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Supplemental Methods 

Study Participants 

Nine sitosterolemia pedigrees with phytosterol and lipid profiles derived from the Kanazawa 

University Mendelian Disease (KUMD) Registry were evaluated for ABCG5 and ABCG8 variants 

(Supplemental Figure).1, 2  Sitosterolemia was diagnosed by 1) plasma sitosterol concentration ≥10 

µg/mL and 2) presence of tendon or tuberous xanthomas and/or history of premature coronary artery 

disease (CAD).3 Causative loss-of-function (LoF) variants in the pedigrees were defined as pathogenic 

or likely pathogenic by the American College of Medical Genetics standard criteria,4 and were 

identified by Sanger sequencing or whole exome sequencing. Controls were unaffected relatives 

without any causative LoF variants in the sitosterolemia pedigrees. 

Next, ABCG5 and ABCG8 were sequenced in the Myocardial Infarction Genetics consortium 

(MIGen), UK Biobank and the TruSeq Custom Amplicon target resequencing studies (TSCA). MIGen 

case-control studies included total of 48,576 participants from the Italian Atherosclerosis Thrombosis 

and Vascular Biology study,5 the Deutsches Herzzentrum München Myocardial Infarction Study,6 the 

Exome Sequencing Project Early-Onset Myocardial Infarction study,7 the Jackson Heart Study,8 the 

Leicester Acute Myocardial Infarction Study,9 the Lubeck Myocardial Infarction Study,10 the Ottawa 

Heart Study,11 the Precocious Coronary Artery Disease study,12 the Pakistan Risk of Myocardial 

Infarction Study,13 and the Registre Gironi del COR study.14 In addition, 43,223 individuals in UK 

Biobank were sequenced by the Broad Institute (8,965 individuals) and the Regeneron Genetics 

Centers (34,258 individuals) as previously described.15 TSCA included 1,714 participants from the 

Duke CATHGEN study,16 the MedStar study,17 and the PennCath study.17 An additional 293,134 

individuals in UK Biobank underwent array-based genotyping for the ABCG5 stop variant 

rs199689137 (p.R446X) and were included in the analysis.15 

 

Lipid measurement and coronary artery disease ascertainment 

In sitosterolemia pedigree-based analysis, all blood samples were obtained after a 12-hour overnight 

fast, either before initiation of lipid-lowering treatment or after discontinuation of medication for at 

least 4 weeks. Plasma levels of non-cholesterol sterols were determined using gas–liquid 

chromatography–mass spectrometry.2 In addition to absolute non-cholesterol sterol levels, cholesterol 

adjusted ratios (each non-cholesterol sterol level to total cholesterol [TC] level ratio) were also 

evaluated. 

In large cohort analysis of MIGen, TSCA, and UK Biobank, plasma concentrations of TC, 

triglyceride, and high-density lipoprotein cholesterol (HDL-C) were determined using enzymatic 
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assays. In MIGen and TSCA, low-density lipoprotein cholesterol (LDL-C) level was calculated using 

the Friedewald equation for those with triglycerides <400 mg/dL. In the UK Biobank, LDL-C levels 

were directly measured using an antibody-based assay. Also, we took into account the effect of lipid-

lowering therapy at the time of lipid measurement, calculating estimated untreated TC and LDL-C by 

dividing the measured TC and LDL-C levels by 0.8 and 0.7, respectively.18 We did not adjust HDL-C 

or triglyceride levels for use of lipid-lowering medications. 

In MIGen, CAD cases were identified as early-onset (premature) myocardial infarction 

(defined as ≤ 50 years old in male and ≤ 60 years old in female). In the UK Biobank, CAD cases were 

defined as myocardial infarction at any age. In TSCA, coronary artery disease was defined as stenosis 

on angiography (≥ 1 coronary vessel with > 50% stenosis) at ages ≤ 50 years old for men and ≤ 60 

years old for women. 

