0.7 in the European subset of the 933 
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1000 Genomes phase 3 reference panel). We used Integrated Genome Browser (IGB, v9.1.4) 934 

to visualize read density profiles and peak positions in the context of human genome
61

. 935 

 936 

Overlap between FMD loci and other traits and diseases 937 

We queried the GWAS catalog database
62

, UK Biobank GWAS summary statistics made 938 

publicly available by the Neale lab at the Broad Institute (http://www.nealelab.is/uk-biobank) 939 

and GWAS meta-analyses on blood pressure
19

, spontaneous coronary artery dissection
25

, 940 

cervical artery dissection
63

, CAD/MI
28

, IA/uIA/SAH (Bakker et al., Nature Genetics, in press, 941 

pre-publication access) and Stroke
64

 with FMD lead SNPs and LD proxies (r
2 
≥ 0.5 in the 942 

European panel of the 1000 Genomes phase 3). We reported vascular phenotypes with at least 943 

one variant with genome-wide (P<5×10
-8

) or suggestive (P<10
-5

) association. Colocalization 944 

plots were generated using locuscompareR package
58

. Comparative TWAS in FMD and other 945 

traits was performed using HapMap filtered summary statistics (see below). 946 

 947 

Genetic correlation analyses  948 

We used LD score regression to estimate the genetic correlation between FMD and other 949 

diseases and traits
65

. Summary statistics were acquired from the respective consortia and are 950 

detailed in Supplementary Table S14. For each trait, we filtered the summary statistics to 951 

the subset of HapMap 3 SNPs to decrease the potential for bias due to poor imputation 952 

quality. Correlation analyses were restricted to summary statistics from European ancestry 953 

meta-analyses. We used the European LD-score files calculated from the 1000G reference 954 

panel and provided by the developers. A P<1.6×10
-3

, corresponding to adjustement for 31 955 

independent phenotypes was considered significant. All analyses were performed with the 956 

ldsc package (v1.0.1, https://github.com/bulik/ldsc/). We conditioned FMD association on 957 

systolic blood pressure genetic association using multi-trait-based conditional and joint 958 
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analysis (mtCOJO) tool from GCTA pipeline
66

. The resulting summary statistics were then 959 

used to calculate genetic correlation between FMD, conditioned on systolic blood pressure, 960 

and the previous traits. 961 
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Table 1: FMD associated variants in SNP association analyses  962 
 963 

Meta-analysis was performed using inverse variance-weighted method. Heterogeneity between cohorts was tested using Cochran’s Q statistics 964 

and was not significant. Chr: chromosome, EA: effect allele, EAF: effect allele frequency, OR: odds ratio 965 

 966 
 967 

Lead Variant 

All FMD  

 

1962 cases 

7100 controls 

Multifocal FMD 

 

1578 cases 

7100 controls 

Women FMD  

 

1715 cases 

5724 controls 

rsID Chr 
Position 

(hg19) 
EA EAF Locus 

OR 

(95% CI) 
P-value 

OR 

(95% CI) 
P-value 

OR 

(95% CI) 
P-value 

rs9349379 6 12903957 A 0.63 PHACTR1 
1.39 

(1.28 - 1.51) 
2.0×10

-14
 

1.44 

(1.31 - 1.57) 
5.2×10

-15
 

1.43 

(1.30 - 1.56) 
1.3×10

-14
 

rs11172113 12 57527283 T 0.62 LRP1 
1.31 

(1.20 - 1.43) 
2.6×10

-10
 

1.34 

(1.22 - 1.46) 
2.0×10

-10
 

1.32 

(1.20 - 1.44) 
1.5×10

-9
 

rs17249754 12 90060586 G 0.84 ATP2B1 
1.41 

(1.26 - 1.58) 
5.9×10

-9
 

1.43 

(1.26 - 1.62) 
1.7×10

-8
 

1.44 

(1.27 - 1.63) 
8.1×10

-9
 

rs6580732 12 50646279 T 0.45 LIMA1 
1.24 

(1.14 - 1.34) 
1.4×10

-7
 

1.30 

(1.19 - 1.41) 
2.2×10

-9
 

1.29 

(1.18 - 1.40) 
7.4×10

-9
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Table 2. FMD associated genes in gene-based and transcriptome-wide association analyses 968 
The table shows P-values (P) of gene-based association calculated with MAGMA, uncorrected and corrected for multiple testing, and p-values 969 

and Z-scores (Z) of trancriptome-wide association based on gene-expression models from GTEx in tibial artery and GWAS in all FMD. All 970 

genes with Bonferroni corrected P-value below 0.05 in at least one condition are reported and the condition where the gene association reaches 971 

adjusted significance are highlighted in bold. Lead SNP is the one with the lowest P-value in GWAS in all FMD. 972 