 

Gene sequencing 

Whole exome sequencing or targeted sequencing for KUMD, MIGen, and TSCA was performed at 

the Broad Institute as previously described.18, 19 In brief, genomic deoxyribonucleic acid was captured 

on protein-coding regions using the NimbleGen Sequencing Capture Array or the Illumina TrueSeq 

Custom Amplicon. Sequencing reads were aligned to a human reference genome (build 37) using the 

Burrows–Wheeler Aligner-Maximal Exact Match algorithm. Aligned non-duplicate reads were locally 

realigned, and base qualities were recalibrated using the Genome Analysis ToolKit (GATK) 

software.20 Variants were jointly called using the GATK HaplotypeCaller software. Whole exome 

sequencing in UK Biobank was performed by the Regeneron Genetics Center as previously described.7  

In large cohort studies, rare LoF variants were defined as those with minor allele frequency 

less than 0.1% and which caused: (1) insertions or deletions of DNA that modified the reading frame 

of protein translation (frameshift); (2) point mutations at conserved splice site regions that altered the 

splicing process (splice-site); or (3) point mutations that changed an amino acid codon to a stop codon, 

leading to the truncation of a protein (nonsense). LoF variants were identified using the LOFTEE 

plugin of the Variant Effect Predictor software (version 82).21 

 

Statistical Analysis 

In sitosterolemia family-based analyses, the differences in lipid levels, lipoproteins and non-

cholesterol sterols by ABCG5 or ABCG8 LoF variant carrier status were assessed by linear regression 

adjusted by kinship matrix within each family using the log-transformed values. The effects of ABCG5 

and ABCG8 rare LoF variants on lipid profiles in MIGen, UK Biobank and TSCA was evaluated using 

linear regression, adjusting for age, gender, study, and first five principal components of ancestry. A 
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Cochran–Mantel–Haenszel statistic meta-analysis for stratified 2-by-2 tables was used to associate 

ABCG5 and ABCG8 rare LoF variants with risk of CAD. As a sensitivity analysis, we performed an 

inverse variance weighted fixed effects meta-analysis of the adjusted odds ratio, derived in each cohort 

using logistic regression adjusted for age, sex, study and five principal components of ancestry. In an 

exploratory analysis, we assessed whether the effects of ABCG5 or ABCG8 rare LoF variants on LDL-

C could explain their association with CAD risk. We derived a dose-response line between genetic 

LDL-C level and CAD risk by estimating the effect of LoF variants in 2 LDL-C related pathway genes 

(PCSK9 and LDLR) on both LDL-C and CAD risk. The results of PCSK9 and LDLR were derived 

from samples in MIGen and UK Biobank whole exome sequencing datasets. P values of less than 

0.025 were considered to indicate statistical significance (i.e., Bonferroni correction for the testing of 

two genes). Statistical analyses were performed using R software version 3.4.3 (The R Project for 

Statistical Computing, Vienna, Austria). 
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Supplemental Table 1. List of ABCG5 and ABCG8 rare LoF variants from sitosterolemia 
family analysis. 
 

Variant (GRCh37) Consequence Family # ACMG guideline classification 
ABCG5    

2: 44040449_C/T Splice acceptor 6 Pathogenic 
(PVS1+PS3) 

2: 44041700_TAAAAG/T Frameshift: P558fsTer 1,3 Pathogenic 
(PVS1+PS3) 

2: 44050063_G/A Premature stop: R446X 3 Pathogenic 
(PVS1+PS3) 

2: 44051120_C/T Missense: R419H 6 Pathogenic 
(PS1+PS3) 

2: 44051210_C/T Missense: R389H 1,2,5,7 Pathogenic 
(PS1+PS3) 

2: 44052028_T/C Missense: M302V 5 Pathogenic 
(PS3+PM2+PM5+PP1+PP4) 

2: 44053544_G/A Premature stop: Q251X 8 Pathogenic 
(PVS1+PS3) 

2: 44065689_A/C Missense: S44A 2 Pathogenic 
(PS3+PM2+PM5+PP1+PP4) 

ABCG8    

2:44100970_TC/AA Missense: I419K 4 Pathogenic 
(PS3+PM2+PM5+PP1+PP4) 

2:44100970_T/A Missense: I419N 9 Pathogenic 
(PS3+PM2+PM5+PP3+PP4) 

2:44100999_A/G Missense: M429V 4 Likely pathogenic 
(PS3+PM5+PP1+PP4) 
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Supplemental Table 2. List of rare LoF variants identified in ABCG5. 
 

Variant Consequence MIGen, n UK Biobank, n TSCA, n 

2:44040325_G/C Premature stop: S629X 0 10 0 
2:44040325_G/T Premature stop: E629X 0 4 0 
2:44041643_C/A Premature stop: E579X 1 0 1 
2:44041730_T/C Splice Acceptor 0 1 0 
2:44041730_T/A Splice Acceptor 2 0 0 
2:44047174_T/TG Frameshift: H510fsTer 0 0 1 
2:44047211_G/A Premature stop: R498X 1 2 0 
2:44047240_C/T Splice Acceptor 0 1 0 
2:44047241_T/C Splice Acceptor 1 0 0 
2:44049953_GA/G Frameshift: F482fsTer 1 0 0 
2:44050063_G/A Premature stop: R446X 14 6 0 
2:44050075_C/A Splice Acceptor 0 2 0 
2:44050076_T/C Splice Acceptor 0 1 0 
2:44051036_GCACGTGGG
CACTTACA/G Splice Donor 4 0 0 

2:44051051_C/A Splice Donor 1 0 0 
2:44051357_C/G Splice Donor 1 0 0 
2:44051431_T/A Premature stop: K349X 1 0 0 
2:44052027_C/T Splice Donor 0 1 0 
2:44052071_G/T Premature stop: C287X 2 0 0 
2: 44052096_TC/T Frameshift: Q279fsTer 0 0 1 
2:44052158_C/T Splice Acceptor 1 9 0 
2:44053520_C/T Splice Donor 0 1 0 
2:44053544_G/A Premature stop: Q251X 0 1 0 
2:44053568_G/A Premature stop: R243X 3 0 0 
2:44055121_C/G Splice Donor 1 0 0 
2:44055121_C/T Splice Donor 1 0 0 
2:44055180_GC/G Frameshift: G192fsTer 1 0 0 
2:44055209_G/A Premature stop: R183X 3 2 0 
2:44058973_C/A Premature stop: E146X 1 3 0 
2:44059095_G/T Premature stop: Y131X 1 0 0 
2:44059154_C/A Premature stop: E131X 0 1 0 
2:44059166_TC/T Frameshift: G107Ter 4 0 0 
2:44059223_C/T Splice Acceptor 0 1 0 
2:44064975_G/C Premature stop: S88X 1 2 0 
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2:44065009_C/A Premature stop: E77X 1 0 0 
2:44065013_G/C Premature stop: Y75X 0 2 0 
2:44065051_G/A Premature stop: Q63X 1 1 0 
2:44065755_G/A Premature stop: Y45X 5 0 0 
2:44065684_G/C Premature stop: Q22X 0 2 0 
Total  53 53 3 
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 Supplemental Table 3. List of rare LoF variants identified in ABCG8. 
 