Best P: lowest P-value of the lead SNP in the three GWAS (all FMD cases, multifocal FMD or women) Chr: Chromosome, Bonf. : Bonferroni 973 

corrected P-value, N/A: not available 974 

 975 
 976 

Locus information Gene information 

Gene-based association TWAS 

All Multifocal Women Tibial Arteries 

Lead SNP Best P Gene Chr Start (hg19) Stop (hg19) P Bonf. P Bonf. P Bonf. P Z 

rs9349379 5.2×10
-15

 PHACTR1 6 12717893 13288645 1.7×10
-4

 1.00 5.6×10
-5

 1.00 1.5×10
-4

 1.00 1.1×10
-11

 6.8 

rs11172113 2.0×10-10 

LRP1 12 57522276 57607134 2.5×10-3 1.00 2.5×10-3 1.00 4.1×10-3 1.00 2.7×10
-10

 6.3 

STAT6 12 57489260 57525922 3.7×10-6 0.07 2.4×10-6 0.04 2.0×10-5 0.38 8.3×10-2 -1.7 

rs17249754 5.9×10
-9

 ATP2B1 12 89981828 90102608 3.8×10
-5

 0.70 7.4×10
-5

 1.00 7.9×10
-5

 1.00 3.7×10
-6

 -4.6 

rs6580732 2.2×10-9 

LIMA1 12 50569571 50677329 2.4×10
-6

 0.04 5.7×10
-7

 0.01 3.0×10
-7

 0.01 7.0×10
-3

 2.7 

ATF1 12 51157493 51214905 7.7×10-6 0.14 7.3×10-7 0.01 1.5×10-6 0.03 2.0×10-3 -3.1 

GPD1 12 50497602 50505102 2.8×10-6 0.05 7.3×10-7 0.01 8.2×10-7 0.02 N/A N/A 

rs2424245 4.0×10
-7

 SLC24A3 20 19193290 19703581 4.5×10
-6

 0.08 4.7×10
-4

 1.00 4.8×10
-5

 0.89 5.1×10-9 -5.8 
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Table 3. Candidate causal variants at FMD associated loci 977 
All variants with at least suggestive association (P<5×10

-6
) in the global FMD association studies and in high LD (r

2
 ≥ 0.5) with the lead SNP of each locus were tested for 978 

overlap with open chromatin regions in coronary artery tissue, carotid/coronary artery derived primary cells, dermal fibroblasts and histone marks in artery tissues (aorta, 979 
coronary or tibial arteries) from ENCODE databases. N SNPs indicate the number of SNPs tested at each locus. Best P indicates the lowest P-value of the SNP in the three 980 
GWAS (all FMD cases, multifocal FMD or women FMD). Grey colour indicates overlap of the variant with at least one dataset of the corresponding category. *: Variant with 981 
genome-wide significant association with FMD.  982 

Locus SNP information 

ATAC-Seq Histone ChIP-Seq 

Coronary 

Artery 

Carotid 

Artery 

Dermal 

Fibroblasts 
Any arteries 

Lead SNP 
N 

SNPs 
SNP Chr 

Pos 

(hg38) 

LD 

(r2) 
Best P 

Whole 

Tissue 
SMC EC SMC EC HDF H3K4me1 H3K4me3 H3K27ac 

rs9349379 1 rs9349379* 6 1290372 1.00 5.2×10-15 3 0 0 0 0 0 9 0 11 

rs11172113 3 rs4759275 12 5713197 0.76 2.9×10-6 0 0 0 0 1 0 11 12 12 

rs11172113* 12 5713350 1.00 2.0×10
-10

 1 1 0 1 0 1 9 12 11 

rs17249754 30 

rs11105352* 12 8963268 1.00 8.0×10
-9

 1 0 0 0 0 0 4 0 0 
rs11105353* 12 8963268 1.00 8.0×10-9 1 0 0 0 0 0 4 0 0 
rs11105354* 12 8963274 1.00 6.8×10-9 1 0 0 0 0 0 4 0 0 

rs73437382 12 8970916 0.50 1.4×10
-6

 3 1 1 2 2 2 0 13 12 
rs2280715 12 8970992 0.51 1.8×10

-6
 3 1 1 2 2 2 0 13 12 

rs6580732 117 

rs7967705 12 5011762 0.72 2.6×10-7 1 0 0 0 0 0 9 3 9 
rs7297421 12 5012514 0.72 4.0×10-7 0 0 0 0 1 0 1 0 0 
rs7308356 12 5014582 0.73 4.3×10-7 0 0 0 1 0 0 7 3 2 

rs12815871 12 5015716 0.72 1.7×10
-7

 0 0 0 2 0 1 1 0 0 
rs7301566* 12 5018786 0.95 1.3×10

-9
 0 0 0 0 0 1 10 0 11 

rs2358538 12 5019284 0.83 8.9×10-8 0 0 0 0 1 0 6 0 9 
rs4459386* 12 5020116 1.00 2.9×10-9 0 1 0 2 0 2 2 0 1 

rs1862042 12 5021144 0.87 4.2×10
-7

 0 0 1 0 1 0 4 0 4 
rs10783342* 12 5023468 1.00 6.8×10

-9
 0 0 0 0 1 0 2 0 0 

rs7309519 12 5025849 0.87 9.7×10
-8

 1 0 0 0 1 1 11 0 10 
rs10747586 12 5058978 0.67 8.2×10-7 0 1 0 0 2 1 1 0 0 
rs7305655 12 5061150 0.67 8.7×10-7 0 0 0 1 0 0 7 0 0 

rs2700479 12 5062668 0.67 4.2×10
-7

 0 0 0 1 0 0 0 0 0 
rs2684889 12 5068609 0.67 3.1×10

-7
 0 0 0 0 1 0 0 0 0 

rs1109726 12 5076476 0.56 1.1×10-6 3 1 1 2 2 2 0 13 12 
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