Variant Consequence MIGen, n UK Biobank, n TSCA, n 

2: 44071644_A/G Splice Acceptor 0 1 0 
2:44071744_C/A Premature stop: Y54X 1 0 0 
2:44073393_C/T Premature stop: Q89X 1 0 0 
2:44073448_C/G Premature stop: S107X 1 0 0 
2: 44078866_C/T Premature stop: Q156X 0 1 0 
2:44078890_C/T Premature stop: R164X 0 1 0 
2:44078962_G/C Splice Donor 1 0 0 
2:44079924_T/G Premature stop: L294X 1 0 0 
2:44099233_G/A Premature stop: W361X 38 61 2 
2:44099360_A/G Splice Acceptor 0 1 0 
2:44100948_C/T Premature stop: R412X 11 5 0 
2:44101038_C/T Premature stop: Q442X 1 0 0 
2:44101552_CAGAG/C Frameshift: S473Ter 1 0 0 
2:44101577_AC/A Frameshift: L482Ter 1 0 0 
2: 44101595_C/A Premature stop: Y487X 0 1 0 
2:44101610_T/A Premature stop: Y492X 4 0 1 
2:44102474_TC/T Frameshift: S560Ter 2 0 0 
2:44102515_CG/C Frameshift: G574Ter 2 0 0 
2:44102548_G/A Premature stop: W584X 1 0 0 
2:44102554_T/A Splice Donor 1 0 0 
2:44104934_TG/T Frameshift: L635Ter 1 0 0 
Total  68 71 3 
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Supplemental Table 4. Associations of ABCG8 LoF variants with blood lipids and CAD risk 
among three WES cohorts.  
 

Trait LoF variant 
carriers (N) Total N Effect (95% CI), P value 

Total cholesterol 135 93049 Beta 0.03 (-0.12 to 0.17), P = 0.71 
LDL cholesterol 135 93049 Beta 0.06 (-0.09 to 0.22), P = 0.47 
HDL cholesterol 135 93049 Beta -0.08 (-0.22 to 0.07), P = 0.31 
Triglycerides 135 93049 Beta 0.03 (-0.08 to 0.14), P = 0.61 
CAD 142 82915 OR 0.79 (0.47 to 1.31), P = 0.36 

 
Estimates include exome sequencing data from the Myocardial Infarction Genetics consortium and 
UK Biobank. 
Abbreviations: CAD, coronary artery disease; CI, 95% confidence interval; HDL, high-density-
lipoprotein; LDL, low-density lipoprotein; LoF, loss-of-function; OR, odds ratio; SD, standard 
deviation; WES, whole-exome-sequencing. 
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Supplemental Table 5. Associations of ABCG5, ABCG8, PCKS9 and LDLR LoF variants with 
LDL-C and CAD risk. 
 

Gene LoF carriers in 
CAD cases 

LoF carriers in 
CAD-free controls 

Effect on LDL-C 
(95% CI), P value 

Effect on CAD risk 
(95% CI), P value 

ABCG5 34 / 29,321 63 / 357,326 Beta 0.42 (0.24 to 0.59) 
P = 1.1x10-6 

OR 2.06 (1.27 to 3.35) 
P = 0.004 

ABCG8 20 / 18,309 116 / 66,320 Beta 0.06 (-0.09 to 0.22) 
P = 0.47 

OR 0.79 (0.47 to 1.31) 
P = 0.36 

LDLR 47 / 17,125 19 / 65,795 Beta 2.87 (2.64 to 3.08) 
P = 1.2x10-144 

OR 5.36 (2.95 to 9.75) 
P = 3.8x10-8 

PCSK9 4 / 17,125 89 / 65,795 Beta -0.86 (-1.02 to 0.70) 
P = 1.5x10-25 

OR 0.33 (0.12 to 0.93) 
P = 0.04 

 
Estimates include exome sequencing data from the Myocardial Infarction Genetics consortium and 
UK Biobank. Abbreviations: same as Supplemental Table 4.  
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Supplemental Figure. Pedigrees of sitosterolemia families. 
Square and circle indicate male and female, respectively. Black or lattice pattern full half indicates 
heterozygote subjects; black, homozygote subjects; gray shading, genetically unknown subjects; and 
white, genetically unaffected subjects. Total cholesterol (mg/dL), triglycerides (mg/dL), high-density 
lipoprotein cholesterol (mg/dL), low-density lipoprotein cholesterol (mg/dL), and sitosterol (µg/mL) 
levels are displayed below each individual identifier. Patients who had a history of coronary artery 
disease are indicated with an asterisk “*”. 
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